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DOSIMETRY FOR MEDICAL APPLICATION OF IONIZING RADIATIONS:  
CALIBRATION REQUIREMENTS AND CLINICAL APPLICATIONS 

Olivera Ciraj-Bjelac, Milojko Kovacevic, Danijela Arandjic, Djordje Lazarevic 

Vinca Institute of Nuclear Sciences, Belgrade, Serbia 

Abstract. Diagnostic and interventional procedures involving x-rays are the most significant contributor to total 
population dose form man made sources of ionizing radiation covering a diverse range of examination types, many of 
which are increasing in frequency and technical complexity. This has resulted in the development of new dosimetric 
measuring instruments, techniques and terminologies which affect a work in the clinical environment and calibration 
facilities. Calibration is an essential part of any dose measurement, in particular if these activities are related to 
human health. The paper gives an overview of current system of dosimetry in diagnostic and interventional radiology 
that is relevant for metrology and clinical applications. It also reflects recently achieved international harmonization 
in the field promoted by International Commission for International Units and Measurements (ICRU) and 
International Atomic Energy Agency (IAEA). Presented requirements for calibration facilities, in particular for the 
Secondary Standards Dosimetry Laboratories (SSDL) are given in terms of necessary equipment for generation of 
beam qualities, dosimetry and auxiliary equipment necessary for operation of SSDL. Objectives of clinical dose 
measurements in diagnostic and interventional radiology are described, as well as requirements for dosimeters and 
procedures to assess dose to standard dosimetry phantoms and patients in clinical diverse modalities.  

Key words: diagnostic radiology, dosimetry, kerma, dose to patient, calibrations 

1. INTRODUCTION 

Diagnostic and interventional procedures involving 
x-rays are the most significant contributor to total 
population dose form man made sources of ionizing 
radiation [1].  This is particularly evident for 
examinations using computed tomography equipment 
and interventional radiological and cardiology 
procedures [1,2]. However, x-ray imaging generally 
covers a diverse range of examination types, many of 
which are increasing in frequency and technical 
complexity. This has resulted in the development of 
new dosimetric measuring instruments, techniques 
and terminologies which affect the work both in the 
clinical environment and calibration facilities [3-6].  

This paper gives an overview of dosimetry in 
diagnostic and interventional radiology, that is 
relevant both for metrology and clinical applications.  

2. BASIC METROLOGY ELEMENTS 

The International Measurements System (IMS) for 
radiation metrology provides the framework for 
dosimetry in diagnostic radiology. It ensures 
consistency in radiation dosimetry by disseminating to 
users calibrated radiation instruments, which are 
traceable to primary standards. The IMS consists of 
Bureau International des Poids et Mesures (BIPM), 
national Primary Standard Dosimetry Laboratories 
(PSDL), Secondary Standards Dosimetry Laboratories 

(SSDL) and various users performing measurements 
[3]. A PSDL is a national laboratory designated by the 
government for the purpose of developing, maintaining 
and improving primary standards in radiation 
dosimetry. A PSDL participates in the international 
measurement system by making comparisons through 
the medium of the BIPM and provides calibration 
services for secondary standard instruments. An SSDL 
may be either national or regional. A national SSDL is 
a laboratory which has been designated by the 
competent national authorities to undertake the duties 
of a calibrating laboratory within that country. An 
SSDL is equipped with secondary standards which are 
calibrated against the primary standards of 
laboratories participating in the IMS [5,7-9].  

A decade ago, the SSDL were focused only on the 
calibrations in the field of radiotherapy and radiation 
protection [8,9], while diagnostic radiology calibration 
have drown attention in the last decade due to 
increased demands for establishment of quality 
assurance programme in diagnostic radiology [5,6]. 

3. DOSIMETRIC QUANTITIES IN DIAGNOSTIC RADIOLOGY 

Dosimetric quantities are used in diagnostic and 
interventional radiology for patient dose assessment, 
establishment of diagnostic reference levels and 
assessment of equipment performance. 

Set of dosimetric quantities and units used for 
patient dose assessment in the diagnostic and 
interventional radiology reflects recently achieved 
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international harmonization in the field promoted by 
International Commission for International Units and 
Measurements (ICRU) and International Atomic 
Energy Agency (IAEA) [3,4].  This concept is now 
based on the dosimetric quantity air kerma. A number 
of earlier publications have expressed measurements 
in terms of the absorbed dose to air. Recent 
publications point out the experimental difficulty in 
determining the absorbed dose to air, especially in the 
vicinity of an interface; in reality, what the dosimetry 
equipment registers is not the energy absorbed from 
the radiation by the air, but the energy transferred by 
the radiation to the charged particles resulting from 
the ionization. For these reasons, ICRU recommend 
the use of air kerma rather than absorbed dose to air, 
that applies to quantities determined in air, such as the 
entrance surface air kerma (rather than entrance 
surface air dose) and the kerma-area product (rather 
than dose–area product) [4]. The PSDL maintains the 
primary standard of quantity air kerma and therefore, 
all calibrations at PSDL and SSDL are performed in 
terms of air kerma. This quantity is also the basis for 
other application - specific quantities used in 
diagnostic and interventional radiology.  

The incident air kerma, Ki, is the kerma to air from 
an incident x-ray beam measured in the central beam 
axis at the position of the patient or phantom surface. 
Backscattered radiation is not included in this quantity 
and unit is gray (Gy). Entrance surface air kerma, Ke, is 
the kerma to air in the central beam axis at the position 
of the patient or phantom surface that includes 
backscattered radiation. The entrance surface air 
kerma is related to the incident air kerma by the 
backscatter factor, B: BKK ie  . The air kerma-area 

product, PAK or KAP, is the integral of the air kerma 
over the area of the x-ray beam in a plane 
perpendicular to the beam axis: 

A
KA dxdyyxKP ),( , while 

unit of this quantity is Gy·cm2. This quantity is used for 
dose assessment in radiography and fluoroscopy. The 
air kerma-length product, PKL, is the integral of the air 
kerma over the line: 

L

airKL dzzKP )( . The unit of this 

quantity is  Gy·m. PKL  is applied for computed 
tomography and dental panoramic dosimetry [3,4]. 
Apart for above listed dosimetric quantities a quantity 
called practical peak voltage is measured to provide 
consistent information of the x-ray tube and generator 
voltage as a part of quality assurance process [3, 10,11].  

4. CALIBRATION OF DOSIMETERS IN DIAGNOSTIC 

RADIOLOGY 

Calibration is an essential part of any dose 
measurement, in particular if these activities are 
related to human health. Thus, all instruments used in 
conventional diagnostic radiology, interventional 
radiology, mammography and CT must be calibrated, 
having a valid calibration certificate from an accredited 
calibration laboratory, typically SSDL. 

Requirements for calibration facilities, in particular 
for the SSDL are given in terms of necessary 
equipment for generation of beam qualities, dosimetry 
and auxiliary equipment necessary for operation of 
SSDL. All equipment used for calibration at an SSDL 

shall be of a reference class and be available in 
duplicate at the SSDL. This includes: ionization 
chambers, electrometers, thermometers, barometers 
and a device to measure the relative humidity of air 
[12]. As already mentioned, reference standard for 
diagnostic radiology calibrations is an ionization 
chamber, and it should comply with International 
Electrotechnical Commission (IEC) 61674 standard in 
order to perform measurements with sufficient 
accuracy and reliability [13]. Radiation beam quality is 
the indication of photon fluence spectrum. In practice, 
it is determined by the tube voltage, first and second 
half-vale layer (HVL) and total filtration [5]. Required 
radiation qualities shall be established in accordance 
with recommendations given in the standards of 
International Electrotechnical Commission (IEC) [14]. 
The qualities used for the calibration of dosimeters for 
different applications are shown in the Table 1. 

For conventional radiography, fluoroscopy, CT and 
dental applications a tungsten anode tube and x-ray 
unit operating at the x-ray tube voltage ranging from 
50 kV to 150 kV are used. For the calibration of 
mammography dosimeters, a molybdenum anode tube 
with molybdenum filtration is recommended.  

Table 1. Radiation qualities used for calibrations in diagnostic 
radiology. Adopted from [3] 

Radiation 
quality 

Radiation 
origin 

Phantom 
material Application 

RQR 

Unfiltered 
beam 
emerging 
from x-ray 
assembly 

No 
phantom 

General 
radiography, 
fluoroscopy, dental 
radiology 

RQA 
Radiation 
beam from an 
added filter 

Aluminium 

Measurements 
behind the patient 
(on the image 
intensifier) 

RQT 
Radiation 
beam from an 
added filter 

Copper CT applications 
(free in air) 

RQR-M 

Unfiltered 
beam 
emerging 
from x-ray 
assembly 

No 
phantom 

Mammography 
(free in air) 

RQA-M 
Radiation 
beam from an 
added filter 

Aluminium 
 

Measurements 
behind the patient 
(on the image 
intensifier) 

The detail description of methods for establishment 
of beam qualities used for calibrations in diagnostic 
radiology are given in the International Code of 
Practice [3]. 

The general principles for the calibration of 
dosimeters used in diagnostic and interventional 
radiology are similar to principles valid for instruments 
used in radiotherapy and radiation protection [8,9]. 
The SSDL shall provide a calibration coefficient in 
terms of air kerma or air kerma-length product, where 
appropriate. Air kerma-area product meters require 
great care in their calibration, as their performance 
depends on the actual set-up in the hospital. They may 
be calibrated in situ.  

The calibration of dosimeters is usually performed 
using substitution method when quantity under 
question is measured in the same reference point by 
reference standard and instrument to be calibrated 
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(user’s instrument) [9]. The reading of the reference 
dosimeter is converted to air kerma or air kerma rate 
by means of the calibration coefficient that should be 
supplied by PSDL. To ensure the accuracy of 
measurements, the calibration and the energy 
dependence of response must be known to the SSDL. 
The calibration coefficient should have a form 
appropriate to the nature of the reference dosimeter.  

As the output of the x-ray unit may vary with time 
it is recommended to use monitor chamber to check 
stability of the output during calibration. The 
indications of reference instrument and user’s 
instrument Mref and Muser shall be related to monitor 
chamber readings. For the reference radiation qualities 
the calibration coefficient is given by equation: 

 
 ref

TP

user
TP

user
TP

user

ref
TP

ref
ref

QoK
user

QoK
mk

mk

kM

kM
NN  ,,

 (1) 

where m  is reading from the monitor chamber and  kTP  
correction for temperature and pressure. For other 
beam qualities further correction is applied [3]. The 
general procedure described above applies to 
calibrations in terms or air kerma, however, whereas 
calibrations in terms of kerma-area product and 
kerma-length product are considered as special cases. 
Computed tomography dosimeters are designed for 
non-uniform exposure from a single scan. Primary 
beam is not more than 10 % of the full length of the 
chamber [15]. The calibration of this type of dosimeter 
is performed in air in a uniform x-ray field with known 
air kerma rate by irradiation of a well defined fraction 
of the useful volume of the chamber. The calibrated 
quantity is the air kerma-length.   

The actual measurement using KAP meter is the 
integral of the exposure over the area of the x-ray 
beam. The calibration of such a device needs to include 
the ionization response and the correct beam area. The 
reading is the product of air kerma and the area of the 
x-ray field. The units are usually in Gy·cm2. Various 
methods for KAP meter calibration are described in the 
literature, performed in situ and at a SSDL [3,6]. 
Larsson et al. suggested laboratory calibration by 
mapping X-ray field to account for field heterogeneity 
[16]. Such calibration may be time consuming and 
inappropriate for field application. Field calibration is 
performed in the geometry and beam quality used 
clinically. The air kerma-product, PKA, should be 
determined for the x-ray beam transmitted through the 
chamber and incident on the patient. 

The uncertainty of calibration procedure is related 
to the complexity and quality of the established 
reference radiation for a particular calibration. The 
contributing factors to the uncertainty budget include 
properties of high-quality specialized equipment, 
physical and radiological environment, and presence of 
skilled and experienced personnel. The level of 
uncertainty should be appropriate to the use of the 
measurement, and it should be derived by the each 
calibration laboratory. Typically, uncertainty of 
calibration in the field of diagnostic radiology are of 
order of magnitude of few percents, expressed as 
relative, combined  and expanded uncertainty.   

5. DOSIMETERS IN DIAGNOSTIC RADIOLOGY 

Ionization chambers are the main devices used for 
dosimetry in diagnostic radiology [3]. In the energy 
region considered, the free air chamber is the primary 
standard for realizing the unit of air kerma [3,5]. The 
advantage of ionizing chamber as a dosimetric device is 
precision, easy use and few other complicating factors 
[3].  Parallel-plate ionization chambers are mainly 
used, but cylindrical chambers are used, as well. Air 
kerma area-product meters are special types of parallel 
plate ionization chambers used to measure the integral 
of air kerma over the beam area.  Parallel plate ionizing 
chambers are calibrated with plates perpendicularly 
oriented to the beam axis. They are also used in the 
same orientation for patient dose measurement. The 
response of the cylindrical chamber is symmetrical 
with respect to the chamber axis.  A version of 
cylindrical ionizing chamber, designed for non-
uniform response, is used for computed tomography 
dosimetry.  

Other devices with special properties like 
thermoluminescent or semiconductor detectors are 
also used in diagnostic radiology. Real-time 
measurements can be accomplished with 
semiconductor dosimeters, while small size thermo 
luminescentdosimeters are used for measurements on 
patients. The main disadvantage of these dosimeters is 
their energy dependence of response that differs from 
ionizing chambers. In addition, those dosimeters must 
always be calibrated against ionizing chamber.The 
required accuracy and precision of a given 
measurement will depend on the purpose for the 
measurement and the type of equipment being 
monitored. It is recommended that the combined 
uncertainties of in-beam dose measurements not 
exceed ±10% [3]. 

6. CLINICAL DOSIMETRY IN DIAGNOSTIC RADIOLOGY 

Due to increasing importance of radiation burden 
for medical x-ray examination, clinical dosimetry is 
becoming an active research and practical area. 
Objectives of clinical dose measurements in diagnostic 
and interventional radiology are multiple, as 
assessment of equipment performance, optimization of 
practice trough establishment of diagnostic reference 
levels (DRL) or assessment of risk emerging from use 
of ionizing radiation [2]. Various dosimetric quantities 
are needed to assess radiation exposures to humans in 
a quantitative way, in order to assess dose–response 
relationships for health effects of ionising radiation 
which provide the basis for setting protection 
standards as well as for quantification of exposure 
levels. However, risk-related dosimetric quantities as 
absorbed dose or equivalent dose to the tissue or organ 
have been established. Either for measurements on  
patients or on phantoms, different application-specific 
dosimetric quantities were established. Therefore, 
from the clinical point of view, procedures to assess 
dose to standard dosimetry phantoms and patients in 
clinical diverse modalities, as radiography, 
fluoroscopy, mammography and computed 
tomography include measurements of a) incident air 
kerma, entrance surface air kerma and kerma-area 
product (radiography); b) kerma-area product  and 
entrance surface air kerma rate (fluoroscopy); c) 
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incident and entrance surface air kerma 
(mammography); and d) kerma-length product 
(computed tomography).  Measurements on phantoms 
cannot provide an estimate of the average dose for 
patient population. Therefore, these must be 
supplemented by measurements on patients. As an 
example, results of patient dose assessment in Serbia 
for diverse x-ray examinations are presented in Table 
2.  

Table 2. Typical patient dose levels from x-ray examinations in 
Serbia  

X-ray examination type 
Radiography Entrance surface air kerma [mGy] 
Chest PA 0.3 
Cervical spine 4.1 
Thoracic spine 9.9 
Lumbar spine 13 
Abdomen 3.3 
Pelvis 3.0 
Mammography 1.8 
Fluoroscopy Air kerma-area product [Gy·cm2] 
Barium meal 11 
Barium enema 33 
PCI* 99 
Computed tomography Air kerma-length product [mGy·cm] 
CT head 1060 
CT neck 325 
CT chest 350 
CT spine 320 
CT abdomen 500 
CT pelvis 500 
 *Percutaneous Coronary Intervention 

 

In diagnostic and intervenational radiology it is 
common practice to measure a radiation dose quantity 
that is then converted into organ doses and effective 
dose by means of conversion coefficients [3-5]. These 
coefficients are defined as the ratio of the dose to a 
specified tissue or effective dose divided by the 
normalization quantity. Incident air kerma, entrance 
surface air kerma, air kerma-length and kerma-area 
product can be used as normalization quantities.   

7. CONCLUSION 

With respect to the trend in metrology in the field 
of diagnostic radiology to calibrate dosimeters in the 
conditions that are similar to the clinical environment, 
routines for calibration in terms of air kerma, kerma-
area product and kerma-length product for dosimeters 
used in conventional radiography, fluoroscopy, 
mammography and computed tomography are 
described, with emphasis on specific radiation 
qualities, calibration set up and uncertainty 
assessment. Objectives of clinical dose measurements 
in diagnostic and interventional radiology are multiple, 
as assessment of equipment performance, optimization 
of practice trough establishment of diagnostic 
reference levels or assessment of risk emerging from 
use of ionizing radiation. Therefore, from the clinical 
point of view, the requirements for dosimeters and 
procedures to assess dose to standard dosimetry 

phantoms and patients in clinical diverse modalities, 
as radiography, fluoroscopy, computed tomography 
and mammography are presented. 

Acknowledgement: This work was supported by Serbian 
Ministry of Education and Sciences trough project  No 
43009.  

REFERENCES  

1. United Nations Scientific Committee on the Effects of 
Atomic Radiation. UNSCEAR 2008 Report: “Sources of 
ionizing radiation”, vol. I; 2010. 

2. International Commission on Radiological Protection. 
Radiation protection in medicine. ICRP Publication 105, 
Elsevier, 2007. 

3. International Atomic Energy Agency. Dosimetry in 
diagnostic radiology: an international code of practice. 
Vienna: IAEA; 2007, 
http://wwwpub.iaea.org/MTCD/publications/PDF/TRS
457 web.pdf. 

4. International Commission on Radiation Units and 
Measurements. Patient dosimetry for X-rays used in 
medical imaging. 74. Bethesda, MD: ICRU; 2006. 

5. Megzifene A, Dance D, McLean D et al. Dosimtry in 
diagnostic radiology. Eur J Radiol (2010), 76:11-14. 

6. Pernicka F, Andero P, Meghzifene A, Chap L, 
Girzikowsky R. Standards for radiation protection and 
diagnostic radiology at the IAEA dosimetry laboratory. 
IAEA SSDL Newletter, No 41 (1999):13-26. 

7. International Atomic Energy Agency. SSDL Network 
Charter. The IAEA/WHO network of SSDL, IAEA, 
Vienna, 1999. 

8. International Atomic Energy Agency. Absorbed dose 
determination in external beam radiotherapy: an 
international code of practice for dosimetry based on 
standards of absorbed dose to water, Technical Report 
Series No 398, IAEA, Vienna, 2000. 

9. International Atomic Energy Agency. Calibrations of 
radiation protection monitor instruments. Technical 
Report Series No 16, IAEA, Vienna, 1999. 

10. Kramer H M, Selbach H J, Iles W. The practical peak 
voltage of diagnostic x-ray generators. Br J Radiol 71 
(1998):200-209. 

11. Baorong Y, Kramer H M, Selbach H J, Lange B. 
Experimental determination of practical peak voltage. 
Br J Radiol 73 (2000): 641-649. 

12. Zoetelief J, Pernicka F, Alm Carlsson G, et al. Dosimetry 
in diagnostic and interventional radiology: 
International Commission on Radiation Units and 
Measurements and IAEA activities. Standards and 
Codes of Practices in Medical Radiation Dosimetry. 
Proceedings of an International Symposium 25-28 
November 2002, Vienna, Austria Vol 1, Vienna, IAEA, 
pp: 387-404 

13. International Electrotechnical Commission. Medical 
electrical equipment—dosimeters with ionization 
chambers and/or semi-conductor detectors as used in 
X-ray diagnostic imaging. Geneva: IEC; 1997. 

14. International Electrotechnical Commission. Medical 
diagnostic X ray equipment – Radiation conditions for 
use in the determination of characteristics, IEC- 61267, 
IEC, Geneva, 2004. 

15. Bochud F, Grecescu M, Valley J F. Calibration of 
ionization chambers in air kerma length. Phys Med Biol 
46 (2001): 2477-2487. 

16. Larsson P et al. Transmission ionization chamber for 
measurements of air collision kerma integrated over the 
beam area. Factors limiting the accuracy. Phys Med Biol 
41(1996):2381-98. 
 



 

 

 FUKUSHIMA, DESCRIPTION OF THE ACCIDENT AND CONSEQUENCES TO THE ENVIRONMENT 

Dragoslav Nikezic  

University of Kragujevac, Faculty of Science, Serbia 

Abstract. As it is well know, large scale nuclear accident was occurred in nuclear power plant Fukushima in Japan. 
The main cause was large water wave, “tsunami” followed by strong earthquake.   All nuclear reactors in Fukushima 
Daiichi power plant were involved in accident. Pools with nuclear waste were also damaged. In this work, the nuclear 
accident in Fukushima was described in details. Due to this accident, some amount of radioactive material was 
released in environment, which caused severe contamination of air, ocean water and neighboring land. 
Contamination level in Europe due to Fukushima accident was discuss with more details. A review of published data 
about contamination was presented.  
 

Key words: Fukushima, nuclear accident, environmental pollution. 

1. DESCRIPTION OF THE ACCIDENT 

On the 11.03.2011, large scale tsunami, followed 
after strong earthquake of M=9  overflow nuclear 
power plant Fukushima Daiichi.  The earthquake 
occurred under the sea about 70 km eastern of    
Oshika peninsula at the depth of about 32 km. It was 
the most powerful earthquake that had ever hit Japan, 
and fifth the strongest in the world since official 
modern  record began in 1900. This earthquake 
triggered  mega tsunami which wave reach  up to 40 m 
in Iwate prefecture.  The wave height was smaller on 
another locations, being about 8 m in Fukushima area. 
Japanese authorities reported 15854 death, and 3155 
missing people. In addition, about 27000 was injured.  

Fukushima Daiichi plant comprised by six separate 
nuclear reactors. All reactors were water boiled type, 
maintained by Tokyo Electric Power Company TEPCO. 
At the time of the quake, reactor 4 had been de-fueled 
while 5 and 6 were in cold shutdown for planned 
regular maintenance. The remaining reactors shut 
down automatically after the earthquake, and 
emergency generators started up to run the control 
electronics and water pumps needed to cool them. The 
plant was protected by a seawall protection designed to 
withstand a 5.7 m tsunami. However,  the 14-metre  
tsunami wave arrived 15 minutes after the earthquake. 
The entire plant was flooded, including low-lying 
generators and electrical switchgear in reactor 
basements, and its connection to the electical grid was 
broken. There were three independent cooling systems, 
but all of them failed.  All power for cooling was lost 
and reactors started to overheat, despite shutdown, 
due to natural decay of the fission products created 
before shutdown. It is good to remind that about 6 % of 
total energy of fission is released through beta and 
gamma decay of fission products. It amount up to 12 
MeV per one fission. This energy is transformed into 

the heat, so that, although the chain reaction was 
stopped, it is necessary to cool down reactor core, until 
the radioactivity decreases significantly below certain 
level.  Similar is true for spent fuel pools which must be 
cooled down for some period of time.    Radioactivity of 
short lived fission product decreases with the time in  
complicated manner. Since the cooling system was 
broken overheating of reactor core  and  spent fuel has 
started. Soon after the tsunami, evidence arose of 
partial core meltdown in reactors 1, 2, and 3. At high 
temperature, water vapor  interacts with 
zirconium  which is used in construction elements, 
taking the oxygen atom from H2O. In this way large 
amount of  hydrogen  remained  within reactor. This 
hydrogen exploded and destroyed the upper cladding 
of the buildings housing reactors 1, 3, and 4.  An 
explosion damaged the containment inside reactor 2; 
and multiple fires broke out at reactor 4. In addition, 
spent fuel rods stored in spent fuel pools of units 1–4 
began to overheat because of constant production of  
heat,  as water levels in the pools dropped. Fears of 
radiation leaks led to a 20-kilometre radius evacuation 
around the plant while workers suffered radiation 
exposure and were temporarily evacuated at various 
times. One generator at unit 6 was restarted on 17 
March allowing some cooling at units 5 and 6 which 
were least damaged. Grid power was restored to parts 
of the plant from 20 March, but machinery for reactors 
1–4 damaged by floods, fires and explosions remained 
inoperable. Japanese officials initially assessed the 
accident as level 4 on the International Nuclear Event 
Scale (INES) despite the views of other international 
agencies that it should be higher. The level of accident  
was raised successively to 5 and then the maximum 7 
(according to international scale). Whole situation is 
more complex that it could be described here.  
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Fig.1. The roof of Unit 3 demolished by hydrogen explosion 

(left part) and Unit 4 damaged by this explosion (right part). 
Photo taken on 28.02.2012. 

1.1.Managing the problem  

The main problem was to enable cooling of all 
damaged reactors and spent fuel pools. All work on 
damaged reactors was seriously hindered by high level 
of radiation within reactors building and around them. 
It has been reported that dose was up to 400 mSv/h at 
some position within the power plant. In Units 1, 2 and 
3 fresh water has been continuously injected both via 
the feed water system lines and the fire extinguishers 
lines into the reactor pressure vessel; temperatures 
and pressures were stabilized. To protect against 
potential damage as a result of future earthquakes, 
TEPCO started work on 9 May of 2011 to install a 
supporting structure for the floor of the spent fuel pool 
of Unit 4. TEPCO has formulated the hypothesis that 
the damage to the Unit 4 building could have been 
caused by hydrogen generated at Unit 3 that flowed 
into Unit 4. Fresh water was injected into the spent 
fuel pools of Units 1 - 4. Water supply from pump 
trucks is being gradually replaced by the Fuel Pool 
Cooling and Clean-up system in Units 1 to 3. However, 
closed loop cooling has not been established for longer 
period of time. Stagnant water with high levels of 
radioactivity in the basement of the turbine buildings 
of Units 1 and 3 is being transferred to the condensers, 
the radioactive waste treatment facility, the high-
temperature incinerator building and temporary 
storage tanks. Stagnant water in the basement of the 
turbine building of Unit 6 is being transferred to a 
temporary tank. Countermeasures against the outflow 
of water to the sea and to prevent and minimize the 
dispersion of radionuclides in water have been put in 
place. 

Overall, the situation at the Fukushima Daiichi 
nuclear power plant remains very serious. TEPCO 
planned  to completely demolish four reactors in 30-40 
years. 

1.2. Radiation measurement  

The daily monitoring of the deposition of caesium 
and iodine radionuclides for 47 prefectures was 
undertaken. Since 17 May, deposition of 131I has not 
been observed. Low levels of 137Cs deposition were 
reported in a few prefectures on a few days since 18 
May; the reported values range of from 2.2 to 91 Bq/m2 
for 137Cs. 

Gamma dose rates values for all 47 prefectures are 
reported daily by the Ministry of Education, Culture, 
Sports, Science and Technology (MEXT) of Japan. On 

31 May the gamma dose rate reported for Fukushima 
prefecture was 1.5 µSv/h. In all other prefectures, 
reported gamma dose rates were below 0.1 µSv/h; with 
a general decreasing trend. Meanwhile, the decrease of 
the gamma dose rate has slowed down, since the short-
lived radionuclides have decayed away.  

Gamma dose rates reported specifically for the 
monitoring points in the eastern part of Fukushima 
prefecture, for distances of more than 30 km from the 
Fukushima Daiichi plant, showed a general decreasing 
trend, ranging from 0.1 µSv/h to 17 µSv/h, as reported 
for 31 May. 

On-site measurements at the west gate of the 
Fukushima Daiichi plant indicate the presence of 131I 
and 137Cs in the air in the close vicinity of the plant 
(within approximately 1 km). The concentrations in air 
reported for 29 May od 2011  were about 3 Bq/m3 for 
131I and about 9 Bq/m3 for 137Cs. The values observed in 
the previous days showed daily fluctuations with an 
overall decreasing tendency. 

1.3. Marine and seawater monitoring 

The marine monitoring programme is carried out 
both near the discharge areas of the Fukushima Daiichi 
plant by TEPCO at 22 locations and at off-shore 
stations by MEXT on 16 stations. The radioactive 
contamination of the marine environment had 
occurred by aerial deposition and by continuing 
discharges and outflow of water with various level of 
radioactivity from the four damaged reactors at 
Fukushima Daiichi. 

The activity concentrations of 131I, 134Cs and 137Cs in 
seawater close to the Fukushima Daiichi plant have 
been measured every day since 2 April. Concentrations 
of 134Cs and 137Cs decreased from of more than 100 
MBq/L initially to less than 5 kBq/L on 7 May but 
increased again to levels of around 20 kBq/L at the 16 
May and to about 10 kBq/L on the 17 May. Since then 
the concentrations dropped slowly to less than 2 kBq/L 
but increased to about 5 kBq/L on 29 May. The levels 
of 131I are varying significantly and the activity ratio to 
radio-caesium is not constant. On 28 and 29 May the 
concentrations were around 20 kBq/L. The variability 
of 131 I relatively to the radio-caesium concentrations 
could be an indication of retention of caesium by the 
zeolite sandbags in place, which would have almost no 
effect on iodine or further production of decay 
products in the reactor. 

Monitoring of the marine environment is 
performed by TEPCO on the near field area and by 
MEXT at off-shore sampling positions. The monitoring 
of MEXT includes also measurement of ambient dose 
rate in air above the sea, analysis of ambient dust 
above the sea, analysis of surface samples of sea water 
and analysis of samples of sea water collected at 10 m 
above the sea bottom and in a mid-layer as well at a 
few locations for sediments. On most of the offshore 
stations 131I, 134Cs and 137 Csreached levels below the 
applied detection limit of 10 Bq/L. There will be a 
further decrease of the concentration during the 
propagation of contaminated waters in the sea. The 
activity found in surface sediments at the near shore 
stations close to the reactors was between 24 and 320 
Bq/kg for 137Cs in the middle of May. The activity in 
sediments decreases with distance, but is also highly 
dependent upon the sediment type. The contamination 
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of marine sediments indicates the enrichment of radio-
caesium on particulate matter and its removal from the 
water column into the sea floor.  

 

 Fig. 2. Contamination of Pacific ocean sea water on March 
2012 due to Fukushima Daiichi accident 

1.4. Contamination of air and land 

After the hydrogen explosion in unit 1 on 12 March, 
some radioactive caesium and iodine were detected in 
the vicinity of the plant. Further 131 I and 137 Cs and 
134Cs  were apparently released during the following 
few days, particularly following the hydrogen explosion 
at unit 3 on 4  and the apparent rupture of suppression 
chamber of unit 2 on 15th. Considerable amounts of 
133Xe and 131I were vented, but most of the 137Cs (14 
out of 15 PBq total) along with most of the 134Cs  
apparently came from unit 2 on or after the 15th. Also 
ten times more iodine is attributed to unit 2 than unit 
1, while unit 3 produced half as much as unit 1. 
However, there was some uncertainty about the exact 
sources and timings of the radioactive releases. 

France's Institute for Radiological Protection & 
Nuclear Safety (IRSN) estimated that maximum 
external doses to people living around the plant were 
unlikely to exceed 30 mSv/yr in the first year. This was 
based on airborne measurements between 30 March 
and 4 April of 2011. It compares with natural 
background levels mostly 2-3 mSv/yr. As a dose limit 
for general population, 1 mSv was recommended by 
ICRP and accepted by many countries. Also, it is 
comparable with the professional dose limit of 20 
mSv/year. 

The main concentration of radioactive pollution 
stretches northwest from the plant, and levels of 137 Cs 
reached over 3 MBq/m2 in soil here, out to 35 km 
away. In mid May about 15,000 residents in a 
contaminated area 20-40 km northwest of the plant 
were evacuated, making a total of about 100,000 
displaced persons. 

2. CONTAMINATION OF THE REST OF THE WORLD 

Recently a number of papers have been appeared in 
different Journals and newspapers giving results of 
observed contamination in North America,  Europe 
and Asia. Special issue of Journal of Environmental 
Radioactivity is presently under preparation. 

Most of results were obtained by filtering of large 
amount of air and measuring of activity collected on 

filters. In this way, certain amounts of 131I, 137,135Cs 
were detected in North America , Europe and Central 
Asia.  Some contamination of snow and rain water 
were also observed. For example results by A. 
Bolsunovsky and  D. Dementyev [1] on samples taken in 
Krasnoyarsk, (Central Asia) are presented in Table 1. 

 Table 1 Some results from Central Asia. 

Sample 131I (Bq/l) 137Cs(Bq/l) 

Melted snow 0.39-0.63  0.24-0.75 

Rain water 0.031-0.058 0.007 

Contamination of air with fission products were 
detected also across Europe. For example in Milano 
(Italy) radioactivity in air and rain water was measured 
starting from 31.03.2011 until 05.05.2011. Some 
representative data are given in Tables 2  .  

 Table 2 Radioactivity of air and rain water in Milano after 
Fukushima accident [2].  

Date of 
sampling of air 

131I (mBq/m3) 137Cs(Bq/l) 

31.03.2011 0.322 0.029 

03.04.2011 0.467 0.040 

28.04.2011 0.06 0.023 

Date of 
sampling of rain 
water 

131I (mBq/L) 137Cs(Bq/l) 

28.03.2011  891 122 

12.04.2011  725 859 

15.04.2011 291 45 

Activity of 131I in rain water in France in period 
March-April 2011 reached 3.5 Bq/L  (Perrot et al. JER). 

 
Fig. 3. 131I contamination of Europe. Estimated distribution of 
maximum 131I (particulate) concentration over Europe. Scale 
unit: mBq/m3. Axis units: m. (Bosew et al. JER 2012) [3],[4]. 
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Radioactivity contamination was also observed in 
Serbia. Concentration of 131I in air was up to 
2.7 mBq/m3  [5].   

3. DOSES 

The committed equivalent dose for the thyroid due to 
inhalation of 131I is calculated as taking into account 
contamination level, duration of exposure and 
conversion factor. Using the parameter values given by 
the IAEA (2000; p.109) 131I, 23 mBq d/m3, leads to 
0.13 and 0.23 Sv for adults and children, 
respectively. Including gaseous iodine multiplies this 
dose by a value of about 4; the highest thyroid doses 
should thus probably be in the order of 1 Sv.  

4. CONCLUSION  

Dose estimated in Europe are very low, and they 
are order of Sv. For the sake of  comparison we cite  
dose limit for general population which is established 
at 1 mSv/year.   

This event will influence on future construction of 
Nuclear Power plant. Better planning is necessary to 
prevent possible accident caused by natural event, like 
earthquakes, hurricanes, flooding and other.  

Although the world had already encountered 
several serious nuclear accidents, still, there is strong 
necessity for this source of energy, and in my opinion, 
construction of new nuclear power plant is 
unavoidable.  

Acknowledgement: The paper is a part of the research 
done within the project 171021 at Ministry of Education and 
Science of Republic of Serbia.    
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Abstract. This talk revises some of the methods for extracting the dosimetric information from irradiated MOSFETs 
and their implementations using electronic circuits suitable for portable instrumentation. Issues such as thermal 
compensation and linear range improvement in dose measurements will be discussed. 
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1. INTRODUCTION 

In-vivo dosimetry during radiotherapy 
treatments can be carried out with different types of 
sensors, such as ionization chambers, 
thermoluminescent crystals, or semiconductor 
detectors, mainly diodes or MOSFETs (Metal-
Oxide-Semiconductor Field Effect Transistor). The 
use of MOSFET dosimeters has been extended in 
the last few decades due to some advantages such us 
immediate and non-destructive readouts, low power 
consumption, easy calibration, and reasonable 
sensitivity and reproducibility 1,2,3,4.  

Previous works showed an approximately linear 
dependence between the threshold voltage shift, 
ΔVT, and the absorbed dose in the oxide for p-
channel MOSFETs (pMOS) 2,3,5. Basically, the 
sensitivity S, defined as ΔVT per dose unit, depends 
on the radiation energy, the electric field in the 
oxide, the encapsulation of the transistor, and the 
incidence direction of the radiation beam during 
irradiation. Indeed, a transistor in biased mode 
(with the appropriate external polarization) has 
greater sensitivity and a wider linear range than the 
same transistor in unbiased mode (terminals short-
circuited altogether, without external polarization) 
due to more efficient charge transport and storage 
in the oxide. Moreover, the positive charge 
generated during irradiation can recombine during 
storage periods. It is well known that the bulk 
electrons can jump into the oxide by the tunnel 
effect and neutralize some charge in the oxide, 
reducing ΔVT5. This is known as fading effect, 
avoiding to use MOSFET dosimeters as dose 
accumulator sensors over long periods of time. Just 
after irradiation, the reordering of charges in the 
MOSFET can change the threshold voltage, which 
could falsify the dose reading. Therefore, the fading 
effect should be studied in depth in these dosimetry 
systems. 

On the other hand, the encapsulation affects the 
absorbed dose in the oxide of the pMOS dosimeter. 

As is well known, the dose depends on the path 
covered by the radiation beam. The maximum dose 
is reached a few millimetres from the surface of the 
dosimeter, where the charged particle equilibrium is 
reached, and this distance depends on the type of 
radiation and its energy. To reduce the angular 
dependence of the dosimeter, charged particle 
equilibrium must be achieved 6, but this depends, 
critically, on the shape, composition, and thickness 
of the device encapsulation 7,8. One possibility to 
solve this problem is to add build-up caps, thus 
producing a reduction in the angular dependence 
7,8,9. 

The shift in threshold voltage with the dose has 
been commonly used as the dosimetric parameter. It 
can be obtained by extracting the complete current-
voltage characteristic curves of the device 10. Simpler 
methods, based on constant current measurements, 
require measuring the drain-source voltage while 
the transistor remains biased by a constant drain 
current and the gate and drain terminals are short-
circuited. Under this configuration, the source-drain 
voltage shift is approximately equal to ΔVT 9,10. The 
monitoring of the drain-source voltage can be done 
continuously during irradiation.  However, if 
measurements are made just before and after 
irradiation, the dosimeter can be operated without 
connections during the radiation treatment, thereby 
increasing patient comfort.  

Most commercial dosimetry systems based on 
MOSFETs measure increments of the drain-source 
voltage at constant drain current 11,12. Usually, in 
order to minimize thermal drift, the drain current 
selected is the Zero Temperature Coefficient 
current, IZTC, where the thermal dependence of the 
drain-source voltage cancels out. Nevertheless, the 
dosimetric parameter used is the difference between 
the drain-source voltage of two transistors polarized 
at the same drain current, but with different source-
gate voltages and, as a consequence, with different 
dose sensitivities. Using this arrangement, a wide 
linear range and thermal compensation are achieved 
in the biased mode11. There is another commercial 
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system based on transistors in the unbiased mode, 
but the linear range is up to 5 Gy and its use is 
limited to only one irradiation session 12,13. Although 
the dosimetry systems based on MOSFETs 
developed up to now show remarkable 
specifications and performances, there are certain 
issues that can be improved upon, such as cost, 
range of use, and technology of the sensor, together 
with a reader unit able to extract the corresponding 
parameters with suitable measurement algorithms. 
The aim of this work is to exploit the possibilities in 
this direction.  

In previous works, we showed the feasibility of 
using a general-purpose low-cost pMOS as a 
dosimeter, irradiated in unbiased mode, with a 
significant increase in linear range and reduced 
thermal drift compared to similar systems 9,10,14. 
Moreover, its radiation response has been 
numerically modelled by the Monte Carlo method, 
showing very good agreement between experimental 
data and numerical results 6.  

2. MATERIAL  AND METHODS 

2.1. Measurement algorithms 

The pMOS used in the dosimetry system 
developed here was irradiated in unbiased mode, 
and the transistor was connected to the reader unit 
only during the readout process, which allowed us to 
calculate the VT and obtain the dose. The theoretical 
basis of these calculations has been reported in 
previous works [11, 17] and here we present a brief 
summary. As done by other authors [6, 14], during 
the readout process, the gate and the drain 
terminals of the MOSFET are short-circuited and 
grounded, and the bulk and the source are also 
inter-connected. In this configuration, the transistor 
operates in the saturation region, where ID-VS can 
be modelled for pMOS as 15: 
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where ID is the drain current, VS is the source 
voltage and VT is the threshold voltage. Using 
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Measuring ΔVT at two different drain currents, 
ID1 and ID2, one obtains 9: 
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where ΔVSi is the source voltage shift measured at 
constant drain current IDi. Equation (4) allows one 
to extract the exact value of ΔVT using two currents 
only and not considering the increase in the source-
voltage due to Δ. As a consequence, the linear 
range of pMOS dosimeters in unbiased mode is 
enhanced. In addition, if a third drain current, IC, is 
considered, both the thermal compensation and the 
linear range enhancement can be obtained 
simultaneously. In fact, this is done by sequentially 
applying the following expressions 14: 
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(6) 

It is worth noting that the application of this 
method requires a knowledge of IZTC only. In 
addition, equations (5) are simplified if ID1 or ID2 is 
equal to IZTC. For example, if ID2=IZTC, the source 
voltage shifts for ID2 are thermally compensated, 
and then only ΔV0S1 must be calculated, using the 
first of equations (5) to evaluate equation (6). 

Experimental evidence of a reduction in the 1/f 
noise and an enhancement of the linear range 
appeared when the drain currents are pulsed during 
biasing, as reported in a previous work 9. Therefore, 
the optimum simplified algorithm to obtain ΔVT  
proposed in this work is to measure the source 
voltage for three drain pulsed currents and to apply 
equations (5) and (6).  

2.2. Description of the dosimetry system 

A dosimetry system that implements the 
measurement method described above has been 
designed, built, and tested. This electronic 
measurement system consists of a reader unit and a 
set of wireless sensor modules whose block 
diagrams are shown in Figure 1. 
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Fig. 1 Block diagrams of the reader unit and the sensor 
module 

The sensor module is based on the general-
purpose pMOS transitor 3N163, which is soldered 
onto a printed circuit board (PCB) with additional 
elements that are described below. This transistor is 
a lateral enhanced pMOS without any protection 
against accidental electrostatic charge injection. 
Therefore, an n-channel JFET (see Figures 1 and 2), 
with a surface-mounted-device (SMD) case element 
that maintains the terminal of the source connected 
to bulk, and the drain connected to the gate, short-
circuited during irradiation and storage periods, has 
been included in the sensor module. We used the 
MMBF4391 of NXP Semiconductor (Eindhoven, 
Netherlands), with a cut-off voltage of -10V and ON 
resistance of 30 Ω, welded in the bottom layer of the 
PCB. This transistor is normally on and keeps the 
source and bulk terminals connected to the drain 
and gate. However, during the readout process, the 
connection between the source and drain must be 
interrupted by the polarization of  the JFET gate to 
at least -10V. The JFET gate capacitance discharges 
through RG, and all of the pMOS transistor 
terminals become connected again, when the sensor 
module is removed from the reader unit. 

pMOS

JFETRG

0.2 mm 0.3 mm

Build-up caps

 

Fig. 2 (a) Sensor module, (b) Sensor modules with different 
built-up caps. 

As mentioned above, the absorbed dose in the 
oxide of the pMOS transistor depends on the 
encapsulation and this affects the angular 
dependence of the sensor response [8]. The 
transistor 3N163 used in this work is encapsulated 
in a nickel casing with a thickness of 0.26 mm. The 
sensor is used as a dosimeter with different photon 
beams. In our tests, we have considered those 
produced by a Theratron-780 from 60Co and the 6 
and 18 MV beams generated by a LINAC Siemens 
Mevatron KDS. The WET corresponding to the 
nickel housing of the 3N163 transistor is 0.23 cm. 
Thus, we can consider that, in the case of the 60Co 
source, electron equilibrium conditions are met.  

However, for LINAC photon beams, the 
situation is quite different. The PDD measured for 6 
and 18 MV beams with a radiation field of 10x10 cm2 
showed that maximum doses were reached at 1.6 cm 
for 6 MV and at 2.8 cm for 18 MV. At the WET of the 
3N163 nickel housing, the dose percentage did not 
exceed 65% for 6 MV and 51% for 18 MV of the 
maximum dose. This fact produces an angular 
dependence of the dosimeter radiation response [8] 
and a lower dose sensitivity. To prevent these 
effects, additional build-up caps are required. We 
used two types of caps made of brass with 
thicknesses of 0.2 and 0.3 mm (see Figure 2). In 
actual irradiations, two different build-up caps were 
used for 6 MV, one of 0.3 mm and another of 0.5 
mm, made stacking the 0.2 and 0.3 mm caps. The 
second type of cap of 0.5 mm was also used for 18 
MV. With these build-up caps, the dose reaches 
values above 75% of the maximum dose for an 
irradiation field of 10x10 cm2. 

The reader unit (see the block diagram in Figure 
1) consists of three functional blocks: the user 
interface, the microcontroller central unit (MCU) 
with an external memory, and the analog circuitry. 
The user interface includes an LCD screen, a 
keypad, and the circuitry necessary for computer 
connection via a USB port. An EEPROM memory is 
included in order to store different parameters of up 
to 256 different sensor modules each. Each sensor 
module must be identified by entering its 
identification number (ID) using the keypad for 
zeroing and for dose measurements.  

As can be seen in Figure 1, the MOSFET bias is 
provided by a programmable current source. Its 
output current is controlled by the MCU with a 
digital-to-analog converter (DAC). In addition, as 
mentioned above, drain currents can be applied in 
the switching mode to reduce the 1/f noise and 
improve linearity. To do so, the current is diverted 
by a bipolar transistor (BJT) controlled by a pulsed 
signal generated by a 555 timer.  

The source voltage is connected to the non-
inverting input of an instrumentation amplifier (IA) 
with a buffer stage for impedance decoupling. The 
second channel of the DAC is connected to the 
inverting input of the IA to increase system 
resolution (see Figure 1). For each drain current, the 
calculation of the source voltage shifts needed for 
the evaluation of equations (3) and (4) is as follows: 

1. Before irradiation, for the zeroing step, the pre-
irradiation source voltage is detected and the 
microcontroller calculates the DAC output 
voltage necessary to reduce the IA output down 
to tens of millivolts. The digitized source 
voltages and the DAC words are stored in the 
EEPROM, which is mapped depending on the 
sensor module ID.  

2. After irradiation and charge stabilization in the 
pMOS transistor (see below), the dose can be 
measured. The sensor ID is introduced on the 
keypad and then the post-irradiation source 
voltage is measured and subtracted from the 
DAC word stored in the zeroing step. 
Subsequently, it is amplified with a factor G 
(the gain of the IA).  
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3. Subtracting digitalized IA outputs from the two 
steps, the source voltage shift can be calculated 
with an amplification factor of G. The preset 
current values and the calibration parameters 
are loaded from the EEPROM and the dose is 
calculated. Finally the results are shown on the 
display or can be downloaded to a computer. 

 

Given the dose sensitivity S, the system 
resolution  is given as: 

, 
 SG


  (7) 

where  is the ADC resolution in volts. 
Obviously, a better resolution is achieved if G and S 
increase and  reduces. In our case, with a 10-bit 
ADC (powered to 5 V), with an IA gain of 20 and a 
minimum sensitivity of 20 mV/Gy, a resolution of 2 
cGy is obtained. Electronic noise has also been kept 
lower than the ADC resolution (0.1 % in this case) by 
the averaging of 512 replicas for each source voltage 
measurement. Therefore, this noise has a negligible 
contribution to the final total error where another 
factors will be much more relevant as we will show 
below. 

2.3. Experimental setup 

Dosimeters were irradiated with a Theratron-
780, which includes a 60Co source, and a LINAC 
(Siemens KDS Mevatron) with 6 and 18 MV photon 
beams, both operating at the University Hospital 
San Cecilio (Granada, Spain). Dosimeters were 
situated at the isocentre of the sources (80 cm for 
the Theratron-780 and 100 cm for the Siemens 
KDS), and the irradiation fields used were 25x25 
cm2 for the first one and 10x10 cm2 for the LINAC. 
The transistors irradiated in the LINAC were 
provided with the build-up caps described above to 
approach charged particle equilibrium. To control 
the stability of the photon source, an ionization 
chamber (PTW23332) was used in every irradiation 
sessions. The various analyses were performed with 
groups of dosimeters. Fading was analysed with a 
group of 5 transistors. To study the linearity and 
perform the calibration for 60Co, we used 6. The 
response to the 6 MV photon beam was investigated 
with 14 sensors: 4 for the angular response (with a 
0.5 mm build-up cap) and two sets of 5 MOSFETs, 
with caps of 0.3 and 0.5 mm, respectively, to study 
linearity and determine sensitivity. For the 18 MV 
beam, we used 5 dosimeters, with a 0.5 mm cap. 

The reader unit was configured to measure the 
source voltage at 30, 120, and 270 A and to 
calculate the threshold voltage shifts, considering 
that IZTC=225 A, according to our previous work 14. 
In order to evaluate the thermal drift of the 
dosimetry system, the reader unit with a dosimeter 
connected was introduced in a thermal chamber 
that can produce temperature variations from 20 to 
36 ºC with an uncertainty of 0.5 ºC. The threshold 
voltage was determined at different temperatures 
for 10 additional sensor modules connected to the 
reader unit. 

3. RESULTS AND DISCUSSION 

3.1 Thermal drift and fading effect 

The thermal drift of the entire dosimetry system 
was analysed by introducing the reader unit and the 
dosimeter inside the thermal chamber. Figure 3 
shows the thermal drift of VT for one of the 
dosimeters, with and without thermal 
compensation. The average thermal coefficient for 
the set of 10 sensor modules studied was (65±5) 
V/ºC (coverage factor k=2) with thermal 
compensation. This result is in agreement with data 
previously reported 14. Therefore, applying our 
thermal compensation method, we can consider a 
maximum thermal coefficient of 70 V/ºC . If the 
minimum sensitivity of the sensor is considered, 
which is 20 mV/Gy, the maximum thermal drift of  
VT is 3.5 mGy/ºC, suitable for typical radiotherapy 
treatments. 
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Fig. 3 Typical thermal drift of a dosimeter with and without 
applying the thermal compensation method.  

For the short-term fading, the threshold voltage 
transient (in mV) was measured as a function of 
time elapsed, in 30 s intervals, from the moment of 
the connection of the sensor module to the reader 
unit. The time between the end of irradiation and 
the connection of the sensor module to the reader 
unit was approximately 30 s. Our results indicate 
that, after the first 120 s, VT can be considered as 
stable. The long-term post-irradiation fading was 
measured every 12 hours for two sensors with an 
accumulated dose of 27 Gy. The threshold voltage 
long-term recovery showed an exponential 
dependence with the time elapsed since irradiation. 
This is in agreement with the behaviour expected 
due to the charge cancellation by the tunnel effect 5. 
The decay time constant is about a week and, 
therefore, dose measurements must be done within 
a few hours to ensure that this recovery effect is 
negligible. We have set a delay time of 3 minutes 
from the end of irradiation to ensure reliable 
measurements without short- or long-term fading 
effects. 

3.2 Linearity study and calibration 

The linear response of the sensor for the 60Co 
photon beam was shown in previous works, where it 
was concluded that an individual calibration for 
each transistor is needed for reliable in-vivo dose 
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measurements 9,10. In this study, we have 
established the dose measurement and sensor 
calibration protocol. After a pre-irradiation of 23 
Gy, two irradiation sessions of 3 Gy were provided 
per day up to a total of 70 Gy. The accumulated VT 
shift versus the dose is plotted in Figure 4 for 
various dosimeters. As can be seen, it shows a clear 
linear dependence.  
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Fig. 4   as a function of the dose accumulated for various 
dosimeters. 

To set a limit for sensor usage before 
recalibration, we have considered that the linear 
range of the sensor ends with the dose necessary to 
produce a reduction of 5% in sensitivity in 
comparison to the initial sensitivity of the 
calibration session. The first irradiation session 
after pre-irradiation was considered as the first 
calibration. Of all the sensors studied, the worst 
situation corresponded to transistor 6, for which the 
sensitivity reduction reached 5% when the 
accumulated dose was four times the dose used in 
the calibration. All transistors withstood at least 
four times the calibration dose. Therefore, we have 
established that the usage range of the sensors is 
four times the calibration dose, considering sessions 
of around 2–3 Gy, typically used in radiotherapy 
treatments. The enhancement of the range of use is 
due to the algorithm of linear range extension 
developed in a previous work 9 and discussed briefly 
above. When the usage range is completed, a new 
calibration should be carried out. In our study, the 
recalibration was made at 44 Gy. After the second 
calibration, the sensitivity of the sensor modules 
again remains below 5% at up to eight times the 
calibration dose. This means that sensors can be 
reused, resulting in a significant cost savings for 
monitoring radiotherapy treatment. The calibration 
dose and the measurement configuration can be 
updated using either the reader unit or the 
computer. 

 

 

 

 

Table 1 Average global sensitivity (coverage factor k=2) of 
the dosimeters for different radiation sources 

Energy Build-up Sensitivity (mV/Gy) 

60Co None 24.31.8 

6 MV 0.3 mm 20.81.6 

6 MV 0.5 mm 20.73.6 

18 MV 0.5 mm 21.42.8 

 

The linearity was studied for the 6 and 18 MV 
LINAC beams, with three sets of five sensors. After a 
pre-irradiation of 20 Gy, the dosimeters were 
irradiated with up to 70 Gy, with a maximum of 8 
Gy per day, obtaining similar results as for the 60Co 
beam. The average sensitivity of each dosimeter was 
considered as the slope of the linear fit to the 
accumulated ΔVT as a function of the dose, without 
considering the pre-irradiation sessions. Global 
sensitivity can be calculated as the mean value of the 
average sensitivities for each dosimeter set. This 
global sensitivity is summarized in Table 1. It can be 
seen that the studied dosimeters do not show energy 
dependence for the LINAC, but the sensitivity for 
the 60Co photon beam is higher due to the well-
known dose sensitivity dependence with photon 
energy 8. 

To determine the maximum accumulated dose 
that can be handled by our dosimetry system, sensor 
modules were irradiated until the source voltage 
measured at the highest bias current (270 A, in our 
case) reached approximately 5V. This voltage is the 
limit of the source current of the reader unit. In this 
experiment, no sensor module suffered extra 
damage and all of them survived for the entire 
experiment. For the 60Co beam, the dosimeters were 
irradiated with doses of up to 84 Gy, and for the 
LINAC with 6 and 18 MV, the sensor modules were 
irradiated with doses of up to 86 Gy.  

3.3 Angular dependence 

In a previous work, the angular dependence was 
studied by comparing experimental results with 
those found in a Monte Carlo simulation of the 
irradiation of the MOSFETs at various incidence 
angles. Therein, specific laboratory instrumentation 
was used to polarize the pMOS transistor and to 
measure the threshold voltage shifts 6. The results 
showed that, for a 75º incidence, the experimental 
response of the dosimeters was 5% (7%) less than 
the simulated one for dosimeters with a 0.5 mm (0.3 
mm) build-up cap in the case of the 18 MV (6 MV) 
beam. Consequently, thicker build-up caps were 
needed to reduce the angular response dependence.  

In the present work, we have reproduced and 
extended the previous study in order to validate our 
reader unit. Four sensor modules were pre-
irradiated with a dose of 20 Gy. To obtain the 
angular response, the dosimeters were calibrated 
just prior to irradiation for incidence angles of 15, 
30, 45, 60, 75, and 90º. The angular response of the 
sensor module with a 0.5 mm build-up cap was 
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calculated for a photon beam of 6 MV and an 
irradiation field of 10x10 cm2. With 0.5 mm of brass, 
the dose in the transistor oxide reached 91.1% of the 
experimental value for 6 MV photon beams. The 
results were in agreement with the previous ones 6. 
For 60Co, no angular dependence was found, but in 
the case of the LINAC and for angles greater than 
75º, sensitivity increased by up to 15%. Therefore, 
the sensor module should be used with a maximum 
incidence angle of 75º, where the dosimeter 
sensitivity varies down to 5% with a build-up cap of 
0.5 mm of brass for energies of 6 and 18MV.  

4. CONCLUSIONS 

In this work, the development of a dosimetry 
system based on commercial MOSFETs operating in 
unbiased mode is presented. Its characterization for 
60Co and LINAC photon beams has also been 
carried out. The three drain currents algorithm have 
been implemented in the portable read out unit, 
achieving thermal compensation and extension of 
the linear range up to four times the dose used for 
the calibration. Several recalibrations can be made 
up to a maximum dose of 84 Gy for 60Co and 86 Gy 
for the LINAC photon beam of 6 and 18 MV. In 
addition, the reader unit amplifies the increase in 
drain-source voltage to increase resolution, 
achieving an accuracy of ±3%. The dosimeters must 
be pre-irradiated with at least 20 Gy to homogenize 
the oxide charge. Therefore, a useful maximum dose 
of 60 Gy can be reached, including recalibration 
sessions that would be enough for monitoring the 
most common radiotherapy treatments. We 
consider our dosimetric system very suitable for 
low-cost in-vivo dosimetry. 
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Abstract. Ge40Se60 thin films (100 nm thick) were gamma-irradiated in a 60Co (Eav = 1.25 MeV) radioisotope 
capsule at a dose rate of 12 rad/sec and applied γ-ray doses ranging from 20 krad(Si) to 3 Mrad(Si). The effect of -
radiation over the structure is well evidenced on the Raman spectra of the films; there is a change in the relative 
intensity of the Raman bands which suggests a disorder increase for the low doses (< 200 krad) and some structural 
ordering for the higher doses. The relative ratio of the edge-sharing/corner-sharing structural units increases which 
implies some opening of the structure after radiation. A significant increase of the photoconductivity-to-dark 
conductivity ratio upon irradiation has been observed which confirms the conclusion for the γ-induced ordering. These 
effects are expected to be used in a radiation sensor in which both – the radiation induced changes in the materials’ 
structure and Ag diffusion are applied. 

Key words: Ge-Se thin films, γ-irradiation, structural changes, dark and photoconductivity 

1. INTRODUCTION  

Chalcogenide glasses receive constant research 
attention due to the wide range of spectacular 
properties and externally induced effects they display. 
Their light sensitivity has been applied in the field of 
optical recording, as photoresists, phase change 
memory, etc. Significant progress has also been made 
related to the effects caused by irradiation of 
amorphous selenium with X-rays. However, the 
amount of research conducted to date related to the 
effects caused by irradiation with  rays in the 
chalcogenide glasses is quite scarce. The reported 
effects of -irradiation on the electrical conductivity or 
long-wave shift of the fundamental optical absorption 
edge of bulk chalcogenide glasses suggest active 
interaction of the radiation with the chalcogenide glass 
structure which gives meaning to the importance of 
these studies. 

This work reports data from Raman spectroscopy 
and photoelectrical investigations of amorphous 
Ge40Se60 thin films (100 nm thick) before and after γ-
ray irradiation. There are two types of effects 
occurring: (i) reversible effects that decay after the 
cession of radiation and (ii) irreversible which are 
stable with the time. The reported measurements have 
been carried out after the radiation has been stopped, 
so that they can be regarded as irreversible changes 
caused by radiation. 

2. EXPERIMENTAL DETAILS  

Bulk glasses from Ge40Se60 were alloyed applying 
the conventional melt quench technique and used to 
thermally evaporate thin (100 nm) films at a rate of 1 
nm/s onto Si substrates or Si substrates covered with 
a-SiO2 films for Raman scattering measurements and 
onto Corning 7059 glass for the electrical 
characterization.  To keep the film composition close to 
this of the source material, an evaporator with a 
construction of a semi-Knudsen cell was used.  

The thin films were then irradiated in a closed 
cylindrical cavity by concentrically established 60Co 
(average energy E = 1.25 MeV) radioisotope capsule at 
a dose rate of 12 rad/sec. The applied γ-ray doses were 
ranging from 20 krad(Si) to 3 Mrad(Si). The 
characterization of the effects occurring was performed 
typically within 1-2 weeks after γ ray irradiation. The 
elemental composition of the films was proved by 
using Energy-dispersive X-ray spectroscopy (EDS) by 
LEO 1430VP Scanning Electron Microscope with EDS 
accessory.  

Raman spectra were measured by a Horiba Jobin 
Yvon T64000 triple monochromator equipped with a 
liquid-nitrogen-cooled multichannel coupled-charge-
device detector. The samples were excited with the 
441.6 nm blue line of a He-Cd laser and the power on 
sample was 60 mW on ~ 0.2 mm diameter circle area. 
The measurements were carried out at 100 K in a 
sample chamber pumped down to ca. 110-5 Torr. No 
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any photo darkening effects were observed due to the 
laser irradiation and the line shapes remained the 
same over time. After collection of the Raman data, a 
deconvolution of all normalized Raman spectra has 
been performed (the normalization was carried out 
after a preliminary subtraction of a baseline).  

Dark and photocurrent dc measurements were 
carried out by means of a Keithley 6487 Picoammeter 
using co-planar aquadag (carbon) contacts on the top 
surface of the layers; the contacts produce a gap cell 
with an active area of ~ (110) mm2. Temperature 
dependences of the dark and photocurrent were 
measured in the 293-423 K range at a heating rate of 
0.1 K/sec. The photocurrent was measured under 
steady-state white light illumination with a power 
density of 50 mW/cm2 using a filter stopping 
wavelengths >800 nm. The applied temperatures are 
below the glass transition temperature of the films 
(Tg  620 K).  

3. RESULTS AND DISCUSSION  

Raman spectra for Ge40Se60 thin films are depicted 
in Fig.1 (a and b). In the 150-230 cm-1 range the 
deconvolution distinguished 3 bands located at 178, 
199, 216 cm-1. Based on the commonly accepted 
interpretation, we relate the first band to Ge–Ge 
symmetric vibrations in ethane-like structures (Se3-Ge-
Ge-Se3 ETH units) [1,2], the second band (known as 
A1) to symmetric stretching vibrations of Se atoms on 
the Ge-Se-Ge linkages that are corner-sharing between 
GeSe4 tetrahedra and the third one (A1c) - to the 
breathing mode of a pair of Se atoms that are edge-
sharing between two neighboring GeSe4 tetrahedra 
[1,3,4]. It is very difficult to resolve the bands having 
contribution to the light scattering in the 230-330 cm-1 
range. Therefore two bands centered at ~270 cm-1 and 
310 cm-1 were used for deconvolution of the spectra in 
this range. According to the computational studies 
based on different models [1, 5, 6], the 310 cm-1 band is 
due to an asymmetric vibration in the GeSe4 edge-
shared tetrahedral units. This type of motion involves 
the Ge atom moving towards two of its Se neighbors 
which are moving towards it as well, while the two 
other Se neighbors move away from it. Contribution to 
the 270 cm-1 band, according to various authors [3, 6-
8], may have scattering from: (i) asymmetric vibrations 
of GeSe4 edge-sharing tetrahedral units, (ii) the 
asymmetric vibration mode T2 of ethane-like units and 
(iii) Se-Se stretching vibrations in Se chains.  

In the 150-230 cm-1 range a slight decrease of the 
Raman band coming from the ETH units is observed 
(Fig.1(a and b)). The Ge-Ge bonds in these films are 
the weakest bond in the regarded system and one can 
expect that they will be the most affected by -
irradiation. The experimental result is in agreement 
with this expectation. The dose dependence of the ratio 
between the edge-sharing and corner-sharing 
structural units has also been explored. As shown in 
Fig.2 a small relative increase in this ratio is observed 
which indicates a partial structural conversion. It could 
be due to increased temperatures, as suggested by 
Edwards and Sen [4], or to -ray absorption without 
sample heating. We are quite confident that the 
temperature in the 60Co chamber did not increase over 
the room temperature because of the low radiation 

dose rate applied at the experiments and as suggested 
by Shpotyuk [9]. Hence the observed structural 
alteration can be related to an irreversible effect of the 
-irradiation which opens up the structure of the 
glasses. Thus the -induced structural conversion 
might have a potential for practical application in case 
Ag diffusion is involved in the process. 
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Fig. 1 Raman scattering spectra (symbols) of virgin and -
irradiated Ge40Se60 films: (a) low-dose range, (b) high-dose 
range. The dashed lines represent the deconvolution results 

for the samples irradiated with 100 krad (a) and 1.3 Mrad (b). 

In the 230-330 cm-1 range one can see a tendency 
of a relative intensity increase of the scattered light 
when the -irradiaton dose increases up to 100 krad 
(Fig.1(a)). For doses ≥200 krad an intensity decrease is 
observed (Fig.1(b)). In Fig.3 the ratio of the intensity of 
the scattered light in the 230-330 cm-1 range to the 
intensity of the A1+A1c bands versus irradiation dose 
confirms these observations. We notice that samples 
from different batches, prepared in two deposition 
systems were explored and therefore the virgin 
samples show different ratios. However similar dose 
tendencies are observed which implies that the -effect 
is not strongly sensitive to the initial level of disorder 
in the films. 

In high quality bulk Ge-Se glasses with a lower level 
of disorder and x=0.33 the intensity of the scattered 
light in the range 230-330 cm-1 is quite low [1,4]. With 
increasing x, the intensity of the broad band in this 
part of the spectra of GexSe1-x glasses and thin films 
increases with respect to the A1 band [8,10] and its 
intensity has been reduced by annealing at 
temperatures close to Tg of the corresponding  
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Fig. 2 Dependence of the area ratio ES/CS structural units for 
Ge40Se60 films at different irradiation doses. Results from 

different evaporation batches are presented. The dashed line 
is guide to the eye. 
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Fig. 3 Relative variation of the integrated intensity of the 
scattered light in the 230-330 cm-1 range with respect to the 

sum of the integrated intensities of the corner-shared (ICS) and 
edge-shared (ICS) modes. Each group of symbols corresponds 
to different evaporation batch. The dashed lines are guides to 

the eye. 

composition [8,11]. The last observation indicates that 
a higher intensity of the light scattering in this 
wavenumber range can be expected in samples with 
higher topological or/and chemical disorder. Hence, 
one can assume that the observed increase in the 
intensity of the scattered light in the 230-330 cm-1 
range at low radiation doses implies a disorder 
increase while the decrease at high doses indicates a 
disorder decrease.  

In order to understand the disorder increase one 
should take into account that the energy of the exciting 
442 nm light (2.81 eV) is much higher than the optical 
band gap of the Ge40Se60 films (~1.75 eV, [8, 12]) and 
the optical absorption coefficient α of the films is > 105 

cm-1 [12]. Because of the exponential character of the 
light intensity decrease in the film depth, the strongest 
contribution in the measured Raman scattered light 
will come from the near to the surface part of the film. 
Generally, the -radiation is not expected to result in 
big surface differences, since there are not direct 
atomic displacements associated with the radiation 
effect. However the observed intensity increase in the 
230-330 cm-1 range is an indication that some surface 
disorder increase takes place upon -irradiation. 

The suggested overall radiation induced disorder 
decrease in the films at high doses is similar to the 

annealing induced one, but is not due to sample 
heating. It can be explained by the strong electron-
phonon coupling in chalcogenide glasses. It is known 
that at the energies of -rays of about 1.25 MeV, the 
main absorption mechanism is the Compton effect 
[13]. The linear attenuation coefficient for the 
Compton effect does not significantly depend on the 
chemical composition of irradiated materials being 
between 10-1  and 1 cm-1 [13]. These low values are the 
reason for the high penetration ability of the ~1 MeV -
rays. The energy absorbed in 100 nm thick films is low 
and therefore relatively high doses are required to 
cause an appreciable structural ordering effect.  

Fig.4 shows temperature dependences of the dark 
conductivity (d) and photoconductivity (p, the 
conductivity measured under steady-state illumination 
of the films with white light) of virgin films and films 
irradiated with a dose of 3 Mrad. A photoconductivity 
maximum is observed that is a common feature of 
chalcogenide glasses. It normally appears when the 
photocurrent and dark current are comparable and is 
due to a change in the mechanism of recombination of 
the photoexcited carriers – from bimolecular 
recombination at the low temperature end to 
monomolecular recombination at the high temperature 
end. The photosensitivity (p/d) is an important 
parameter of photoconductors. A considerable increase 
of the p/d value has been obtained from (p/d) = 12 
for the virgin sample to (p/d) = 21.5 for the 3 Mrad 
gamma irradiated film photoconductivity.  

In all samples a linear part of the plots logd,p 
versus 1/T is seen which indicates that both dark and 
photoconductivity in the films are through activated 
processes. The data can be described by the expression 

d,p = o exp(-Ed,p/kT)                                     (1) 

where o is the pre-exponential factor, Ed,p 
dark/photocurrent activation energy, k the Boltzman 
constant and T temperature. The Ed,p were calculated 
from the slopes of the curves. The values obtained are 
~ 0.75±0.03 eV and ~0.27±0.02 eV, for d and p, 
respectively with no appreciable change observed in Ed 
and Ep upon -irradiation.  

The low-temperature slope of the photo-
conductivity Ep provides information for the energy 
location of discrete sets of localized states in the gap at 
above the valence band [14 and references therein]. At 
high enough temperatures (T>300 K) dominating hole 
transport via extended state in the valence band may 
be suggested. In such case the Fermi level position is 
given by Ed . The lack of appreciable changes in Ed and 
Ep indicates that the -irradiation does not create new 
defects of high enough density that are able to affect 
the transport of dark and photo-excited carriers. This 
can be expected taking into account the low linear 
attenuation coefficient for the Compton effect and the 
small film thickness. However we still observed some 
photoconductivity increase and dark conductivity 
decrease. The photoconductivity can be described by 
the standard relation p = en in which e is the 
electron charge, n the density of the photoexcited 
holes,  and  the hole mobility and lifetime, 
respectively. The density of photoexcited carriers 
should be constant at the constant light intensity 
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applied. Hence the slight p increase observed in Fig. 4 
can be due to increase of  and/or . 

2.1 2.4 2.7 3.0 3.3
10-12

10-11

10-10

10-9

photocurrent, Ip
Eap(virgin)=0.26 eV
Eap(3Mrad)=0.28 eV

dark current, Id
Ead(virgin)=0.75 eV
Ead(3Mrad)=0.74 eV

 

C
on

du
ct

iv
ity

 (
-1
cm

-1
)

 Ip, virgin
 Ip, 3Mrad
 Id, virgin
 Id, 3Mrad

103/T (K-1)

Ge40Se60

  

Fig. 4 Temperature dependences of dc dark conductivity and 
steady-state photoconductivity of virgin and -irradiated (dose 

of 3 Mrad) Ge40Se60 thin films. The solid lines represent a 
linear fit of the experimental points (symbols). 

The increase of both carrier mobility and lifetime may 
be connected with a lattice disorder decrease and this 
conclusion is in agreement with the -radiation 
induced ordering at high doses assumed on the basis of 
the Raman data. Based on eq.(1) and taking into 
account Ed constancy upon irradiation one can relate 
the observed slight dark conductivity decrease to o 
decrease. The pre-exponential o is temperature 
independent and represents material characteristics. 
According to recent considerations of the Meyer–
Neldel dc conduction in chalcogenide glasses [15 and 
references therein], o for a given material may vary 
with varying the material atomic configuration. Hence 
one can related the dark conductivity (and o) decrease 
in Ge40Se60 films observed upon high dose -irradiation 
to small gamma induced changes in the films atomic 
configuration.  

4. CONCLUSIONS  

Raman scattering study of the radiation induced 
effects in Ge40Se60 thin films reveals decrease of the 
vibrations coming from the ETH units upon -
irradiation which shows that the weakest Ge-Ge bonds 
in the regarded system are significantly affected by the 
radiation. An increase in the ES/CS ratio of the 
integrated intensity of the corresponding Raman bands 
is obtained which indicates reorganization of the edge-
sharing and corner-sharing structural units. This opens 
up the structure of the glasses and could be important 
for silver diffusion in them. Dose dependent intensity 
variations are observed in the 230-330 cm-1 range that 
are assigned to lattice disorder changes. It is concluded 
that the high irradiation doses result in a disorder 
decrease similar to the effect of the temperature 
treatment but not connected with sample heating. This 
conclusion is supported by the photoconductivity 

increase and dark conductivity decrease observed upon 
3 Mrad -dose.  
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Abstract. SiNx thin films with thickness of 100 nm were deposited on p-type (100) silicon wafer by using plasma-
enhanced chemical vapor deposition (PECVD) method. After deposition the samples annealed at 500 and 700 °C for 1h 
at N2 ambient.  The chemical bonds and their densities inside the films were investigated by Fourier transform 
infrared (FTIR) spectroscopy. The as-deposited and annealed samples with Al/SiNx/Si structure as metal-insulator-
semiconductor (MIS) capacitors were exposed to a 60-Co gamma radiation source with a dose rate of 0.015 Gray/S. 
Capacitance-voltage (CV) measurements were performed for frequencies of 10, 100 and 1000 kHz before and after 
radiation exposure with doses of up to 40 Gray. It was found that before gamma irradiation compared with as-
deposited sample, the annealed samples exhibit less negative flatband voltages (Vfb) shift indicating the relative 
reduction in positive charge in the SiNx:H samples. After gamma irradiation for all samples a negative shift has been 
observed in Vfb, being more pronounced in the samples annealed at higher annealing temperature of 700 °C. The more 
strike feature is that the amount of shift does not change by increasing radiation dose after first irradiation, in which 
we attributed to the radiation hardening in Al/SiNx/Si MIS capacitors which can be used in space and nuclear 
applications as a radiation hardened device.      
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1. INTRODUCTION 

The new high-k material for gate dielectrics 
must have physical and electrical properties suitable 
for integration with standard CMOS technology. 
Among high-k materials, Silicon nitride (Si3N4) 
based high-k dielectric has been recognized as the 
promising candidate for the advanced technology [1-
12]. 

In this work, we presented gamma radiation 
effects on electrical properties of silicon nitride thin 
films prepared by enhanced chemical vapor 
deposition (PECVD) technique. Fourier transform 
infrared (FTIR) spectroscopy measurements were 
performed to identify the structural and 
compositional properties and their evolution by 
annealing temperature. We explored the 
relationship between them and the observed C-V 
spectra. Fixing deposition parameters and 
annealing treatments (time and environment) 
except for annealing temperature and taking the 
structural and electrical properties of SiNx films 
affected by preparation and annealing treatments 
into account, the influence of the gamma radiation 
dose on as-deposited and annealed Al/SiNx/Si MIS 
capacitors has been investigated. 

2. EXPERIMENTAL DETAILS 

Silicon nitride films with thickness of 100 nm 
were deposited by plasma enhanced chemical vapor 
deposition (PECVD) at 13.56 MHz on p-type (100) 
Si substrate using a gas mixture of ammonia (NH3) 
and silane (SiH4). The composition of the film can 
be controlled by the ratio of NH3 to SiH4 gas flow 
(R=NH3/SiH4). The plasma power was fixed at 10 W 
and growth temperature at 250 °C. The chamber 
pressure was kept at 500 mTorr. Post annealing 
processes were performed in N2 gas at 500 °C and 
700 °C for 1 h. 

A Bruker Ekinox 55 Fourier transform infrared 
(FTIR) spectroscopy has been utilized in the 
absorbance mode between 400-4000 cm−1 with a 
resolution of 4 cm−1. The fabricated Al/Si3N4/Si 
MNS capacitors have been characterized by HP 
4192A LCR meter for the determination of electrical 
properties. 

3. RESULTS AND DISCUSSIONS 

The FTIR spectra for the as-deposited and 
annealed films are shown in Fig. 1. The following 
peaks are identified: the N-H (~3340 cm-1) and Si-H 
(~2150 cm-1) stretching modes, the N-H (~1200 cm-
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1) bending mode, the asymmetric Si-N (~830 cm-1) 
stretching mode, the Si-H (~660 cm-1) wag-rocking 
mode, and the symmetric Si-N (~475 cm-1) 
stretching mode [13, 14]. The main peak around 830 
cm-1 corresponds to the Si-N stretching mode 
consists of three peaks. Therefore, it was 
deconvoluted into three Gaussian peaks at 830, 920 
and 980 cm-1. Since all of these peaks are associated 
with Si-N bonds in different configurations [15], 
they were named as Si-N (ν1, ν2, ν3). The 
decomposition of the Si-N stretching mode into 
three components has been reported for both 
silicon-rich [16] and stoichiometric silicon nitride 
films [17]. Five Gaussian components were needed 
in order to incorporate the N-H wagging and the Si-
H wagging modes.  
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Fig. 1 Annealing temperature evolution of the FTIR spectra 

of the SiNx films. 

The multiple Gaussian peaks for the as-
deposited film as well as for the film annealed at 
700 °C for 1h are shown in Fig. 2(a) and Fig. 2(b). 
All of the ν1 and ν2 values are consistent with 
bonding configurations associated with the Si-N 
asymmetric stretching mode while the ν3 values 
appear to break away from this regime in the sample 
annealed at 700 °C.  Looking at annealing 
temperature evolution of FTIR spectra (see Fig. 1), 
compared with as-deposited sample by increasing 
annealing temperature up to 700 °C the intensity of 
the asymmetric stretching Si-N peak increases and 
slightly shifts toward the higher wave numbers. This 
feature is a characteristic of SiNx films with 
increasing nitrogen content and mainly related to 
the improved stoichiometry of the deposited film. 
The other feature is the disappearance of the 
hydrogen related Si-H wag-rocking mode and 
gradual decrease in the intensity of Si-H symmetric 
stretching mode in the sample annealed at higher 
temperature of 700 °C, as the increased temperature 
promoted the release of hydrogen atoms from Si-H 
bonds. Therefore, hydrogen desorbed from the film 
and more silicon dangling bonds are formed acting 
as nucleation sites. The appearance of this shoulder 
is correlated to the precipitation of excess silicon in 
the films and formation of silicon clusters [18].  It 
should be noted that this shoulder does fall in the 
range of the Si-O-Si stretching mode suggesting 
possible oxidation [19, 20]. Before exposure to 
gamma irradiation, C-V measurements were 
performed for all three samples. Fig. 3 shows the 
high-frequency C-V curves for as-deposited and 
annealed Al/Si3N4/Si/Al MIS structures. 
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Fig. 2 Deconvoluted FTIR spectra of the as-deposited 
sample (a), and the sample annealed at 700 °C (b). 

For comparison, the C-V spectra of a typical 
thermally grown SiO2 thin film (Al/SiO2/Si/Al) are 
also demonstrated. Compared with as-deposited 
sample, the samples annealed at 500 and 700 oC 
exhibit shift towards less negative Vfb values 
appearing at -17 V and -10 V, respectively. This 
phenomena accompanied by breaking of Si-H and 
N-H bonds, hence Si-N-Si cross-linking, which leads 
to the formation of denser structure. Therefore the 
influence of annealing treatment on the C-V 
characteristics is the reduction in positive charge in 
the SiNx:H film, which is always suitable for the 
crystalline silicon solar cell application [21]. 

To determine the interface states density Dits, 
Hill’s equation (1) [22] is used: 
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where e is the electron charge, A is the area of the 
capacitor, Gm is the maximum conductance, w is the 
measured angular frequency, Cm is the capacitance 
when the conductance is maximum and Cox is the 
oxide capacitance. The interface state density 
deduced from C-V curves is approximately 2.1×1012 
cm-2 eV-1 for as-deposited films which is reduced to 
1010-1011 cm-2 eV-1 by thermal annealing at 700 °C.  
The calculated values for the effective net interface 
charge density for Al/SiO2/Si/Al sample is about 
2.3×1011 cm-2 eV-1. 
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g. 3 High frequency C-V curves for as-deposited and 

annealed Al/Si3N4/Si/Al samples and the thermally grown 
Al/SiO2/Si/Al MIS structures. 

The large amount of charge in nitride films is 
believed to result from the type of defect known as K 
center [23, 24]. Fig. 4 and Fig. 5 show the high-
frequency C-V curves of as-deposited and annealed 
(at 700 °C) Al/Si3N4/Si/Al capacitors before and 
after gamma irradiation. For as-deposited 
Al/Si3N4/Si/Al capacitor, after first irradiation 
process the flatband voltage shifts about 1 volt 
towards more negative values, indicating creation of 
more positive charge upon irradiation.  
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Fig. 4 C-V curves of as-deposited Al/Si3N4/Si MIS 

capacitor before and after gamma radiation at different 
doses. 

We could not observe any significant shift in the 
flatband voltage after second and more irradiation 
process. This result indicates that Si3N4 samples 
have radiation hardness properties at a limit after 
exposure to gamma irradiation [25, 26].  

Fig. 5 shows the influence of gamma radiation 
dose on the C-V characteristics of Al/Si3N4/Si MIS 
capacitor annealed at higher temperature of 700 °C. 
Upon gamma irradiation of MIS capacitors the 
following results can be obtained from C-V 
characteristics. Firstly, C-V curves of the samples 
(as-deposited and annealed) shifts towards more 
negative values, indicating the creation of more 
positive charge upon gamma irradiation. Secondly, 
the response of each MIS structure to the gamma 
radiation does not change by increasing the 
radiation does and is the same as the first subjected 
one. Taking into account that all three samples have 
the same deposition parameters but different 
annealing parameters, it seems that there is a 
radiation hardness limit for each MIS structure in 
which depends on the structural characteristics 
affected by annealing treatments. Similar radiation 
hardening has been observed by Vrtacnik et.al. in a 

study on the irradiation induced flatband voltage 
shift of oxide and composite nitride/oxide dielectric 
layers in MIS (MOS and MNOS) capacitor 
structures [27]. To the best of our knowledge, there 
are not earlier reports on observation of radiation 
hardening in metal-nitride-semiconductor MIS 
capacitor structures. Thirdly, the as-deposited 
structure shows the smallest Vfb shift and that’s 
annealed at higher temperature of 700 °C undergoes 
the largest one. The as-deposited a-SiNx:H sample 
has generally an amorphous network as it contains 
H atoms which is metastable compared to denser 
annealed samples. This is in accordance with the 
annealing temperature evolution of FTIR spectra in 
which by breaking of Si-H and N-H bonds due to 
annealing process, density of the Si-N bonds has 
been increased leading to the formation of denser 
structure. Therefore, the as-deposited samples 
having more stable structure than annealed samples 
are less influenced by gamma radiation.  
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Fig. 5 C-V curves of Al/Si3N4/Si MIS capacitor annealed at 
700 0C before and after gamma radiation at different doses. 

On the other hands it has been reported that the 
introduction of Si-N bonds near the Si surface leads 
to increased rigidity [28] and in order to release this 
stress more dangling bonds are created [29], 
consequently Dit increases. The midgap voltage shift 
(∆Vmg) caused by irradiation is only due to the oxide 
trapped charge [30]. Using this ∆Vmg value the net 
oxide trap-charge densities (∆Not) can be estimated 
[30]: 
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  (2) 

where Cox is the oxide capacitance measured in 
accumulation, -q = 1.602 x 10-19 C electronic charge 
and A is the area of capacitor. From this equation, 
∆Not was calculated as 5.77 x 1015 cm-2 after 1 Gray 
for as deposited sample and 2.97 x 1016 cm-2 after 1 
Gray for annealed sample at 700 0C. Afterwards the 
flatband voltage shift was calculated. This must take 
into account both the oxide trapped charge and the 
charge trapped on interface traps between flatband 
and midgap [30]. Similarly, the interface trap-
charge densities (∆Nit) can be estimated from the 
midgap-to-flatband stretch-out of the C-V curves by 
[30]: 
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Using Eq. (3) we estimated ∆Nit to be 0.73 x 1015 cm-

2 after 1 Gray for as deposited sample and 3.31 x 1016 
cm-2 after 1 Gray for annealed sample at 700 0C. 
According to C-V curves, the flat band voltage VFB 
shift towards negative voltage indicates that a large 
amount of positive charges are effectively located in 
Si3N4 thin film. C-V characteristics are strongly 
dependent on film stoichiometry. Silicon nitride is 
attractive because it is an excellent barrier against 
the diffusion of doping or metal atoms, because of 
its radiation hardness and because of its good 
resistance to oxidation [31].  

4. CONCLUSIONS 

Influence of gamma radiation dose on the C-V 
characteristics of Al/SiNx/Si MIS structures is 
investigated. Before exposure to gamma irradiation, 
the as-deposited sample shows relatively large Vfb 
shift towards negative voltages indicating a 
reduction in positive charge buildup due to 
annealing process. On the other hands after gamma 
irradiation at different doses, all samples show a Vfb 
shift toward more negative values being more 
pronounced in the samples annealed at higher 
annealing temperature of 700 °C. We attribute this 
to the structural characteristics of the films, in 
which the as-deposited sample having an 
amorphous network and containing H atoms is 
metastable compared with annealed samples 
making it less affected by irradiation. The more 
streaking and common feature was observation of 
radiation hardening after first irradiation in as-
deposited and annealed samples which can be used 
in space and nuclear applications as a radiation 
hardened device. 
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Abstract. Thermoluminescent dosimeter (TLD) needs to have some features such as; a simple glow curve structure, a 
high gamma ray sensitivity, low fading of TL signal, linear dose-response relationship, simple annealing procedure for 
reuse, chemical stability and inertness to extreme climatic variations, insensitive to daylight, suitable effective atomic 
number (Zeff), close to that of soft tissue which is 7.42. The effective atomic number of lithium tetraborate is (7.42), 
which is almost the same as that of the biological tissue. Due to that reason, in this research, Lithium tetraborate: 
Li2B4O7, has been synthesized by different methods, such as, high temperature solid state synthesis and solution assisted 
synthesis methods. After preparing the host material, Cu and Mn were doped with different concentrations. TL glow 
curves of Mn and Cu doped LTB samples produced by using different synthesis and doping methods and Ag, P and Mg 
co-doped samples were investigated for comparison. All samples prepared displayed TL response and the best TL 
signal was obtained from the sample produced by solid state synthesis and doped by solution assisted method with 
0.1% Cu and 0.004% Ag. High temperature solid-state synthesis of LTB and high temperature solid-state doping of Mn 
gave better glow curves with 1 wt% Mn content than other products with different synthesis and doping methods and 
than other percentages of Mn in LTB with two separable glow peak at 77 °C and 280 °C with high intensity. The 
addition of Ag as co-dopant shifted the main glow peak to 200 °C. P increased the intensity of glow peak at 280 °C. Mg 
increased the glow curve complexity. 
 
Key words: Lithium tetraborate, Synthesis, Doping, Characterization, Thermoluminescence 

 

1. INTRODUCTION 

Thermoluminescence dosimetry is an interesting 
research area for over the few past decades, especially 
in the fields of environmental, personal, and clinical 
radiation applications. Even though, for a long time 
many thermoluminescent (TL) materials are being 
used in radiation dosimetry, the topic is open for 
extensive research to get new TL materials having 
lower cost or better performance. 

Thermoluminescent dosimeter (TLD) needs to have 
some features such as; a simple glow curve structure, a 
high gamma ray sensitivity, low fading of TL signal, 
linear dose-response relationship, simple annealing 
procedure for reuse, chemical stability and inertness to 
extreme climatic variations, insensitive to daylight, 
suitable effective atomic number (Zeff), close to that of 
soft tissue which is 7.42 [1]. None of the commercial 
dosimeters except for the one containing lithium 
tetraborate are tissue equivalent. However, it is 
important that the dosimeter used to measure human 
exposure to radiation show similar atomic properties 
with human tissue. The effective atomic number of 
lithium tetraborate is (7.42), which is almost the same 
as that of the biological tissue [2].  

Lithium tetraborate: Li2B4O7 (LTB) is a 
congruently melting compound with low melting point 
and small density (melting point = 916°C, ρ = 2.45 
g/cm3) [3]. Crystal structure of LTB is characterized by 
the space group I41cd belonging to the point group 
C4v, and can be described as a =B–O–B≡ covalent 
network consisting of a frame of alternating oxygen-
bonded BO4 and BO3 oxyanions and stabilized by Li+ 
ions accommodated within this network [4]. The basic 
structural unit of the network is a cradle-like B4O7 
group. LTB has a tetragonal structure with lattice 
parameters a = b = 9.47 Ǻ and c = 10.26 Ǻ and Z=8 [5]. 

Many researchers investigated the TL properties of 
LTB doped materials with different activators such as: 
Mn, Cu, Ag, and Mg. The first thermoluminescent 
material based on LTB activated by Mn is 
commercialized by Harshaw under the name TLD-800 
[6-9]. Kelemen et al. reported the radioluminescence 
and thermoluminescence data for Mn doped single 
crystal and glassy samples of LTB, and single crystal 
form of the LTB:Mn was reported with a glow curve 
containing one peak at about 80°C, and another peak 
at about 220°C although glassy form had a very broad 
peak at about 150°C [2]. Wall et al. investigated the 
suitability of three different thermoluminescent 
lithium borates; LTB:Mn, LTB:Cu and LTB:Cu,Ag. The 
properties of copper doped LTB powder make it more 
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attractive for low dose measurements than manganese 
doped. However, the energy response of the copper 
doped material was not quite as suitable as that of the 
manganese doped material for measuring doses to 
tissue at photon energies lower than 100 keV [10]. 
Driscoll et al. compared the thermoluminescence 
properties of Mn doped LTB  powder with Cu doped 
LTB and Cu and Ag doped LTB on their dose-response 
behaviors and degrees of fading and the results of this 
study fitted suitable well with the results of Wall. 
Driscoll et al. also compared the usable dose ranges 
and photon energy responses for TLD-800 chips and 
two different Mn doped LTB obtained from two 
producers. According to comparison results of two 
different Mn doped LTB obtained from two producers, 
both LTB:Mn had similar properties that were 
investigated [11]. Lorrain et al. doped transition 
elements including Mn and rare earths into LTB and 
compared the thermoluminescence results of doped 
LTB. Lorrain reported a LTB:Mn glow curve with one 
peak at about  100°C and another peak at 235°C which 
is produced by using a completely new doping method 
which is called Lorrain doping [12]. Kitis et al. reported 
a study on the kinetic parameters of LTB:Mn,Si, 
LTB:Cu, LTB:Cu,In and MgB4O7:Dy,Na. Kitis et al. 
also implied that LTB:Mn has a very poor sensitivity, 
mainly caused by the light emission in the 600 nm 
region of the spectra, far from the response region of 
most of the photomultipliers used in commercial 
readers [6]. Park et al. compared the 
thermoluminescence and photoluminescence results of 
Cu, Mn and Mg doped LTB single crystals. LTB:Cu had 
a glow curve consisting of three peaks, one is at 125°C, 
one is at 210°C, and the other one is at about 260°C. 
LTB:Mg gave a glow curve with only one peak at about 
200°C, although LTB:Mn gave a peak at about 250°C 
[13]. Holovey et al. focused on the thermoluminescent 
behaviors with different annealing conditions of 
LTB:Mn single crystals [14].  

In this research, it is aimed to see if there is any 
effect of synthesis and doping methods on TL glow 
curves of LTB:Mn and another group of sample 
containing Cu, Ag and In products with different metal 
contents in LTB. All types of products, which are 
obtained by high temperature solid state synthesis and 
solution assisted synthesis method of lithium 
tetraborate and doped by the high temperature solid 
state doping method, and solution assisted doping 
method, showed different TL glow curves. High 
temperature solid state synthesis and doping with 
powder forms of reactants had the most promising 
results in thermoluminescence measurements. 
Moreover, 1 % Mn (wt/wt) content in LTB had better 
results than the other combinations varying between 
0.1 % and 10 %. As the second part of this study, the 
effects of Ag, P and Mg as co-dopant were also 
investigated. Ag shifted the glow peak. P increased the 
glow peak intensity and Mg made the glow curve 
complex by giving extra peaks. For Cu containing 
samples all of them displayed TL response and the best 
TL signal was obtained from the sample produced by 
solid state synthesis and doped by solution assisted 
method with 0.1 % Cu and 0.004 % Ag. 

Although lithium tetraborate is an extensively 
studied material in terms of thermoluminescence, no 
communication investigating the relationship between 
TL response and synthesizing and doping techniques 

have been encountered. Hence this study is undertaken 
to determine whether or not the TL response is 
affected by these procedures and to investigate TL 
responses for different dopant combinations. 

2. EXPERIMENTAL 

Synthesis of LTB was done in two different ways; 
solution assisted and high temperature solid-state 
reactions. In solution assisted reaction process, Li2CO3 
and H3BO3 with a molar ratio of 1:4, dissolved in 15 ml 
distilled water by heating gently. After the removal of 
extra water, viscous transparent mixture was taken 
into crucibles and put into a furnace to heat up to 
750°C for 1 hour. In high temperature solid state 
reaction process, Li2CO3 and H3BO3 with a molar ratio 
of 1:4 were mixed and grinded in an agate mortar. The 
mixture was put into a furnace to heat up to 400°C for 
3 hours. The intermediate phase was grinded in an 
agate mortar and put into the furnace to heat up to 
750°C for 2 hours. The intermediate phase was grinded 
in an agate mortar and put into the furnace to heat up 
to 750°C for 2 hours again.   

Doping procedure was done in two different ways; 
solution assisted and high temperature solid-state 
doping. In solution assisted doping process, the dopant 
chemicals were dissolved in distilled water and mixed 
with LTB. The suspension was put into a furnace in a 
crucible to heat up to 750°C for 6 hours. The product 
was then grinded finally. In high temperature solid-
state doping process, LTB and the dopant chemical 
was mixed in an agate mortar and heated up to 750°C 
for 6 hours.  

In the investigation of effects of synthesis and 
doping methods, a matrix of four combinations were 
applied: Solution assisted synthesis – solution assisted 
doping, solution assisted synthesis – high temperature 
solid state doping, high temperature solid state 
synthesis - solution assisted doping, high temperature 
solid state synthesis - high temperature solid state 
doping. Mn was chosen as the main dopant and 
MnCl2.4H2O was used as the Mn source. AgNO3, 
(NH4)2HPO4 and MgCl2.4H2O were used as co-dopant 
sources with varying dopant concentrations in the 
range of 0.1% to 10 %.   

The X-ray Diffractometer employed for the crystal 
structure investigations was a Rigaku MiniFlex X-ray 
Diffractometer with a radiation source of CuKα. The 
crystal structures of the lithium tetraborate were 
recorded within a 2 theta range of 5 to 80o. The 
dosimetric properties of the samples were determined 
by using Harshaw TLD Reader Model 3500. The 
heating rate was chosen as the lowest possible for the 
measurements to be most reliable. As a result, the 
heating rate of 1 °C/sec was used from 50OC to 400 °C. 
The examined dosimeters were exposed to Beta, 90Sr-
90Y radiations at room temperature for 5 minutes 
while the radiation given was 0.5 Gy/min. The sample 
amount was 10 mg which is within the reliable range 
determined.  

3. RESULTS AND DISCUSSIONS 

XRD results (Figure 1) revealed that LTB was 
successfully synthesized by high temperature solid 
state synthesis and solution assisted synthesis 
methods. Most intense peaks of the XRD pattern of 
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LTB sample were assigned by the help of 
corresponding reference data [15-18]. Diffraction pattern 
was fitted with the reference data of LTB with 
tetragonal structure and cell parameters a = 9.477, b = 
9.477, and c = 10.286 Ǻ.  In XRD patterns of undoped 
and doped products, peaks which were present in 
undoped LTB and not belong to LTB were disappeared 
by extra heating process while doping. In comparison 
of the synthesis methods, high temperature solid state 
synthesis and solution assisted synthesis methods of 
lithium tetraborate, peak intensities and peak positions 
were similar with each other. Also there was no other 
structural evidence belonging to impurities in XRD 
patterns. There were no differences in FWHM values 
of solution assisted and high temperature solid state 
synthesized and doped products. In the variation of 
manganese content doped into lithium tetraborate, an 
increase is observed in the background with the 
increasing manganese percentage in LTB. The reason 
behind this is the fluorescence of Mn under Cu 
radiation since Cu source was used in XRD 
measurements.  
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Fig 1: XRD patterns of solution assisted synthesized undoped 
LTB (a), high temperature solid synthesized undoped LTB (b), 

solution assisted synthesized 1 wt % Mn doped LTB (c), and 
high temperature solid synthesized 1 wt % Mn doped LTB (d).  

Thermoluminescence measurements of samples 
produced by different methods were performed and 
their glow curves are available in Figure 2 for Mn 
doping and Figure 3 for Cu doping. As Figure 3 
displays the glow peak intensity was inversely 
proportional to the amount of Cu dopant added. 
Although there were two shoulder peaks, the major 
peak at 200oC could be caught. The best results were 
obtained with 1.0% Mn and 0.1% copper concentration 
with TL intensity around 8x105 and 2x 105, 
respectively.  

In double doping experiments Cu-Ag couples 
(Figure 4), gave better results compared to Cu-In 
couples (Figure 5). In both cases it can be concluded 
that increasing the copper content from 0.1 % to 0.3 % 
did not have a positive effect on TL response intensity 
in general. 

It can be detected from Figure 6 that the TL 
intensity increased with increasing concentration of 
co-dopant silver. It was obvious that addition of the co 
dopant exceeded the intensity reached with single 
dopant and the highest TL intensity obtained was in 
the order of 106 for 0.1 % copper and 0.04 % silver. 
Nevertheless the intensity decreased after 0.04% silver 

and when the copper concentration was increased to 
0.3% to evaluate the interaction with the co- dopant, 
no better results were obtained since the TL intensity 
decreased down to the values of single doping case 
(Figure 3). The interesting point in this second case 
was that within the group best results were obtained 
for 0.04 and 0.05 % concentration of the co-dopant as 
in the case of 0.1% Cu. 
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Fig 2: Thermoluminescence measurements of LTB doped with 
varying Mn content in the range of 0.1 - 10 wt %.  

  

Fig 3: Glow patterns for the samples produced by  solid state 
synthesis method and (0.1-1 % Cu) doped by solution assisted 

method. 

 
Fig. 4: Glow patterns for 0.3% Cu with varying amounts of Ag 
(0.01-0.05). 

LTB:Mn samples synthesized and doped by high 
temperature solid state gave a glow curve consisting of 
one peak at about 100°C like the other 3 types of 
products. But this time there was a very high intense 
peak at about 280°C, respectively. Although the shape 
of the glow curve did not change in any of the 
compositions in the range of 0.1 wt % and 10 wt % Mn 
content in LTB, the intensity of the main glow peak at 
280°C increased with the increasing Mn content from 
0.1 wt %, to 1 wt %. Above 1 wt % Mn in LTB, this 
intensity decreased with the increasing Mn content 
regularly. Glow peak temperature is important for 
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dosimetric purposes and a good dosimetric material 
should give a glow curve consisting of a single sharp 
peak at the range of 180°C and 250°C, because peaks 
which are seen lower than 180°C fade and disappear 
quickly at about 1 day, and peaks at higher 
temperatures than 250°C the infrared emission from 
both TLD sample and the TLD holder may interfere [19]. 
Since only high temperature solid state synthesized 
and doped LTB: Mn samples gave a reasonably high 
intensity peak close to the usable temperature range, it 
is aimed to use these synthesis and doping methods to 
shift the peak at about 280°C to the usable range by 
adding co-dopants such as Ag, P and Mg. For all co-
dopants, the amount used is 0.5 wt % of LTB and Mn 
content varied between 0.1 wt % and 1 wt %.   

 

Fig 5: Glow patterns for 0.1% Cu with varying amounts of In 
(0.01-0.05). 

 

Fig. 6: Glow patterns for 0.1% Cu with varying amounts of Ag 
(0.01-0.05). 

Fig.7 shows the TLD glow curve of co-activator 
containing lithium tetraborate samples such as Ag co-
doped and Mn doped LTB gave a glow curve consisting 
of two peaks; one is at about 80°C and a higher 
intensity peak at 200°C. The best result with the 
highest intensity 200°C peak belongs to 0.1 wt % Mn 
and 0.5 wt % Ag content in LTB. Glow curve of P co-
doped and Mn doped LTB has a peak at about 80°C, 
another peak at about 200°C and a higher intensity 
peak at 260°C. Although the high temperature peaks in 
these samples have higher intensities than LTB: Mn, 
Ag samples, these results are not better than LTB: Mn, 
Ag results since complexity in glow curves is not 
preferable in those materials. Also Mg co-doped and 
Mn doped LTB samples gave a complex glow curve 
(Fig. 12) consisting of four peaks; one is at about 
100°C, one is at about 200°C, a shoulder at about 
300°C and another peak at about 350°C.  
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Fig. 7: Thermoluminescence measurements of LTB doped 
with varying Mn content with 0.5 % Ag. 

3. CONCLUSION 

Thermoluminescence glow curves of Mn doped 
LTB produced by using different synthesis and doping 
methods were investigated. Solution assisted and high 
temperature solid state synthesis methods with 
solution assisted and high temperature solid state 
doping techniques were applied on LTB:Mn system. 
Although there is no any morphological or structural 
differences between products of Mn doped LTB, 
thermoluminescence glow curves differs with synthesis 
and doping methods used. High temperature solid 
state synthesis of LTB and high temperature solid state 
doping of Mn gave better glow curves with 1 wt % Mn 
content than other products with different synthesis 
and doping methods and than other percentages of Mn 
in LTB. The addition of Ag as co-dopant shifted the 
main glow peak to 200°C. P increased the glow peak at 
280°C. Mg increased the glow curve complexity.  
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Abstract. An overview of the studies of structural characteristics of bulk and nanomaterials with emergent properties 
that are manifestly quantum in origin is presented. The considered examples include charge and orbital order, 
multiferroicity, low dimensional and frustrated magnetism. It is shown that magnetic and crystal structure 
parameters determined by neutron diffraction are essential for understanding of the properties of materials. 
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1. INTRODUCTION  

The quest for novel materials with potential for the 
development of new technologies is one of primary 
topics in modern multidisciplinary scientific research. 
The properties of nanosystems and nanostructured 
materials can be markedly different from those in bulk, 
opening up new prospects for scientific research and 
the development of nanotechnologies. Solving the 
structure-property relationships necessitates tools for 
materials characterization that keep pace with 
advances in synthesis. For 60 years neutron scattering 
methods (diffraction, small angle scattering, inelastic 
scattering reflectometry,) have proven to be a highly 
informative means in both fundamental and applied 
science. Although other techniques measure structure 
and dynamics, the neutron has a number of properties 
that make neutron scattering so important tool in 
research. Among the specific properties distinguishing 
the neutron from other elementary particles are: 
absence of electric charge, presence of magnetic 
moment, different scattering amplitude for different 
isotopes of one atom, large penetrating depth and 
energy comparable to that of dynamic lattice 
excitations. Undoubtedly, neutron scattering will play 
a vital role in meeting the challenges in the world of 
nanomaterials, biomaterials, and soft materials.  

We present results from recent neutron diffraction 
(ND) supported structural studies of novel functional 
materials carried out at INRNE-BAS. In contrast to 
other probes such as electrons and X-rays the neutrons 
have the ability to reveal nuclear positions and mean 
displacements without bias from the effects of electron 
distribution as well as the ordering scheme of the 
magnetic moments carried by different chemical 
species or electronic shells. One could distinguish 
substitution effects due to neighbor elements etc [1]. 

2. CHARGE AND ORBITAL ORDERING PHENOMENA IN 

BISMUTH BASED MANGANATES  

The experiments questioned the charge order (CO) 
and orbital order (OO) stability  in (Bi1-yRy)1-xAxMnO3 
(x, y = 0.5) and Bi0.5A0.5Mn1-xFexO3, (0  x  1), 
(R=La3+, Nd3+, Ho3+ , Er3+, Tm3+; A = Ca2+, Sr2+). The 
correlations between structure and magneto-transport 
properties as well as the role that bismuth plays in 
these half-doped manganates were studied [2-5]. Fig.1 
gives a schematic illustration of the effects under 
study. 

The evidence for Bi-R-Sr-MnO3 (R=La, Nd, Ho) is 
in support to mixed antiferromagnetic (AFM) + 
ferromagnetic (FM) states and phase separation at low 
temperatures. Some details of concomitant structural 
changes call for complementary information. 

 At 300 K the oxides Bi-R-Ca-MnO3 (R=La, Nd, Ho, 
Tm) adopt structures described satisfactorily in 
orthorhombic Pnma space group, Fig.2. A significant 
anisotropic distortion of the MnO6 octahedra occurs in 
the characteristic manner associated with the 
particular orbital order of Mn ions at half doping level.   

    

Fig 1. Schematic illustrations of spin, orbital and charge order 
of antiferromagnetic СЕ–type and the magnetic unit cell for 

A0.5B0.5MnO3 with a CE magnetic structure: conventional 
double exchange picture (middle), polaronic picture (right) 
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Fig. 2. Rietveld plot of Bi0.25Ho0.25Ca0.5MnO3 at 10 K and 
evolution of diffracted intensity with temperature 

The magnetic structure evolution in the range 
1.5K≤T≤ 300 or 313 K of additional four manganates 
Bi1/4R1/4Ca1/2MnO3 (R=Ho, Tm), Bi1/4R1/4Sr1/2MnO3 
(RE=Ho, Nd) was determined. As in the rest Bi-Ca 
manganates studied the ground magnetic state (at 4,2 
K) could be acceptably described by the insulating 
antiferromagnetic CE ordering. Also, the extracted 
effective Bi3+ ionic radius indicates that the lone pair 
character of 6s2 Bi3+ orbitals is rather constrained than 
dominant in the studied oxides. 

The crystal structures of Bi0.5Sr0.5FexMn1-xO3 (0 ≤ x 
≤ 1.0) were established as rhombic for x  0.3 and 
cubic for x > 0.4 [6]. The unit cell volume increases 
with increasing Fe content. The characteristic signs of 
OO and CO effects are exhibited only for the 
composition without Fe. In dependence on x the 
magnetic state changes from paramagnetic to weak 
ferromagnetic. Below 50 К there are indications for the 
presence of small ferromagnetic clusters. The electrical 
conductivity of the compound between 90 K and 600 K 
exhibits semiconductor behavior, and application of 
magnetic fields up to 7 kOe does not induce changes in 
the electrical conductivity (no magnetoresistive effect). 

3. EFFECTS OF SUBSTITUTION ON THE COLOSSAL 

MAGNETORESTANCE (CMR) IN PEROVSKITES  

Since the discovery of colossal magneto resistance 
(CMR) in Sr2FeMoO6 and Sr2FeReO6, double 
perovskites with general stoichiometry A2B’B’’O6 (A= 
alkali-earths; B’, B’’= transition metals) have been the 
topic of a large number of studies in the last years. The 
CMR effect is of technological interest, e.g. in magnetic 
memory devices, for detection of magnetic fields etc. 

New oxinitride double perovskites Sr2FeMoO6−xNx 
(x=0.3, 0.5) were prepared and investigated [7]. The 
crystal structure consists of a regular arrangement of 
corner-sharing FeO6 and MoO6 octahedra alternating 
along the three crystal directions, with the large Sr 
cations occupying the voids between the octahedra, 
Fig.3. There is anionic ordering between O and N. The 
magnetic structure can be described as an ordered 
arrangement of parallel Fe3+(3d5, S=5/2) spins, AFM 
coupled with Mo5+ (4d1, S=1/2) spins. Actually, there is 
some degree of the so-called anti-site disorder, 
implying that some Fe cations occupy the positions of 
Mo cations and vice versa, and leading to lower 
magnetization.  We find that the nitridation process 
improves the long-range Fe/Mo ordering. The 
compositions show a ferrimagnetic transition with a 
reduced saturation magnetization compared to 
Sr2FeMoO6, due to the different nature of the double 
exchange interactions through Fe–N–Mo–N–Fe path 

in contrast to the stronger interaction through the Fe–
O–Mo–O–Fe path. We suggest a shift towards a 
configuration Fe4+(3d4, S=2):Mo5+(4d1, S=1/2). 

           

Fig. 3. Left: View of the crystal structure of Sr2FeMoO5N, 
approximately projected along the [001] direction, showing 

the antiphase tilting of the Fe(O,N)6 and Mo(O,N)6 octahedra. 
Right: Mössbauer spectrum collected at 295 K showing a 

sextet corresponding to the AFM ordering exhibited at this 
temperature. It is fitted to three contributions. 

 

Fig. 4. Rietveld plots of Ba2MSbO6- (M= Fe, Co) at 295 K and 
evolution of diffracted intensity with temperature 

We investigated the new hexagonal polytypes (6H) 
Ba2MSbO6- (M= Fe, Co) for elucidating the magnetic 
and crystal-structural order as a function of the nature 
of the different B cation [8]. The compounds were 
prepared in polycrystalline form by solid state reaction 
in air. Fig.4 shows the ND patterns at RT. Both 
compounds adopt 6-layered (6H) hexagonal perovskite 
structure, space group P63/mmc. M and Sb cations are 
randomly distributed over 4f and 2a Wickoff positions. 
The crystal structure is constituted by dimer units of 
(M,Sb)4fO6 octahedra sharing a face along the c axis; 
the dimers are connected, sharing corners, by a single 
layer of (M,Sb)2aO6 octahedra. There is a severe degree 
of antisite disordering in both compounds - 52.8% Fe: 
47.2% Sb at (Fe,Sb)2a positions and 36.0% Co: 64.0% 
Sb at (Co,Sb)2a sites. Mössbauer spectroscopy data for 
Ba2FeSbO6 confirm the existence of two distinct 
crystallographic sites for Fe3+. One of them 
corresponds to very regular FeO6 octahedra (at 2a 
positions), characterized by 6 equal Fe-O distances of 
2.019(2) Å at RT (from ND data), giving a singlet in the 
Mössbauer spectra at RT and 77 K, broadened by the 
strong Fe/Sb disorder over this site. The second 
environment for Fe3+ contributes to a broadened doublet, 
which corresponds to a very distorted FeO6 octahedron 
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(at 4f sites), for which ND demonstrates an axial 
distortion with two sets of Fe-O distances at 2.091(2) Å 
and 1.950(3) Å. This distortion is due to the repulsion of 
the strongly charged Sb5+ cations within the dimer units 
of (Fe,Sb)4fO6 octahedra, and it is much reduced in the Co 
compound, where the contents of Sb5+ at these sites is 
smaller. The ND data and magnetic measurements 
show absence of there long-range magnetic ordering 
for both samples The magnetization isotherms at 2 K 
exhibit, for H = 50 kOe, weak magnetization values of 
about 0.2 B/f.u., suggesting a slight canting of the 
moments, which could not be detected from ND due to 
resolution. 

   

Fig. 5. Rietveld plot of CaCu3Mn3FeO12 at 295K (left) and 
schematic representation of the crystal structure highlighting 

the considerable tilting of the MnO6 octahedra and the square-
planar coordination of Cu2+ cations (right) . 

CaCu3Mn4O12 perovskite is a rare example of CMR 
half-metallic manganates (TC=345K).  

We have investigated the CMR suppression in 
CaCu3(Mn4-xFex)O12 (x = 0, 0.5, 1.0) [9]. The oxides 
crystallize in the cubic space group Im-3 and contain 
Ca2+ and (Cu2+,Mn3+) at the A sublattice of the ABO3 
perovskite, arranged in a 1:3 ordered array. ND 
suggests that Mn4+ and Fe3+ occupy at random the 
octahedral B positions of the perovskite structure, 
Fig.5. Mössbauer spectroscopy (MS) study adds a 
singular feature: 89% of Fe3+ is, effectively, in an 
octahedral environment, with characteristic values of 
isomer shift (0.369(2) mm/s) and quadrupole splitting 
(0.420(2) mm/s), whereas 11% of Fe3+ is located at 
square planar positions together with Cu2+, with 
isomer shift and quadrupole splitting values of 
0.423(3) mm/s and 1.920(6) mm/s, respectively. 
Magnetotransport and magnetic data show a 
progressive decrease of TC with increasing Fe content. 
Also, paramagnetic temperatures θp and saturation 
magnetization diminish which indicates an increment 
of the antiferromagnetic interactions at the (Mn,Fe) 
octahedral sublattice, probably leading to a 
considerable canting of the Fe versus Mn spins. The 
magnetoresistance also decreases upon Fe-doping, but 
a sharp low-field response is observed below TC. 

3. MULTIFERROICS 

Coexistence of a long-range magnetic order and a 
ferroelectric (FE) order in the same phase is a hot topic 
presently not only for fundamental physics; strong 
magnetoelectric coupling in multiferroics is promising 
for many potential applications in electronics. The 
compounds RMn2O5 (R stands for a rare earth cation) 

are representatives of the class of frustrated magnetic 
systems that are attractive with regard to the observed 
large magnetoelectric couplings and the induced 
ferroelectricity. For them it has been demonstrated 
that an external magnetic field H can rotate the 
ferroelectric  polarization P. This finding requires a 
precise determination of the symmetries in the 
magnetic ordered phase, because ferroelectricity can 
only arise in polar space groups. 

Why biferroism, which is characteristic for the rare 
earth manganites TbMn2O5 and YbMn2O5 at low 
temperatures, is not observed in the derivative phases 
TbFeMnO5 и YbFeMnO5? The RMn2O5 structure 
contains two independent sites for Mn atoms, with 
different oxygen coordination and oxidation states: 
Mn4+ ions are octahedrally coordinated to oxygen 
atoms (4f sites), whereas Mn3+ ions (4h sites) are 
bonded to five oxygen atoms, forming a distorted 
tetragonal pyramid. Actually, the substitution of Fe3+ 

for Mn3+ in RMn2O5 is an intricate problem. For 
instance, whereas YMn2O5 is an antiferromagnet with 
TN= 40 K, YFeMnO5 is a ferrimagnet below Tc≈165 K. 

Our studies [10] indicated a cation disorder and 
frustration of magnetic interactions. The introduction 
of Fe at the pyramidal (4h) sites induces strong AFM 
interactions with Mn4+ at the octahedral (4f) sites, giving 
unbalanced ferrimagnetic structures. The crystal 
structure contains infinite chains of Mn4+O6 edge-
sharing octahedra running along the c axis and 
interconnected by Fe3+O5 pyramids and Tb3+O8 units. 
Many magnetic interactions exist among Mn4+, Mn3+, 
and R3+, which make magnetic ordering accompanied 
by frustration. TbFeMnO5 undergoes long-range 
magnetic ordering below TC  175 K. The propagation 
vector k=0 defines a ferrimagnetic structure that 
initially concerns the Mn4+ and Fe3+ cations, in a 
magnetic arrangement defined by the basis vectors 
(0,0,Fz) and (0,0,F′z) , respectively. The Tb3+ sublattice 
is ordered at 2 K with a spin arrangement given by 
(0,0, F′′z). The refined magnetic moments at this 
temperature are 2.66(12) μB for the Mn4+, -0.8(2) μB 
for the Fe3+ and 2.0(3) μB for the Tb3+ cations. The 
worsen magnetotransport properties of TbFeMnO5 in 
comparison with the biferroic TbMn2O5 we suggested 
to be due to the cation disorder in the structure, which 
is centrosymmetric but not acentric, and the frustrated 
magnetic interactions. Fig.6 depicts the findings. 

  

Fig. 6.  Schematic view of the crystal structure (left) and 
magnetic structures in TbFeMnO5 (right)  

Two new compounds of formula BiFexMn2–xO5 
(x=0.5, 1.0) isostructural BiMn2O5 have been obtained 
and characterized [12]. The structure is build from 
infinite chains of edge-sharing Mn4+O6 octahedra, 
interconnected by dimer units of Fe3+O5 square 
pyramids. The presence of the electronic lone pair on 
Bi3+ severely distorts these units. The main magnetic 
interactions seem to be antiferromagnetic with the 
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presence of some weak ferromagnetic response. No 
long-range ferrimagnetic structure is set in. 

Multiferroic Ba2Mg2Fe12O22 belongs to Y-type 
hexagonal ferrites, important high frequency soft 
magnetic materials because of strong planar 
anisotropy and high magnetic susceptibility. Single 
crystalline material has a relatively high temperature of 
magnetic transition (~200 K). Multiferroicity is 
displayed in zero H and the spontaneous electric 
polarization P can be controlled by low magnetic fields 
(H< 0.02 T).  

Our Ba2Mg2Fe12O22 powders with mean crystallite 
size of 100 nm were prepared by means of the sol–gel 
auto-combustion method [12]. The structural studies 
confirmed the rhombohedral symmetry of the 
nanocrystalline structure and revealed that the Mg2+ 
cations occupy both the octahedral and the tetragonal 
sites in the lattice. The substance around 190 K 
undergoes a magnetic transition indicated by 
magnetization and Mössbauer spectroscopy data. ND 
data are compatible with a complex canted structure 
with spins pointing out of the axial direction. The 
magnetic order at 10 K can be described in terms of an 
incommensurate complex block-type conical structure.  

Mixed oxides Y-Fe-Cr-O were synthesized by an 
original combustion route [13]. The end member 
YCrO3 is a weak biferroic: ferroelectric below TC ≈ 430 
K and AFM with a weak ferromagnetic moment below 
TN≈ 140 K.  For accurate determination of MnO6 
distortions we performed multipattern (X ray + 
neutron) profile analysis. In both YFeO3 and YCrO3 
below the Neel temperature TN=648K and 141K, 
respectively, the noncollinear antiferromagnetic state 
(GcFbAa) is established, Fig.7. The iron rich (x>0.6) 
compounds adopt orthorhombic space group Pnma; 
they are canted antiferromagnets with GyFx type 
magnetic structures and the weak FM component F 
increases with x. This dependence is attributed to 
decreasing magnetic frustration and increasing 
Dzyaloshinsky – Moriya antisymmetric exchange 
leading to the small canting between the spin 
sublattices [14]. 
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Fig. 7. Left: Rietveld plots of Fe0.875Cr0.125O3 and YFeO3 (inset) 
at 295 K; Right: refined unit cell of Fe0.75 Cr0.25O3, Fe/Cr 

magnetic moments are depicted by arrows  
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NEUTRON SPECTROMETRY WITH He-3 PROPORTIONAL COUNTERS 

M. Manolopoulou1*, M. Fragopoulou1, S. Stoulos1, W. Westmeier2, M. Zamani1 

1School of Physics, Aristotle University of Thessaloniki, Thessaloniki 54124, Hellas 
2Philipps-Universität, 35032 Marburg, Germany 

*email: metaxia@auth.gr 

Abstract. Helium filled proportional counters are widely used in the field of neutron detection and spectrometry. A 
review of some parameters and physical effects that influence the He-3 proportional counters response is presented 
through the experimental study of a commercially available counter. The impact of these effects is taken into account in 
the description of detector performance when the response is calculated with the Monte Carlo method. A method to 
determine neutron energy distribution with a bare He-3 counter in an unknown neutron field is presented. The neutron 
energy range extends up to about 7 MeV. The method does not require a hypothesis about neutron spectrum shape. It is 
based in the calculated counter response with Geant4, the validity of which is experimentally verified. A detailed 
description of the steps needed is presented. 

Key words: neutron, spectrometry, counter, Monte Carlo 

1. INTRODUCTION 

Application of He-3 counters in neutron detection 
and spectrometry has been long proposed mainly due 
to high cross section of 3He interaction with neutrons. 
When neutron energy is below 56 keV the 3He(n,p)T 
reaction is the most predominant; the cross section 
ranges from 5300 barns for thermal neutrons down to 
2.6 barns for 56 keV neutrons. For higher energies the 
cross section of 3He(n,elastic) becomes more 
pronounced while for energies above 4.3 MeV the 
3He(n,d)D is also contributing. Regarding spectro-
metry applications the complexity of the spectrum as 
well as several other causes like the wall effect, 
recombination and space charge make response 
function calculation a difficult task [1-6]. 

In this work the response of a proportional He-3 
counter is studied experimentally and simulated with 
the Geant4 code [7]. The calculated response of the 
system is used to determine neutron energy 
distribution in an unknown neutron field. 

2. Experimental 

Irradiations were performed with nearly mono-
energetic neutron beams in the energy range from 230 
keV to 10.7 MeV provided by a Tandem, Van de Graff 
accelerator facility at the Institute of Nuclear Physics, 
NCSR Demokritos, Athens, Hellas. Neutrons with 
energies up to 3.3 MeV were obtained via the 
7Li(p,n)7Be reaction, from 3.75 to 10.7 MeV were 
produced via 2H(d,n)3He reaction while higher 
energies up to 22 MeV via 3H(d,n)4He reaction. During 
irradiations the counter was covered with 1 mm Cd foil 
to minimize the thermal neutron registration and thus 
the count rate. Details about the irradiations can be 
found elsewhere [8]. The description of the counter 

and the operational characteristics obtained during the 
above irradiations are presented in Table 1. 

Table 1. Description and operational characteristics of the 
counter. 

Pressure 6 atm Anode: W 0.025 mm 
3He 64.7% Effective  length 15 cm 
Kr 33.3% Effective diam. 5 cm Gas 
CO2 2.0% Voltage 1700 V 

Cathode: SS304 0.089 cm Shaping Time 8 μs 
 

Irradiations were also performed in a calibrated 
neutron field, in the low-scatter measurement hall of 
the Physikalish-Technische Bundesanstalt (PTB, 
Braunschweig) irradiation facility, in order to 
determine the response function of the counter. 
Neutron beam energies were 0.5, 1.2 and 2.5 MeV 
while irradiations were carried out additionally with a 
shadow cone between the target and the counter to 
determine the influence of the room returned neutrons 
to the spectra acquired. Irradiation time was scheduled 
to attain sufficient statistics in the spectra, around 
1000 counts in the centroid of the full energy peak. The 
count rate was kept low, around 103 cps to avoid space-
charge effect and/or pulse pile-up events in the 
counter. 

2. RESULTS AND DISCUSSION 

3.1 Pulse height distributions  

Pulse height distributions obtained during 
irradiations for 8 neutron beam energies are presented 
in Fig. 1. This complex response is made up of  
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(i) The “Full Energy” peak, at the end of each 
spectrum, formed when total kinetic energy of the 
3He(n,p)T reaction products is deposited in the 
effective gas volume. The reaction is exothermic, with 
Q=764 keV. The neutron kinetic energy is added to the 
Q value of the reaction, and the total kinetic energy is 
distributed among the two reaction products according 
to their emission angles in the lab frame. For neutrons 
with energies above around 7 MeV, as it is calculated 
by the SRIM/TRIM code [11], the proton/triton range 
becomes larger than the dimensions of the effective 
volume of the counter. Therefore the full energy peak 
cannot be formed (e.g. 7.7 MeV in figure 1). 

(ii) The Recoil distribution is formed by the 3He 
recoiling nuclei, due to 3He(n,elastic) reaction. The 
energy ER transferred to a 3He nucleus via elastic 
scattering of a neutron of energy En is ER≈4Encos2θ 
where θ is the scattering angle of the recoiling nucleus 
in the lab coordinate system [1]. As all scattering 
angles are allowed, in principle, the result in the 
spectrum is a continuum between a minimum of zero 
energy and a maximum of whenever the recoiling 
nucleus is emitted at 0° with respect to the neutron 
direction. This maximum energy is calculated to be 
75% of the neutron energy for the 3He nucleus and 
29%, 22% and 5% for the C, O and Kr nuclei, 
respectively. It should be pointed out that although the 
cross-section of elastic scattering for fast neutrons is 
larger than the 3He(n,p)T reaction, the result in the 
pulse height distribution is not so prominent as 
compared with the full energy peak, due to the 
distribution of the recoil events over a wide energy 
region of the spectrum (Fig. 1). 

 

Fig 1. Pulse height distributions for several neutron beam 
energies. For the energy of 7.7 MeV, only the last part of the 
spectrum is presented for clarity reasons 

(iii) Gamma-ray distribution. γ-rays interact mainly 
with the counter walls and Kr atoms producing 
electrons. Due to their long range, electrons can 
deposit a limited amount of energy (usually less than 
about 200-300 keV) in the counter, producing pulses 
with small amplitudes and long rise times. These 
pulses are recorded in the low-energy region of the 
pulse height distributions, presenting an exponentially 
decreasing function of which the exponent is a function 
of the γ-ray field intensity [5,8,9]  

(iv) In all spectra the Thermal-Epithermal peak is 
formed from scattered, low energy, neutrons. It should 
be noted here that as the counter was covered with Cd 
foil, in the thermal-epithermal peak are registered 
neutrons with energies above about 1 eV up to several 
tenths of keV due to the resolution of the system. 

(v) Finally, for neutron energies above 4.3 MeV, the 
3He(n,d)D reaction contributes to the pulse height 
distributions, with Q=-3.27 MeV (Fig. 1). 

3.2 Energy calibration and Resolution 

The deposited energy of the 3He(n,p)3H reaction 
products which is registered in the full-energy peak 
area of the spectrum exhibits a linear relationship with 
the pulse height although a nonlinear behavior is 
observed for recoil peak events as presented in Fig. 
2(a). Moreover, when the recoil nuclei pulse height is 
converted to energy via energy calibration of the full 
energy peak, a significantly lower energy than the one 
expected from kinematics is calculated, mainly as a 
result of a recombination effect. The energy calibration 
equation for recoil events has been reported previously 
[10]. Resolution of the full energy peak is in the range 
of 4%-8% (Fig. 2(b)).  

 

Fig. 2. (a) Energy calibration of the system for the full energy 
and recoil peaks and (b) resolution as a function of neutron 
energy. 

3.3 Efficiency calibration measurements 

The response of the system was measured for 
neutron energies: 0.5, 1.2 and 2.5 MeV. Irradiations 
were carried out at the low-scatter measurement hall of 
the PTB irradiation facility.  

In Fig. 3 the pulse height distributions obtained 
with and without the shadow cone for the neutron 
beam energy of 1.2 MeV, as well as the difference of the 
above two, are presented. Neutron fluencies were 
certified with uncertainties 4% to 8%. 
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Fig 3. Pulse height distributions obtained during irradiations 
at PTB facility with 1.2 MeV neutrons. The original spectrum 
(Total) and the additional spectrum with a shadow cone 
between the target and the counter mainly due to room-
returned neutrons. The difference is the calculated counter 
response from direct neutrons only. 

3.4 Simulation of counter response with GEANT4 

Counter response was calculated using the Geant4 
simulation kit (v.4.9). An accurate description of the 
counter regarding its geometrical characteristics, gas 
mixture and construction materials was provided by 
the manufacturer (LND Inc.). In order to take into 
account the displacement of the recoil events, namely 
the two different energy calibrations according to the 
origin of the events (section 3.2), the particles that are 
found to deposit energy in the effective volume of the 
counter are identified during the calculation and their 
deposited energy is scored to the corresponding 
calculated spectrum according to their identity. An 
example of the different calculated spectra coming 
from (n,p), (n,elastic) or other reactions with the above 
procedure is presented in Fig. 4.  

 

Fig. 4. Calculated spectra originating from (n,p), (n,elastic) 
and other reactions for incoming neutron beam energy of 2.5 
MeV. With dots the He-3 recoil spectrum after the application 
of the Pulse Height Reduction correction function [10]. 

The spectrum originating from recoil events is first 
treated with the correction function due to pulse height 
reduction (Fig. 4). Subsequently, each spectrum is 
folded with a Gaussian distribution according to the 
experimentally determined resolution function. It 
should be noted here that the resolution measured at 
recoil edges is about 3 times larger than that of the full-
energy peaks. Finally, the spectra coming from all 
reactions are added together with an exponentially 

decreasing function to account for γ- ray contribution 
in the lower part of the pulse height distributions. 

 

Fig. 5. Experimental pulse height distributions (cross) and 
simulated spectra (dots) with GEANT4 for neutron beam 
energies 565 keV, 1.2 MeV and 2.5 MeV. 

The parameters of this function are calculated from the 
counts registered in the first channels of the 
experimental spectra [8]. Comparison of the 
experimental spectra with the simulated ones is 
presented in Fig. 5. 

3.5 Neutron spectrum unfolding. 

The calculated response of the system can be used 
to unfold a spectrum in an unknown neutron field. An 
example is provided below.  

Neutron energy distribution emitted from an 
extended natU/Pb-assembly irradiated by deuteron 
beam of 1.6 GeV at NUCLOTRON accelerator 
(Laboratory of High Energies, JINR, Dubna) was 
measured during a dedicated irradiation with low 
intensity deuteron beam pulses to ensure low count-
rate (<103 cps). Neutron fluence from this setup as it is 
estimated by using the high energy transport code 
DCM–DEM (Dubna cascade-evaporation model) 
[13,14] is presented in Figure 6. 

The predominance of neutrons emitted in the 
energy range from 10 keV up to 20 MeV (peaking at 
about 0.7 MeV) is evident. Further details about the 
assembly and the irradiation are described in reference 
[12]. 

 

Fig. 6. Neutron fluence during irradiation of the extended 
natU/Pb-assembly by deuterons as it is estimated by DCM-
DEM code. 

To determine neutron energy distribution, neutron 
energy range from 0.1 to 7 MeV is divided to several 
isolethargic bins. It should be noted here that the 
analysis does not involve the thermal-epithermal area 
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as in this peak neutrons with energy from 1 eV up to 
about 0.1 MeV are registered due to the resolution of 
the system. Counter response is calculated for each 
energy bin, taking into account the geometrical 
arrangement of the counter in respect to the natU/Pb 
assembly. The experimentally determined energy and 
resolution calibration functions are applied to the 
calculated spectra. The above procedure outcome is the 
expected counts/channel/neutron emitted from each 
energy bin. Finally, multiple regression analysis is 
performed between the experimental pulse height 
distribution data (independent variables) and the 
calculated counter response for each bin (dependent 
variables). 

 

Fig. 7. Energy distribution of neutron yield (neutrons per 
incoming deuteron) from the analysis of He-3 counter spectra. 

Neutron energy distribution calculated with the 
above method is presented in Fig.7. Statistical 
uncertainty in neutron fluencies estimation, presented 
in Fig.7, ranged from 4% to 10%. The overall 
uncertainty of the procedure taking into account 
counter response and beam monitoring uncertainties 
is estimated to be about 20%. Comparison of the 
experimental pulse height distribution with the 
simulated one using the determined neutron fluencies 
is presented in figure 8(a). The determined neutron 
fluencies are found in acceptable agreement with the 
expected ones obtained from the simulation with 
DCM-DEM code, figure 8(b) [13,14]. 

 
 
 
 
 

 

Fig. 8. (a) Experimental (cross) and simulated with Geant4 
(dots) pulse height distributions. (b) Energy distribution of 
neutron yield as it is figured out from the analysis of He-3 
counter spectra and comparison with the calculated one by 
DCM-DEM code. 

4. CONCLUSIONS 

The response of a proportional He-3 counter was 
studied experimentally and the observed performance 
was implemented to the simulated response of the 
counter with Geant4. A satisfactory agreement 
between the calculated spectra and the experimental 
pulse height distributions obtained in the calibrated 
neutron field is observed. 

The calculated response of the counter was used to 
unfold spectra from an unknown neutron field. 
Neutron fluence distribution determined with an 
overall uncertainty of 20% is in accordance with the 
expected one using Dubna Cascade Model code . 
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Abstract. A new passive system has been developed for discriminative measurement of radon and thoron. It consists 
of a diffusion chamber with approximately 250 cm3 in inner volume closed with two fiber glass filters (with a gap) on 
one end, and a polycarbonate Lexan nuclear track detector (film) placed in the bottom of the chamber.  Another Lexan 
polycarbonate detector covered with an optimized thickness of an attenuator places outside the chamber to measure 
only the long-life thoron progeny (i.e., 212Po). Because of the short physical half-life of thoron (55.6 s), the filters 
prevent the thoron to diffuse the chamber, so the inner detector only measures the radon entered in the chamber.  
The sensitivities of the system have been measured by 8.95 [tracks cm-2 (Bq lit-1 day)-1] and 7.96 [tracks cm-2 (Bq m-3 
day)-1] values for radon and thoron respectively. So the system can be successfully used for separated measurement of 
radon/thoron in dwellings (next to the walls) where the mixed concentrations of the isotopes may exist. 

Key words: Radon, Thoron, Passive measurements, Diffusion Chamber, SSNTD 

 

1. INTRODUCTION* 

Radon (222Rn) has the most contribution in 
annually natural exposure of the humans via the 
inhalation of the gas [1]. The thoron (220Rn) may have 
the same effects (even be more hazardous) due to the 
long lived of its daughters [2]. As well most of the 
radon detectors are also sensitive to the thoron and 
may be affected on accurate measurements by the 
presence of thoron in media.  Thus some of the 
researches are focused on the designing of 
discriminative systems for separated measurements of 
these isotopes [2-6]. Most of the suggested systems 
have complicated designs and/or etching conditions.     

A home-made passive diffusion chamber which is 
based on SSNTD, has been used for passive radon 
measurements in dwellings [7]. In this research first the 
operation and calibration method of the chamber have 
been described for both radon and thoron 
measurements. Then the design is developed for 
separated measurements of radon/thoron, and the 
measurement characteristics of the detector are 
discussed in detail. 

                                                           
* Corresponding Author: mhosseini@aeoi.org.ir 

2. MATERIALS & METHODS 

2.1. Type of detector 

In this research, Lexan polycarbonate (films with 
the thickness of 250 μm) Solid State Nuclear Track 
Detectors (SSNTD) has been used to detect the alpha 
particles tracks of radon/thoron or their daughters. 
The Electrochemical Etching (ECE) process has been 
used to magnify the latent tracks by applying HV of 
800 Volts during 3 hours time interval. The etchant 
components, PEW, are inclusive of: 15% KOH, 40% 
C2H5OH and 45% H2O. The energy detection range of 
alpha particles by the method is 0.3-2MeV [8]. 

2.2. Mechanism of the chamber operation 

The design of the chamber is shown in Fig.1 in both 
integrated and discrete configurations. In original 
design of the chamber only one fiberglass filter are 
used so that the thoron gas can penetrates through it 
into the chamber. But in the developed design, two 
filters are used, in which radon/thoron diffuses from 
the chamber cap and their daughters are stopped by 
the first fiber glass filter. Since the distance between 
two fiber glasses filters is inclusive of 1 cm air, and the 

half life of thoron is very short (≅ 56 s), then most of 
the thoron will decay and cannot diffuse to the inner 
volume of the chamber. So the inner polycarbonate 
Lexan SSNTD only detects the alpha particles which 
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are emitted by the radon or their produced daughters 
inside of the chamber.  

2.3. Mechanism of the outside detector operation 

In developed design of the chamber, the 
measurement of thoron is based upon the only 
detection of its second alpha emitter daughter 212Po 
(8.78 MeV). In order to detect the isotope, there is 
another Lexan SSNTD along with an attenuator with 
the same type of material but a thinner layer, 75 μm, 
which is placed outside of the chamber (part D' in 
Fig1.). The thickness of 75 μm has been calculated by 
Trim Code, so that only the alpha particles of 8.78 MeV 
can penetrate the attenuator and reach to the detector 
with the energies between 0.5 to 1MeV. That is, the 
other alpha emitter isotopes of radon/thoron or their 
daughters cannot reach to the detector. The thickness 
of 75±2 μm is achievable  by soaking of the 250 μm 
Lexan films in the etchant inclusive of 75% of 
C2H4(NH2)2 and 25% of H2O during 4.7 hours at room 
temperature. 

 
Fig.1 Developed Diffusion chamber for radon/thoron 

measurements. A: integrated configuration, B: chamber cap, 
C: fiber glass filter, D: Lexan polycarbonate film as detector, 
D': Lexan polycarbonate film as attenuator, E: film holder, F: 

chamber cup and G: holder rail. 

2.4. Calibration Method 

The flow-through calibration method has been used 
to determine the response of the chamber [9]. This 
method schematically is shown in Fig.2. The flow-
through sources of radon and thoron (Pylon source 
models of Rn-1025 and Th-1025 respectively) are 
connected to a calibration chamber with 50 liters 
volume for radon and that of 4 liters for thoron. All the 
diffusion chambers can place inside of the calibration 
chambers, and the concentration of radon/thoron 
inside of the calibration chambers can be changed for 
different exposures by adjusting the source activities, 
flow rates, and times.  

2.5. Calculation of MDL 

The Minimum Detection Limit (MDL) of the 
method (with 95% confidence level) is calculated by 
Eq.1 :  

tS
C netTD

MDL .
2


 

(1) 

where 
MDLC is the concentration of MDL for 

radon/thoron, σ is the standard deviation of net track 

density (TDnet) of unexposed Lexan films, S is the 
sensitivity of measurements (track density per 
exposure) and t is the time of exposure. 

 
Fig. 2 Schematic of Flow-through calibration method 
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Fig. 3 Sensitivity of the diffusion chamber for radon 
measurements. 

2.6. Calculation of thoron concentration 

Since the outer Lexan film only can measure the 
concentration of 212Po,  the concentration of thoron can 
be calculated by Eq.2 as:  

Tn

Po

Tn F

C
C

21264
100913.0 


 (2) 

where 
PoC212 is the concentration of 212Po which is 

measured by the method, FTn is the equivalent factor 
of thoron which is 0.03 in average for dwellings [10] 
and CTn is the concentration of thoron (The value of 
0.913 is the equilibrium equivalent coefficient 
constant of 212Pb and 100/64 is the reciprocal value of 
decay ratio of 212Bi to 212Po).  

3. RESULTS & DISCUSSION 

Fig 3 shows the response of the diffusion chamber 
in various radon concentrations in the calibration 
chamber. As it can be seen in the figure, the sensitivity 
of diffusion chamber (for the inner Lexan film) has 
been calculated by 8.95 Track.cm-2.Bq-1 .l .day-1 values, 
and for thoron is approximately zero. 
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The MDL of the diffusion chamber for radon has 
been calculated using Eq.1 and is shown in Fig.4.  

Fig 5 shows the response of the outer film for 212Po 
measurements in by the method. As it can be seen in 
the figure, the detection method has been calculated by 
7.96 Track.cm-2.Bq-1 .m3 .day-1 values. The MDL of the 
outer Lexan film for 212Po has been calculated using 
Eq.1 and is shown in Fig.6. 
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Fig. 4 The MDL values of the diffusion chamber for radon 

measurements. 
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Fig.5 Sensitivity of the outer Lexan film for 212Po 

measurements. 

Although the sensitivity value for the radon by the 
diffusion chamber (i.e. 8.95) is less than that of the 
semi- sphere method of Doi et al. (i.e. 39.5) [3], but the 
smaller volume of the chamber, using of the plastic 
material in the chamber in compare with that of steel 
for those method and very simpler etching process 
make the method very easier in this regard. As well the 
sensitivity value is still appropriate for seasonal 
measurements in dwellings with concentrations up to 
high values of radon (e.g. 1000 Bq.m-3). 

The sensitivity value of the outer Lexan film for 
thoron shows that the method is appropriate for short-
term (e.g. 30 days) measurements in low concentration 
area of thoron. 
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Fig. 6 The MDL values of the outer Lexan film for 212Po 
measurements. 

4. CONCLUSION 

A home-made passive diffusion chamber which is 
based on Lexan SSNTD, has been developed for 
simultaneous measurements of radon/thoron in 
dwellings. The sensitivity of the chamber shows that it 
is appropriate for seasonal measurements of radon in 
extended range of radon concentrations, while for 
thoron it is good for short-term measurements of low 
concentration of the isotope. The advantages of the 
method are also including its small size, light weight 
and simple etching process. 
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EVALUATION OF DMOS TRANSISTORS AS ELECTRON BEAMS DOSEMETER 
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Abstract: In this work, the characterization of three models of vertical DMOS as dosimeters for electron beams is 
presented. The response with dose for electron beams of 6 MV has been found for the models: BS250F, ZVP3306 and 
ZVP4525. The transistor that shows the highest sensitivity was the ZVP3306, therefore it is the most promising 
candidate for electron beam dosimeter among analyzed models. Nevertheless, due to the excessive thermal drift an 
additional thermal compensation method would be very suitable as well as the definition of the linear range, in order 
to limit the use range.  

Key words: DMOS, dosimetry, characterization, electrons beams 

1. INTRODUCTION 

In the last few years, commercial dosimetry 
systems have been developed [1-2] based on Metal-
Oxide-Semiconductor transistors (MOSFET), which 
have a number of advantages over traditional 
dosimetry systems in medical applications [3]. 
Dosimetry control in radiotherapy treatments can be 
carried out with different types of sensors, such as 
ionization chambers, thermoluminescent crystals, or 
semiconductor detectors, mainly diodes or MOSFETs 
(Metal-Oxide-Semiconductor Field Effect Transistor). 
The use of MOSFET dosimeters has been extended in 
the last few decades due to immediate and non-
destructive readouts, low power consumption, easy 
calibration, and reasonable sensitivity and 
reproducibility [4-6]. For increasing the sensitivity of 
the MOSFETs to irradiation they are manufactured 
with special process in order to achieve a thick gate 
oxide, between other characteristics. This type of 
MOSFETs is known as RADFETs and the cost 
relatively high due to the reduce production volume. 
Our research group have developed a dosimetric 
system based on general purpose transistor (non 
RADFET) solving the lower sensitivity and this 
linearity decay with a linear enhancing method and 
noise reduction [7]; and thermal compensation 
algorithm [8]. The use of general purpose transistor 
will reduce the cost of the final system.  

On the other hand, the intra operative radiotherapy 
(IORT) is a complementary technique used just after 
the cancer extraction. IORT aims to destroy the 
remaining tumor cells on the edge of the cancer using 
electron beams. The dose must be applied in only one 
session and just after the operation with the patient 

lying on the stretcher. Thus, the dose delivered in this 
session must be as controlled as possible. Some 
authors tested commercial dosimetric system based on 
MOSFET in dosimetry IORT [9]. They found good 
agreement with others dosimetry techniques. 

We propose the development a dosimetric system 
for electron beams based on commercial general-
purpose MOSFETs (non RADFETs) that could reduce 
the cost of dosimetry control in IORT. In this case, 
vertical DMOS transistors, intended for low power 
applications, were tested. 

2. METHOD AND MATERIALS 

2.1. Dosimetric system 

It is well known that the dose is approximately 
proportional to shifts in threshold voltage, VT. To 
measure the increment of VT, a reader unit developed 
in the Electronic and Computer Technology 
Department at the University of Granada was used 
(Figure 1). This instrument biases the transistors at 
one, two or three different currents sequentially, and 
measures the source voltage at these currents. The two 
currents method has been used in our case to measure 
the VT, because the thermal modeling of the 
MOSFETs is required for applying the three current 
method [7, 8].  

The technical specifications for photon beams are 
summarized in Table 1.  
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Figure 1. Reader unit and dosimeter for electron beams. 

Table 1. Technical specifications for 60Co photon beams 

Temperature range 10ºC/40ºC 
Accuracy ± 3 % 

Resolution 10 mGy 
Lineal range > 15 Gy 
Thermal drift < 3 mGy/ºC 

Measurement time 10 s 

  

It was tested for dosimetry with electron beams 
provided by a LINAC Siemens Mevatron KDS. The 
sensor module consists of the DMOS and a JFET which 
maintains the terminals short-circuited all together 
during the period of radiation and storage. During the 
readout process of VT, the JFET is cut off. Then the 
gate and the drain terminals of the MOSFET are 
usually short-circuited, and the bulk and the source are 
also inter-connected, in this configuration the 
transistor operates in the saturation region. For 
photon beams the pMOS transistor 3N163 of Vishay 
Siliconix has been used, nevertheless for electron 
beams the transistor encapsulation must not be made 
of metal.  

2.2. DMOS selection and irradiation conditions 

Different models of commercial transistors were 
selected to our study. Among the commercially 
available transistors, we had selected three models 
considering two characteristics: 1) no metal 
encapsulated; 2) maximum voltage gate-source, which 
means a width of oxide thicker (sensing area). We 
selected the models BS250F, ZVP3306 AND ZPV4525, 
manufactured by Zetex Semicounductors.  Four 
transistors of each model have been tested. The sensor 
modules were irradiated by the LINAC using field of 
25x25 cm2, and they were placed at the isocentre of the 
source with normal angle of incidence and without 
applicator. There were eight sessions with doses 
between 2.1 and 5.6 Gy, until the accumulated dose 
was 56 Gy using 6 MeV. It was calculated with 0.1 cm 
of depth in water because of the encapsulate transistor. 
To reduce the temperature effect of the dosimeter 
parameter, the thermal drift of VT was studied for the 
model with the highest sensitivity using a thermal 
chamber VT4006.  

2.3. Thermal compensation 

The three current method can be applied to 
transistors that have been thermal characterized in 
depth, because the thermal coefficient at each current 
need to be known [8]. The thermal compensation has 
been made finding experimentally the thermal 

coefficient of VT with temperature,
TV . The VT has 

been calculated with two current and subtracting the 
thermal contribution calculated from the temperature 

before and after irradiation, and 
TV [7]. 

TV  has 

been found for the three models registering the VT 
from 15 to 45ºC using the thermal chamber. Figure 2 
shows VT as a function of the temperature for the 
ZVP3306 pMOS. In Table 2, the average and the 
uncertainty of the thermal coefficients of these three 
models are summarized. 
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Figure 2. VT of a ZVP3306 transistor at different temperatures 

Table 2.
TV  (mV/ºC) for different DMOS 

  Average 
BS250F -2.24 0.18 

ZVP3306 -2.48 0.16 

ZVP4525 -3.3 0.4 

3. RESULTS AND DISCUSSION 

After the different sessions of radiation, the VT as 
dose function was calculated, finding a lineal 
dependence for all studied transistor models. Using the 
thermal coefficient of VT and the temperature before 
and after irradiation the VT was thermally 
compensated. The sensitivity is defined as the 
increment of VT per dose unit (Gy). Table 3 
summarizes the average sensitivity and the standard 
deviation for the set of irradiation sessions. As can be 
observed the ZVP3306 presents sensitivity lightly 
higher than the others model, although all the values 
with the error bars cross common values. However, the 
ZVP3306 transistor has a greater sensitivity; while the 
models BS250F and ZVP4525 have 16% and 10% 
respectively lower. Even the model ZVP3306 presents 
less standard deviation and a lineal performance, as it 
is shown in the Figure 3. Fitting the VT as dose 
function a linear is obtained, as the Figure shows. 
Therefore the ZVP3306 is a possible candidate as 
dosimeter for radiotherapy with electron beams. 
Comparing the sensitivity and the thermal coefficient, 
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the thermal drift can be obtained, giving (0.60±0.07) 
Gy/ºC, that is too high to be used without an additional 
thermal algorithm. Thus an additional thermal 
compensation method is required. 

 

Table 3. Sensitivities (mV/Gy) 

 Average 
ZVP3306 3.71 0.27 

BS250F 3.14 0.37 

ZVP4525 3.38 0.44 
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Figure 3. Increment of VT as dose function for ZVP3306 
transistors 

Figure 4 shows the sensitivity per session thermal 
compensated. The sensitivity decay requires limiting 
the linear range of the dosimeters. Therefore, a study 
with a wider set of ZVP3306 will be suitable. 
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Figure 4. Sensitivities per irradiation session of ZVP3306 

transistors as dose function 

 

4. CONCLUSIONS 

The analyzed models transistors showed a lineal 
performance with the received dose. The ZVP3306 
presented the highest sensitivity and lowest dispersion, 
being the most promising for electron beam dosimetry, 
among analyzed models. However, it is needed a 
thermal characterization in depth to find an algorithm 
that permit to compensate the dose measurement not 
only with a linear coefficient. In addition, linear range 
must be found in order to limit the use range of 
dosimeters. In addition others models of transistors, 
no DMOS, are being tested looking for a high 
sensitivity and a thermal behavior that can be modeled 
easily.  
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Abstract:  Verification of ionizing radiation detectors is a legal requirement in Serbia. Our Laboratory for metrology is 
accredited in terms of SRPS ISO/IEC 17025 for verification of the ionizing radiation detector readers as are electrometers and 
current integrators. Laboratory performs calibration of current integrators in range between 100 fA and 100 mA with expanded 
uncertainty better than 0.05 % (k=2). As the main part of each calibration procedure is uncertainty estimation and design of 
uncertainty budget. Therefore, we decided to give results and elements of uncertainty budget obtined during calibration procedure 
of current integrator type ND 2000 used with standard ionization chambers. 
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1. INTRODUCTION 

 

According to current laws and regulations in Serbia 
there is an obligation of verifying ionizing radiation 
detectors and dosimeters used in health care service as 
well as in radiation protection.  Verification is a subject 
of accreditation according to SRPS/ISO 17020. This 
accreditation should be preceded by laboratory 
accreditation for calibration according to standard 
SRPS/ISO 17025 that confirms the competence of the 
laboratory and availability of properly trained staff, 
equipment and adequate space as well as appropriate 
working procedures. According to the available 
information there is no control body accredited  in 
terms of SRPS/ISO 17020 for such verification, but 
there are two laboratories accredited according 
SRPS/ISO 17025.  

Laboratory for metrology at the Faculty of 
Technical Sciences, University of Novi Sad is 
accredited in terms of SRPS/ISO 17025 for verification 
of the readers which are the  integral parts of 
measuring instruments used for ionizing radiation 
measurements. These readers can be electrometers 
used with ionization chambers or spectrometers, 
current integrators used with ionization chambers  and 
other types of electronic devices capable to measure 
low currents in wide range from fA to µA.  The 
common element of all of these calibrations is the use 
of suitable direct current source that simulate the 
output from ionizing radiation detectors.  

Current integrators are sophisticated electronic 
devices used in standard laboratories for measurement 
of current (or voltage) from ionization chamber and 
converts it in the form suitable for the display of  
desired physical quantity (absorbed dose, dose 
equivalent, effective dose and kerma as well as their 
appropriate rates). 

2. METHODS  

 

Metrology Laboratory performs calibration of 
current integrators in range between 100 fA and 100 
mA with uncertainty better than 0.05 %. This 
uncertainty is expressed by expanded uncertainty with 
coverage factor k =2. In the case of normal distribution 
it corresponds to the probability of approximately 95 
%. Standard uncertainty is determined in accordance 
with the documents issued by European co-operation 
for Accreditation (1) and International Bureau of 
Weights and Measures (2). 

Calibration of current integrator is performed using 
method of direct measurement. Readings on current 
integrator are directly proportional to the current from 
the standard current source applied to the inputs 
either directly or through standard resistor according 
to the well known formula:  

R

V
I   (1) 

where are: I - reading on current integrator, V –
preset voltage and R – resistance of standard  resistor. 
It is also possible to use the standard capacitor located 
in the feedback of the current integrator according to 
equation: 

ItCVQ   (2) 

where are: Q is collected charge, C is capacity of 
standard capacitor, V is voltage measured by current 
integrator,   I  is preset current on  the low current 
source and t s elapsed time.  

Current range is highly dependent of chamber type. 
For well type chambers current is in order of nA (1 nA -
100 nA), for cavity chambers or free-air chambers 
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current can be in range between 1 pA and 200 nA.  
According to standard  IEC 60731 the relevant 
measuring range of commonly used ionization 
chambers is between 100 pA and 1 µA (3).  

Current integrator is calibrated at least 5 points 
covering  80 % of its measuring range. Calibration 
factor is calculated for each band as the mean value of 
integrator readings divided by preset values of current 
at the current source. Calibration factor can be 
expressed in terms of  Gy/A or Sv/A, or A/A or V/A or 
multiples of these units. Simplified calibration setup is 
presented at the Figure 1.  

 
Fig. 1. Simplified calibration setup 

Calibration was performed using standard high 
impedance DC source Keithley 6220, various standard 
resistors and capacitors and digital multi-meter HP 
3450 B.   

2.1. Concept of uncertainty estimation 

Model function for uncertainty estimation in the 
calibration procedure for current integrator can be 
expressed as (3):  

exxx IIIE  )(  (3) 

where are:     Ix - current read by integrator under the 
test;  δIx  – error of reading obtained by integrator 
under the test due to final resolution; Ie –  preset 
current (on current source) derived from the 
declaration of the manufacturer or calibration 
certificate.  

Sensitivity coefficient is derived from expressions:   

1/  xxI IEc
x  (4) 

1/  exIe IEc  (5) 

Calibration uncertainty for current integrator can 
be expressed as: 

       2 2
x Ix x Ie eu E c u I c u I     

(6) 

3. RESULTS  

The main part of each calibration procedure is 
uncertainty estimation and design of uncertainty 
budget. Therefore, we decided to give results and 
elements of uncertainty budget obtined during 
calibration procedure of current integrator type ND 
2000 manufactured in OMH, Hungary. Uncertainty 
budget is given in table 1. All results are related to 
preset DC of 2 nA (4,5,6). Rectangular probability 
distribution was assumed. 

Table 1. Uncertainty budget for preset current of 2 nA 

Quantity Value 
Uncertainty 

(Type) 

 
ci 

Integrator 
under the 
test  

2,004 nA 

0,00802 nA 
          (A) 

 

Uncertainty 
due to final 
resolution of 
reading  

100 fA 

 
28,9 fA 

(B) 
1 

Preset 
current on 
DC source  

2 nA 
 

0,001 nA 
(B) 

-1 

Uncertainty 
of integrator  xE   

0,0081 nA 
 

4. CONCLUSION 

 

The purpose of this paper was to trace the 
harmonization  of  uncertainty evaluation  of 
measurement within accreditation framework, the 
specific requirements in reporting uncertainty of 
measurement on calibration certificates issued by 
accredited laboratories. The unified framework will 
assist accreditation bodies with a coherent assignment 
of best measurement capability to calibration 
laboratories accredited by them. All rules laid down in 
this document are in compliance with the 
recommendations of the Guide to the Expression of 
Uncertainty in Measurement, published by seven 
international organizations concerned with 
standardization and metrology.  

Although the uncertainty estimation in accordance 
with the Guide to the Expression of Uncertainty in 
Measurement it is necessary to establish the method 
most suitable for the measurements in calibration 
laboratories and describes an unambiguous and 
harmonized way of evaluating and stating the 
uncertainty of measurement.  

From the stand point of good metrology practice 
evaluation of Type B uncertainty is particularly 
important. The proper use of the available information 
for a Type B evaluation of standard uncertainty of 
measurement calls for insight based on experience and 
general knowledge. It is a skill that can be learned with 
practice.  A well-based Type B evaluation of standard 
uncertainty can be as reliable as a Type A evaluation of 
standard uncertainty, especially in a measurement 
situation where a Type A evaluation is based only on a 
comparatively small number of statistically 
independent observations 
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CALCULATION OF EFFECTIVE DOSE IN ORNL PHANTOMS SERIES DUE TO NATURAL RADIOACTIVITY 
IN BUILDING MATERIALS 
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Abstract. Short In this paper the effective dose in age-dependent ORNL phantoms, due to naturally occurring 
radionuclides in building materials, was calculated. The absorbed doses for various organs or human tissues have 
been calculated with MCNP computer code. The effective dose was calculated according to ICRP74 and ICRP103 
recommendations. The obtained values of dose conversion coefficients for a standard room are: 9.05, 6.60 and 0.47 
µSv/y per Bq/kg for elements of the 238U, 232Th series and the 40K isotope, respectively. The values of effective dose 
coefficients for 40K and 232Th isotope conform well to literature data. The values for elements of the 238U series are 
greater than those in literature data. 
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1. INTRODUCTION 

Buildings are made of various construction 
materials that are sources of natural gamma radiation 
which originates from 238U and 232Th series and the 40K 
isotope [1-12]. Speaking of radiation protection, one of 
the task  is estimation of the dose, one receives while 
indoors. An overview of European Communities (EC), 
showing broad ranges for most building materials [13].  
Koblinger  [5] first described a Monte Carlo code to 
calculate the exposure rates due to natural 
radioactivity in building materials. Since then, many 
alternative methods have been published, either based 
on Monte Carlo codes or codes that make use of 
gamma ray attenuation and build up factors [8-11]. The 
standard geometry as defined by Koblinger [5], in 
which all construction parts consist of 20 cm concrete, 
is still in use for comparison reasons.  

In this paper a model is presented that calculations 
the effective dose for a series of ORNL phantoms [14] 
of gamma radiation emitted by building materials in a 
rectangular body construction. The absorbed doses for 
various organs of phantoms  have been calculated with 
MCNP5/X computer code [15]. 

2. THE MODEL 

Elements of the 238U series, elements of the 232Th 
series, and the 40K isotope are important gamma 

emitting sources occurring in building materials. The 
elements of the two series emit many photons (649 
lines for 238U and 318 lines for 232Th) with different 
probabilities, while the 40K isotope emits gamma 
photons with an energy of 1460.83 keV in 11% of 
disintegrations [16]. Equilibrium of the daughters is 
assumed, and the effect of Rn emanation is not taken 
into account.  

In the geometrical modeling the room considered 
was assumed to be rectangular. We selected standard 
room, with  inner dimensions of 54 m2, and 2.8 m in 
height, with each of six parts (walls, floor and ceiling) 
made of 20 cm concrete of pure SiO2 that has a density 
of 2.35 g/cm3. All walls, the floor and ceiling are 
sources of gamma radiation, but  windows and doors 
were generally omitted.  

Series of ORNL (Oak Ridge National Laboratory) 
phantoms [17]  were used in this paper, in total there 
were seven age-dependent phantoms: adult male, adult 
female, age-15, age-10, age-5, age-1 and newborn. To 
calculate absorbed dose (in MeV/g per one particle of 
radiation) in all main organs and the remainder tissue 
of the human body [17-19], the MCNP5/X (А General 
Monte Carlo N-Particle Transport Code) software [15]  
was used.  

According to Eckerman et al., [20] the ORNL 
human phantom consists of three types of tissues, i.e., 
skeletal, lung and soft tissue, with different densities 
and elemental compositions. All equations for organs 
of different phantoms, with additional relevant 
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information (elemental composition, volume, mass, 
etc.), were programmed in input files for the MCNP 
code [14].  By combining surfaces MCNP forms cells 
representing various organs. Input files for all ORNL 
phantoms were made for the standard room 
dimensions given above. A f6 tally is one of option 
MCNP for calculation the absorbed dose. 

Equivalent dose TH  in organ T was obtained as: 


T

RTRT DwH ,  (1) 

where Rw  is radiation weighting factor whose values 

for gamma radiation is equal to 1.  

After obtaining the equivalent dose for the main 
organs and remainder tissue of the male and female 
ORNL phantoms, effective dose [19]  was calculated as: 







breastsT

fTmT
Tbreastsbreasts

HH
wHwE
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where mTH , and fTH ,  represent equivalent doses for 

the male and female phantoms, respectively, and 

Tw are tissue weighting factors taken from ICRP103 

[19]. Unit conversion was performed in order to obtain 
equivalent doses for all organs in Gy/y per Bq/kg. 
Based on ICRP 74 [18]  recommendations the effective 
dose was calculated using tissue equivalent factors [17, 
19]  , where the same weight factors were used for the 
“pediatric“ phantom. Finally, unit conversion was 
performed in order to express the dose conversion 
coefficients in µSv/y per Bq/kg. 

3. RESULTS AND DISCUSSION 

The effective doses obtained for all phantoms and 
standard room dimensions are presented  in Table 1. A 
trend of dose factor increase exists for all radionuclides 
depending on the phantom age. The influence of the 
body size on the effective dose value was confirmed. It 
was note that the dose factors  increase  with 
decreasing phantom age[21]. For an adult phantom the 
factor is about 25% higher than the dose factor for a 
newborn phantom.  

Table 1 Effective dose factors ORNL phantoms in standard 
room 

Effective dose 
conversion factors 

  111   kgBqySv  
ORNL 

Phantoms 
238U 232Th 40K 

ADULT 9.05 6.60 0.47 

AGE-15 9.12 6.60 0.47 

AGE-10 9.23 6.66 0.48 

AGE-5 9.64 6.92 0.50 

AGE-1 10.61 7.53 0.54 

NEWB. 11.55 8.02 0.60 

 

3.1 Comparison with results of other authors 

In Table 2 literature absorbed dose rate values are 
presented for the standard room and density of 2.35 
g/cm3.  

Table 2 Effective dose reported in literature 

Effective dose conversion 
factors 

  111   kgBqySv  

238U 232Th 40K 

  Literature data 

7.42 7.91 0.61 Mirza et al., 1991 

5.85 7.41 0.50 
Ahmad et al., 
1998 

4.29 5.64 0.44 
Maduar and 
Hiromoto, 2004 

5.52 6.75 0.49 
de Jong and van 
Dijk, 2008 

4.36 5.82 0.47 This work 

9.05 6.60 0.47 
This work (all 
lines) 

The values obtained in this paper for 40K and 232Th 
agree with literature values. The values for 238U  higher 
than all literature values and in some cases for a factor 
higher than 2. The first reason for this is that literature 
values were first calculated for a point and conversion 
to the effective dose was performed by multiplying the 
value with a factor of 0.7 [22].  The second reason  is 
that literature values were obtained for 226Ra, while 
many more gamma rays were used in this work. In 
references [5]  and [6] 24 and 20 gamma rays from the 
U(Ra) and Th series were used, respectively. In order 
to perform a comparison with literature data 
calculations were performed for a smaller number of 
gamma rays for both 232Th and 238U series, i.e. for 
226Ra (gamma rays used in the STUK32 paper) [12].  
The following values for dose conversion factors were 
obtained: 4.36 µSv/y per Bq/kg for 238U  and  5.82 
µSv/y per Bq/kg for 232Th. Reduction of the number of 
lines changed the previous result and the values 
obtained are in the range of literature values (Table 2). 

Conversion to the effective dose is performed using 
the following formula [8]: 

 mAQAQAQTE KKThThRaRaq  (3) 

where T is the indoor occupancy factor given as 0.8 
according UNSCEAR 2000 [22], QRa, QTh and QK are 
conversion coefficients for the effective dose and ARa, 
ATh and AK are radioactivity concentrations  for 238U , 
232Th and 40K, respectively. Coefficient m was 
calculated as 47 % of the whole dwellings surface area 
[8]. 

Based on equations (3) and following values of activity 
concentration of concrete in Serbia: 18, 14 and 250 (in 
Bq/kg) for 238U, 232Th and 40K, respectively [23], 
obtained the values of annual effective dose for adults 
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about 106 µSv/y. This is value in the range (up to 0.6 
mSv/y) of UNSCEAR 2000 [22]. 

4. CONCLUSION 

In this paper effective doses  in ORNL phantom 
series due to natural radioactivity in building materials 
were calculated. The effective dose was evaluated for a 
phantom, that is the real situation, instead of a point 
inside the room. The values of effective dose 
coefficients for 40K and 232Th isotope conform well to 
literature data. The values for elements of the 238U 
series are greater than those in literature data. Value of 
annual effective dose is consistent with UNSCEAR 
2000 report. 
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 Abstract. Protection against ionizing radiation requires information of the absorbed doses in organs of   human body. 
Computational models of human anatomy called “phantom of a human body” are mathematical representations of the human 
body, designed to be used in dosimetry calculations. They have been used in dosimetry calculations for radiotherapy, nuclear 
medicine, radiation protection etc. Series of mathematical phantoms of the human body, given by the Oak Ridge National 
Laboratory (ORNL), were programmed as input files for MCNP5/X code. All organs of the human body were represented with 
analytical equations of various three dimensional geometrical bodies. One of the most complicated organs for modeling is the 
thyroid. However, this organ is very important because the radioactive isotope iodine 131I, which is abundantly released in nuclear 
accident, is deposited in the thyroid, causing cancer. In this paper modeling of a thyroid of   ORNL phantom as an input file for 
MNCP is presented. 
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 1. INTRODUCTION 

Computational models of human body have been 
used with radiation transport codes to estimate organ 
doses resulting from diagnostic and radiotherapy 
treatments, for the calculation of radiation protection 
quantities and environmental radiation exposures 
1,2. Frequently used phantoms are: MIRD-5 3, adult 
phantoms of MIRD type, ADAM and EVA 4. Recently 
voxel phantoms 5 were obtained from digital images 
recorded from scanning of real persons by computed 
tomography (CT) or magnetic resonance imaging 
(MRI) as representations of a real human body. 

 Series of mathematical phantoms of the human 
body, given by the Oak Ridge National Laboratory 
(ORNL), were programmed as input files for 
MCNP5/X code 6. Input files with these phantoms 
for MCNP code were given at the MCNP medical 
physics library [7].  

 Modeling of all ORNL phantom organs was 
performed as an input file for MNCP (Monte Carlo N-
Particle) 8 code. All organs of the human body 
(“main” organs as well as the “remainder”) were 
described by mathematical equations and inequalities 
(Eckerman et al. 1996) 2. The coordinate origin was 
taken at the center of the lower base of the trunk 
section of the phantom. The z axis was directed 
vertically upward, the y axis was horizontal and 

directed to the posterior side of the phantom; the x axis 
was also horizontal and directed towards the left hand 
side of the phantom. External shapes of organs were 
defined as planes, spheres, cylinders, cones, ellipsoids, 
elliptical cylinders, tori and combinations of these 
geometrical bodies 2.  

2. MODELING OF THYROID 

The most complicated organ for modeling is 
the thyroid 9. Two concentrically positioned 
cylinders with 8 different surfaces form that organ. 
The problem is solved using MATHEMATICA 
(MATHEMATICA) software 10 starting with 
complex fourth degree equations that cannot be 
described using the geometry available in MNCP. The 
lobes of the thyroid lies between two concentric 
cylinders and are formed by cutting a surface. The 
statements which defining this organ are: 

  22
0

2 Ryyx    (1a) 

  22
0

2 ryyx   (1b) 

      22
0

222
00 2,  yyxxyycCzCyy TT

 (2) 

where parameter  is: 
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where all parameter values are given (in cm) for an 
adult male phantom: CT=70, c=5, y0=-4, R=2.20 and 
r=1. 

Only the space between the cylinders defining the 
thyroid is of interest so the fourth degree equations can 
be reduced to second degree equations. This has been 
done in this paper thus simplifying the problem. The 
thyroid is formed using eight surfaces (125 to 132 see 
below) that cut the space between cylinders. Using 
values for R, r, c and y0, we first obtain 2:  

23.1670169.1905.0 22  zz  (4) 

In an input file for MNCP 6 the thyroid is defined as 
cell number 44, material number 3 (soft tissue), 1.04, 
is the corresponding density and the "–" sign is taken 
by default.  

44 3 -1.04 (((-125 134 -122 6 -133 123 127):(-126 128 -
122 123 -134 6 -133)):((-129 131 134 -122 123 133 -
47):(-130 132 -134 -122 123 133 -47))) (-122 123 -23 -
124 6 -47)  imp:p=1   $thyroid 

Thyroid parts are between two concentric cylinders 
(surfaces 122 and 123) and next surfaces with numbers 
betveen  124-134. Surfaces assigned as gq are ///by 
default MCNP code. 

122 c/z 0 -4.0 2.2 $thyroid 

123 c/z 0 -4.0 1.0 

124 py -4 

125 gq 1 1 -0.531464 -2 0 0 -8 8 78.9413 -2915.4 
$thyroid (inside R) 

126 gq 1 1 -0.531464 2 0 0 8 8 78.9413 -2915.4 $thyroid 
(inside R) 

127 gq 1 1 -0.109807 -2 0 0 -8 8 16.3102 -589.661  
$thyroid (outside r) 

128 gq 1 1 -0.109807 2 0 0 8 8 16.3102 -589.661  
$thyroid (outside r)  

129 gq 1 1 -0.0590516 -2 0 0 -8 8 7.34563 -212.437   
$thyroid (inside R) 

130 gq 1 1 -0.0590516 2 0 0 -8 8 7.34563 212.437   
$thyroid (inside R) 

131 gq 1 1 -0.0122007 -2 0 0 -8 8 1.51769 -31.1977  
$thyroid (outside r) 

132 gq 1 1 -0.0122007 2 0 0 8 8 1.51769 -31.1977    
$thyroid (outside r) 

133 pz 71.25 

134 px 0 

One of the options of MCNP is the possibility of 
showing the geometry, i.e. in this concrete case cross-
section of the defined phantom with surfaces defines 
by the user.  

The thyroid is also presented in MNCP geometry 
(fig. 1 a, b, c). Fig. 1a shows the cross-section of the 
neck -part (2) with plane pz=174 and plane py=-4.5 so 
that parts of the thyroid can be seen. Fig. 1b clearly 

shows the thyroid (1) where the cross-section is 
obtained with planes pz=174 and py=-5.01. Fig. 1c 
shows the cross-section of the neck obtained from 
cutting the phantom with plane pz=171.15 showing the 
thyroid (1).  

 
a 

 
b 

 
c 

Figure 1 Cross-section of the ORNL phantom obtained as 
MCNP graphical output 

Besides values for the absorbed dose in organs of 
the human body, MNCP gives the corresponding 
relative error. Statistical errors depend on the photon 
energy, radiation geometry, phantom size and volume 
and the position of the organ in the body. Error values 
obtained show good agreement with the results given 
in 9 with some changes due to the positions of the 
source and phantom. The statistical error is higher for 
organs with a smaller mass, such as the thyroid, where 
fluctations is about 15%. 
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It has been shown that the thyroid, one of the main 
organs of the human body according to 
recommendations from ICRP60, ICRP74 and ICRP103 
11-13 can be presented using MNCP geometry. This 
organ is very important because the radioactive isotope 
iodine 131I, which is abundantly released in nuclear 
accident, is deposited in the thyroid, causing cancer. 
Iodine (131,125I) which seeks particular organ, thyroid 
gland have been used in nuclear medicine as 
radioisotopes in radiotherapy procedure of patients. 

3. CONCLUSION 

 In this paper, modeling of a thyroid of   ORNL 
phantom as an input file for MNCP is presented.  This 
organ is very important because the radioactive isotope 
iodine 131I, which is abundantly released in nuclear 
accident, is deposited in the thyroid, causing cancer. 
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Abstract. ITER (International Thermonuclear Experimental Reactor) is an international nuclear fusion research and 
engineering project, which is the largest international science project and most advanced experimental tokamak 
nuclear fusion reactor. Dose rates assessment and gamma radiation due to the neutron activation of the solid 
structures in ITER is important from the radiological point of view. Therefore, the gamma dosimetry considered in 
this case is based on neutron activation due to the Deuterium-Tritium (DT) plasma burning with neutrons production 
rate at 14.1 MeV. The aim of this study is the assessment of gamma dose rates around ITER by considering neutron 
activation and delay gammas. To achieve the aim, the ITER system and its components were simulated by Monte 
Carlo method. Also to increase the accuracy and precision of the absorbed dose assessment the activation of walls 
around the ITER system were considered in the simulation. The results of this research showed that the total dose rate 
level near to the outside of bio-shield wall of Tokamak hall is not more than dose limits. 

Key words : ITER, Dose, Neutron Activation, Monte Carlo Method 

1. INTRODUCTION 

ITER is an international nuclear fusion research 
and engineering project, which is currently the most 
advanced experimental tokamak nuclear fusion 
reactor at Cadarache in the south of France. The 
machine is expected to demonstrate the principle of 
getting more energy out of the fusion process than is 
used to initiate it, something that has not been 
achieved with previous fusion reactors. 

It is a long pulse tokamak with elongated plasma 
and single null poloidal divertor. The nominal 
inductive operation produces a DT fusion power of 
500 MW for a burn length of 400 s, with the injection 
of 50 MW of auxiliary power with a pulse repetition 
period of 1800 s. The ITER will perform experiments 
with DT plasma that will achieve the level of 
1013 n cm-2s-1 [1,2]. 

The major components of the tokamak are the 
superconducting toroidal and poloidal field coils 
which magnetically confine, shape and control the 
plasma inside a toroidal vacuum vessel. The magnet 
system comprises toroidal field (TF) coils, a central 
solenoid (CS), external poloidal field (PF) coils, and 
correction coils (CC). The centring force acting on 
the D-shaped toroidal magnets is reacted by these 
coils by wedging in the vault formed by their 
straight sections. The TF coil windings are enclosed 
in strong cases used also to support the external PF 
coils. The vacuum vessel is a double-walled 

structure also supported on the toroidal field coils. 
The magnet system together with the vacuum vessel 
and internals are supported by gravity supports, one 
beneath each TF coil. Inside the vacuum vessel, the 
internal, replaceable components, including blanket 
modules, divertor cassettes, and port plugs such as 
the limiter, heating antennae, test blanket modules, 
and diagnostics modules, absorb the radiated heat 
as well as most of the neutrons from the plasma and 
protect the vessel and magnet coils from excessive 
nuclear radiation. The Tokamak hall has been 
shielded by a 2 meters thick bio-shield made up of 
removable specific concrete and neutron activation 
calculation is very important inside this bio-shield. 

Dose rates assessment of ITER was only 
considered by transport of particles emitted from 
the plasma in previous analyses by Arione [1]. The 
gamma radiation due to the neutron activation of 
the solid structures in ITER is important from the 
radiological point of view therefore the gamma 
dosimetry considered in this case is the neutron 
activation due to the Deuterium-Tritium (DT) 
plasma burning with neutrons production rate at 
14.1 MeV. The aim of this study is the assessment of 
gamma dose rates by considering neutron activation 
and delay gammas in ITER system. To achieve the 
aim, the ITER system and its components were 
simulated by Monte Carlo method. Also to increase 
the accuracy and precision of the absorbed dose 
assessment the activation of walls around the ITER 
system were considered in the simulation. 
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2. EVALUATION METHODS 

The dose rate during operation is mainly due to 
the neutrons of plasma interactions, prompt gamma 
photons and decay gammas emitted by the 
radioactive nuclides generated during neutron 
irradiation. Therefore, a coupled neutron and 
photon transport simulation is needed for dose rate 
calculation. 

This tokamak is a complex and large machine 
that uses several technologies of last generation and 
its project has high detail level. Nevertheless, for the 
simulation, the model like previous analyses by 
Arione is convenient. However, to ensure the 
reliability of the particles transport it was necessary 
to specify accurately the composition and thickness 
of the materials system. 

3. GEOMETRICAL MODEL 

The geometric model is basically built using 
concentric finite cylinders. The cylindrical surfaces 
are 24 meters high and they have the same axial 
alignment. Each region between two successive 
cylindrical surfaces was filled with the appropriate 
material in order to represent the different layers of 
each component along the radial reactor direction 
[1]. The model is shown in Fig. 1. 

 
Fig. 1 Radial one-dimensional model. The blank spaces are 

vacuum areas. 

The typical sample of simulation for this 
geometric model can be seen in fig.2. The plus 
symbol (+) in center of Fig.2 demonstrates the 
center of symmetric simulated system. 

 
Fig. 2 Vertical  view of Monte Carlo calculation model of 

ITER 

This simplified model disregards the detailing of 
more complex components, omits the vertical and 
horizontal slits between blanket modules and does 
not consider components that do not involve the 

whole machine. The top view of the geometry used 
in the modeling is shown in the Fig. 3. 

 
Fig. 3 The top view of geometric model 

The reactor systems used in this simulation have 
speciefic thickness and materials for each part of 
machine.It consist of central solenoid (CS), blanket 
(BLK), vacuum vessel (VV), vacuum vessel thermal 
shield (VVTS), toroidal field coils (TFC), cryostat 
(CRY) and bioshield (BSD). In agreement with ITER 
guidelines based on the reference [1], 84% of steel 
and 16% of water were used in the filling 
composition of the blanket shield block. The 
vacuum vessel was filled with 60% of steel and 40% 
of water. Due to the CS composition complexity, this 
module was assumed to be composed by 27% Nb3Sn 
+ 30% Incoloy 908 + 30% SS316 + 10% resins + 3% 
Al2O3. The composition of the material filling the 
CS coils and TF coils was assumed to be 45% Nb3Sn 
+ 50% Incoloy 908 + 5% Al2O3. 

Some of these materials have a composition of 
base metals or elements with specific atomic 
fraction. This point should be regarded in 
simulation of composition materials and equivalent 
density calculation. For instance Incoloy 908 
includes Fe, Ni, Cr, Nb, Al, Ti, Si and C. Also Resin is 
composed of 70% Polystyrene + 30% Polyethylene. 

The composition of concrete considered as the 
bioshield is shown in the Table 1. 

Table 1  Concrete composition of bio-shield wall  

Elements Composition (%) 

H 
B 
O 

Mg 
Al 
Si 
Ca 
Fe 
C 
S 

0.96 
2.90 

51 
0.42 
0.79 
15.2 
22.5 
0.5 
5.31 
0.42 
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4. SOURCE 

In this simulation a ring shape source was 
defined in wich it’s cross section was square with 
0.50 m height and 0.50 m wide. The position of 
source was set to be in the central part of the plasma 
chamber perpendicular to z-axis uniformly emitting 
14.1 MeV neutrons isotropically. This source does 
not take into account the plasma emissions 
asymmetries in the poloidal and toroidal directions 
like previous work. Considering the aims of 
dosimetry, this simplification is acceptable. The 
parameters of emission spectrum were adjusted by 
suitable code in MCNPX through the choice of 
standard libraries. 

5. SIMULATION METHOD 

This simulation is based on Monte Carlo method 
by using MCNPX 2.6.0 (Monte Carlo All-Particle 
Transport Code System).The advantage of this 
version is the capability of delay Gamma production 
and transportation that affect dose results. 

In the simulation gamma and neutron flux and 
dose evaluated by using ring detector tally because 
ITER is rotationally symmetric about a coordinate 
axis. In this work, the ring detector was used to 
calculate the flux in all layers. 

Ring detectors are Monte Carlo methods 
wherein the simulation of particle transport from 
one place to another is deterministically short-
circuited. It should be used in all problems with 
axial symmetry. A ring detector usually enhances 
the efficiency of point detectors for problems that 
are rotationally symmetric about a coordinate axis. 
Ring detectors also can be used for problems where 
the user is interested in the average flux at a point 
on a ring about a coordinate axis. The ring detector 
efficiency is improved by biasing the selection of 
point detector locations to favor those near the 
contributing collision or source point. This bias 
results in the same total number of detector 
contributions, but the large contributions are 
sampled more frequently, reducing the relative 
error[4]. 

Also Geometry splitting/Russian roulette 
variance reduction method was used to reduce the 
errors. Geometry splitting/Russian roulette is one of 
the oldest and most widely used variance-reducing 
techniques in Monte Carlo codes. When used 
judiciously, it can save substantial computer time. 
As particles migrate in an important direction, they 
are increased in number to provide better sampling, 
but if they head in an unimportant direction, they 
are killed in an unbiased manner to avoid wasting 
time on them. Oversplitting, however, can 
substantially waste computer time. Splitting 
generally decreases the history variance but 
increases the time per history, whereas Russian 
roulette generally increases the history variance but 
decreases the time per history [5]. 

By using these methods relative errors near 
source region reduce to 0.03 % and near bio-shield 
to 3 % which are acceptable accordance to the 
international standards. 

Also the radiation doses were calculated usin flux-to 
dose conversion factors (DE/DF cards) based on 
ICRP-21 reports [5]. 

6. RESULTS 

Flux and dose rate was determined for different 
type of particles, neutron and photon in all 
cylindrical surfaces along the radial machine 
direction from the plasma chamber to the outer 
surface of the bioshield. The results are shown in 
table 2 to 5 and Fig. 4. 

 

Table.2   Neutron flux (nocm-2s-1) from plasma chamber to 
bio-shield wall  

Component Position (cm) Neutron Flux 

Plasma Chamber 602 4.3631 E+13 

BLK-Shield Block 875 2.2833 E+13 

VV-Filling 935 1.3302 E+13 

Vacume 1200 4.5493 E+12 

Vacume 1432 4.9820 E+11 

Inside Bio-Shield 1453 2.5859 E+11 

Outside Bio-Shield 1660 3.2686 E+01 

Table.3   Photon flux (n cm-2s-1) from plasma chamber to 
bio-shield wall  

Component Position (cm) Photon Flux 

Plasma Chamber 602 1.5054 E+13 

BLK-Shield Block 875 1.5056 E+13 

VV-Filling 935 8.2005 E+12 

Vacume 1200 2.6612 E+12 

Vacume 1432 2.8685 E+11 

Inside Bio-Shield 1453 1.5051 E+11 

Outside Bio-Shield 1660 5.7388 E 00 

Table. 4  Neutron dose from plasma chamber to bio-shield 
wall  

Component Position (cm) Neutron 
Dose(siv/h) 

Plasma Chamber 602 5.0062 E+07 

BLK-Shield Block 875 1.8421 E+07 

VV-Filling 935 1.0623 E+07 

Vacume 1200 3.5553 E+06 

Vacume 1432 4.0543 E+05 

Inside Bio-Shield 1453 2.0543 E+05 

Outside Bio-Shield 1660 1.1289 E-06 

Table.5 Photon dose from plasma chamber to bio-shield 
wall  

Component Position (cm) Photon 
Dose(siv/h) 

Plasma Chamber 602 2.7224 E+05 

BLK-Shield Block 875 2.7440 E+05 

VV-Filling 935 1.4509 E+05 

Vacume 1200 4.5575 E+04 

Vacume 1432 4.8861 E+03 

Inside Bio-Shield 1453 2.6979 E+03 

Outside Bio-Shield 1660 3.2411 E-07 
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Fig. 4  Photon dose rate   

5. CONCLUSION 

In this study, considering the delayed gamma 
production in the simulations showed that the dose 
rate increases relative to the previous work  which 
were not considered the activated materials. Also it 
is important to remember that the contributions due 
to the presence of slits between blanket modules 
and also the various holes in the cryostat and 
bioshield were not considered in the calculation. 
This simplification decreases the actual value that 
would be obtained if they were taken into account. 
This work represents a simulation for the dose rate 
along a tokamak using MCNPX. The results show 
good agreement between our results and previous 
work. Also the results showed that total dose rates 
level near the outside of bio-shield wall of the 
Tokamak hall are expected to be less than ten 
percent of the annual occupational dose limits durig 
normal operation of ITER. 
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OSL PROPERTIES OF NATURAL SODIUM CHLORIDE 

Magdalena Biernacka, Arkadiusz Mandowski 

Institute of Physics, Jan Dlugosz University, ul. Armii Krajowej 13/15, 42-200 Czestochowa, Poland 

Abstract. Common salt (NaCl) is a very popular and cheap material which may be used in retrospective dosimetry of 
ionizing radiation as well as luminescence dating material. Various forms of NaCl could be used for this purpose – e.g. 
household salt or a rock salt (halite). Previous studies showed linearity of dose response up to 100 Gy. Irradiated 
sodium chloride crystals exhibit pronounced thermoluminescence (TL) and optically stimulated luminescence (OSL) 
phenomena. This paper presents some properties of natural halite and pure analytical NaCl. It is shown that this 
material exhibits quite complex luminescence decay characteristics. Most likely it could be attributed to a multi-level 
system with several interacting traps and recombination centers.  

Key words: NaCl, Optically Stimulated Luminescence, dosemeter, retrospective dosimetry  

1. INTRODUCTION 

Sodium chloride (NaCl) in the form of rock salt 
(halite) is commonly widespread mineral. As cheep 
and easy available material it finds applications in 
chemical and food industry. NaCl ionic crystal is one of 
the alkali halides chemical compounds. Sodium 
chloride is able to store information relating to 
absorbed dose of ionizing radiation. Hence, in 
principle, it can be used as a passive dosemeter. To get 
information relating to the absorbed dose typical 
luminescence measurement methods as 
thermoluminescence (TL) or optically stimulated 
luminescence (OSL) may be used. 

TL properties of sodium chloride were investigated 
for many years. In 1960 Stoddard observed photo-
stimulated charge transfer to shallow traps in NaCl 
irradiated at nitrogen temperature [1]. In 1985 
McKeever systematized TL properties of different 
dosimetry materials among others sodium chloride [2]. 
Further research on its luminescence properties has 
been carried out within the context for potential use as 
a retrospective dosemeter [3-7]. Previous studies of 
NaCl showed linearity of dose response up to 100 Gy. It 
indicates that salt is a suitable dating material [8]. It 
was shown that OSL signal from NaCl for low doses (1-
100 mGy) is detectable [4] and salt can be considered 
as an accidental dosimeter for a period of 2 weeks [6]. 
Dose-dependent behavior of the infrared stimulated 
luminescence (IRSL) decay from NaCl has been 
studied experimentally with a range of doses of 2-
200Gy. Total intensity of IRSL signal increased with 
increasing absorbed dose as expected [9]. More 
recently Spooner at al. [10] reported on testing a range 
of NaCl samples and identified a strong TL orange 
emission at about 590 nm present in most samples, 
which has sufficient stability for retrospective 
dosimetry.  

Sodium chloride has relatively wide forbidden gap 
of about 8.5 eV (145 nm) [11]. Natural or artificial 
irradiation may generate various kinds of color centers 
(CCs) which correspond to localized energy levels 
within the band gap. CCs are responsible for a specific 
color of the salt [12, 13]. The possibility of aggregation 
and migration of defects with increasing temperature 
may cause elongation of lifetime for localized states 
and an increase of luminescence efficiency or/and 
thermal stability. 

This paper presents some CW-OSL and POSL 
measurements carried out to determine the difference 
between various sodium chloride samples with respect 
to efficiency of blue light OSL emission and the shape 
of luminescence decay. 

2. MATERIAL AND METHODS 

2.1. Samples preparation 

The following NaCl samples were used for OSL 
measurements: 

1. Commercially available analytical quality 
(99,9% NaCl) colorless crystals with grain size 
of 0.5-1 mm. 

2. Crystals obtained from analytical quality 
sodium chloride, which was dissolved in 
distillate water and re-crystallized (with 
presence of daylight). The crystals were 
colorless with white inclusions and grain size 
of 2-5 mm. 

3. Halite salt from ‘Wieliczka’ Salt Maine 
(Poland), colorless crystal. 

4. Various halite salts from ‘Klodawa’ Salt Maine 
(Poland), referenced here as discoloured, light 
and dark orange salt.  
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5. Tablets, that were prepared using analytical 
quality NaCl drayed in temp. 200°C for 12 
hours. Tablets 1 and 2 were mortared and 
sieved in order to obtain grains of about 
67 μm, then were pressed (3 GPa) for tablet 1 
and (5 GPa) for tablet 2. In the case of tablet 3 
the NaCl chemical compound was only 
pressed (5 GPa). 

2.2. Methods 

The equipment used for measurements was 
custom-made OSL reader ‘HELIOS-1’. Reader consists 
of interchangeable modules for stimulation in the form 
of five LED diodes with optical lens power of 5W per 
each diode and detection module consisting of the 
integrated photon counting photomultiplier H7360 
(Hamamatsu) with quartz window, counter elctronics 
and computer interface. Additional photosensor is 
applied in order to control the diode emission. 
HELIOS-1 has dedicated user-friendly software on the 
PC. The reader allows performing Continuous Wave 
OSL (CW-OSL) and Pulsed OSL (POSL) 
measurements.  

CW-OSL and POSL measurements for various type 
of salt samples were carried out in the HELIOS-1 with 
stimulation by green LED diodes (peak at 520-532 nm) 
and additional filters (Schott GG495 and OG515) in 
order to cut-off short-wave light component (below 
500 nm). Very week blue light emission (about 300-
380 nm) was detected as OSL signal.  

3. THEORY 

The simplest theoretical description of OSL kinetics 
is based on the one-trap/one-recombination centre 
OTOR) model.  
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Where n and nc are concentrations of electrons in 
traps and in the conduction band, respectively. N is the 
total concentration of traps. m is the concentration of 
holes in recombination centers. A and B stand for 
trapping and recombination probability. p is the rate of 
stimulation. Using typical “quasi-equilibrium” 
approximation ( dtdmdtdndtdnc /,//  , mnnc , ) 

it is easy to show that  
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having the solution 
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Therefore, the CW-OSL signal intensity has a 
single-exponential decay. In the case of multiple non-
interacting traps, using similar assumptions, we get  
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Interaction between traps significantly complicates the 
kinetics. In complex systems (e.g. disordered solids) 
OSL decay may have the form of power-law:  
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or so-called “stretched exponential” decay, i.e. 
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where J0, 0 and   are constants [14].  

4. RESULTS  

Results of CW-OSL measurements for various NaCl 
samples: pure single grains of analytical quality, tablets 
and natural halite from Klodawa and Wieliczka salt 
mines are shown in Fig. 1. Prior the OSL readout the 
samples were irradiated by 90Sr90Y beta source with a 
dose of 190 mGy. As the samples had different shape 
and size, the OSL intensities were normalized to a unit 
mass of 1 mg. In general, highest normalized 
intensities were obtained for natural halite samples. 
The intensity was higher for small grains probably due 
to better stimulation and weaker absorption of 
luminescence emission.  
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Fig. 1 CW-OSL intensity per unit mass (in mg) for various 

NaCl samples after irradiation with dose of 190 mGy. 

Fig. 2 presents OSL decay for the same dark orange 
halite crystal sample from Klodawa salt mine. The 
measurements were performed for various current of 
stimulating LEDs ranging from 0.1 to 0.5 A. As 
expected, luminescence decay proceeds more rapidly 
for brighter stimulating light, however the intensity of 
stimulation does not change a general character of OSL 
decay. In particular, for no case the OSL decay undergo 
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the simple single-exponential decay, as predicted by 
Eq. (5).  
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Fig. 2. CW-OSL of dark orange halite ‘Klodawa’ sample for 
various current of stimulating LEDs. Samples were  

irradiated with dose of 190 mGy. 
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Fig. 3 POSL of various NaCl samples, after samples after 

irradiation with dose of 315 mGy. The samples were 
stimulated by a single LED pulse for 10 ms. 

POSL measurements, recorded after 10 ms LED 
pulse are presented in Fig. 3. Prior the measurement 
each sample was kept at 400 °C temperature for 20 
min. Then, it was irradiated by 90Sr90Y beta source with 
a dose of 315 mGy. 

5. DISCUSSION  

The most interesting, among halite samples, seems 
to be a dark orange halite from Klodawa salt mine due 
to its stable signal and high OSL efficiency during 
repeated measurements. These samples did not change 
basic physical properties (e.g. the color) – either by 
influence of irradiation and/or green light stimulation 
nor temperature treatment (heating up to 400°C). The 

total mass decrement of dark orange halite sample 
after heating was at about 3%. Its may indicate that 
this sample consists of low amount of magnesium and 
potassium ions which are responsible in NaCl for 
hygroscopic property.   
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Fig. 4 Log-log plot of three CW-OSL characteristics to check 
validity of Eq. 7. Other parameters are the same as for Fig. 1. 
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Fig. 5  Linearization of the data presented  

in Fig. 1 according to Eq. (8). 

Essential problem of the OSL kinetics of NaCl is to 
find appropriate energy-level trap model for 
theoretical description of this behavior. Figs. 1,2 
unequivocally exclude the single-exponential as well as 
multi-exponential decay, as predicted by Eqs. (5) and 
(6). The latter case was tested up to 3 exponents. To 
determine whether more complex kinetics occurs, we 
tested Eqs. (7,8) plotting the CW-OSL results in 
various coordinates. The results are shown in Figs. 4 
and 5. Fig. 5 presents attempts to fit CW-OSL results of 
three selected samples to Eq. (7), which on the log-log 
plot should give a straight line. Unfortunately, both 
initial and final parts of the data stick out of this line. 
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Similarly, plotting   OSLJJ0lnln  vs. t one should 

linearize Eq. (8). Unfortunately, this method does not 
work as well, especially in the initial part of the curves. 
It would mean that NaCl energy-level system consists 
of several interacting traps and recombination centers. 
Theoretical modeling of this system will be the subject 
of future studies. 
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Abstract. We have already studied the possibility to apply some sintered crystals such as ZrO2 doped with Er and Li 
as appropriate detectors for ultra-violet (UV) light. The detection of the UV irradiation exploits the 
thermoluminescence (TL) emission of some crystals (phosphors) after being exposed to UV irradiation with 
wavelength in the interval of 280nm - 360nm. It turned out that such crystals are easy to create and their TL glow 
curves possess well-shaped peaks with sufficient statistical data.  
In this article we present the results of our research toward the creation of new sintered crystals, sensible to the UV 
emission. Analysis of the thermoluminescence properties of Gd2O3, doped with Eu and Li has been conducted. Different 
quantities of lithium co-dopant have been added as Li2CO3 to a mixture of Gd2O3 with 10 wt% Eu2O3. Pellets sintered at 
a temperature of 10000C have been prepared and the kinetic parameters of the phosphors have been studied after 
irradiation with UV light from a XBO lamp. It has been shown that the addition of 16 wt% of Li2CO3 to the mixture of 
Gd2O3 with 10 wt% Eu2O3 yields a maximum intensity of the peaks at 870C and at 1450C. Spectral emission and spectral 
sensitivity of the phosphors have been studied. The analysis applied to TL glow curves, obtained from the UV 
irradiated phosphors and kept after the irradiation at different times in a dark storage, revealed that the peaks have a 
relatively long fading.  
Analysis of the thermoluminescence properties of the phosphors obtained from Gd2O3, doped with Eu and Li, shows 
that they possess a good sensitivity to the UV emission and could be used for quantitative measurements of UV light. 

Key words: thermoluminescence, UV irradiation, UV detector, fading, glow curves 

1. INTRODUCTION 

Thermally stimulated luminescence (thermo-
luminescence) is a process of a release of luminescence 
light from crystals that have been primarily exposed to 
radiation. The plots of the light intensity with respect 
to the temperature, emitted during the linear heating 
of the crystals, are called “glow curves” and have 
complex shape, compounded by superimposed 
thermoluminescence peaks. The intensity of these 
peaks is as a rule linearly correlated to the quantity of 
radiation absorbed by the crystal and is largely 
exploited at present for applications in dosimetry, in 
nuclear medicine, in archaeology in environmental 
studies, etc.  

It has been observed that thermoluminescence (TL) 
emission of some materials can be induced also by 
irradiation with photons with “softer” than the X-rays’ 
and gamma-rays’ energy: the ultraviolet (UV) and the 
visible light. An important factor for the enhancement 
of the emission of the TL materials (phosphors) is the 
presence of lithium ions in the matrix, creating thus 
the presence of traps in the band gap. Co-doping with 
lithium is shown for a number of materials [1,2]. It is 
shown also, that sintered materials from ZrO2 doped 

with Er and Li could be used as appropriate detectors 
for ultra-violet (UV) light [3]. In this article we present 
results from the analysis of the TL emission of Gd2O3 
doped with Eu and Li as a potential indicator, sensible 
to the ultraviolet light in the range of 290nm—400nm.  

2. MATERIALS AND METHODS 

To obtain the TL materials sensible to the UV 
emission we have applied a simple sinterization 
procedure, similar to the one described in [4]. UV 
sensible phosphors have been made from sintered 
pellets of Gd2O3 doped with 10% Eu2O3. Quantities of 
Li have been added as Li2CO3, obtaining thus a set of 
samples with the following quantities of Li: 10%; 12%, 
14%; 16% and 18%. The mixtures have been pressed in 
pellets with a diameter of 8mm and a thickness of 
about 1 mm using 5 ton press. Finally the pellets have 
been sintered at 10000C for 8 hours. 

A setup for precise TL measurements (TL reader) 
developed in the Laboratory for nuclear physics and 
radioecology (LNPR) at the University of Shumen has 
been used to obtain the glow curves of the phosphors 
[5]. The system consists of a setup for sample heating, 
a glow curve measuring device on the basis of photo- 
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Fig. 1 Glow curves of Gd2O3 doped with 10 wt% of Eu2O3 

obtained after irradiation with UV light. The material is co-
doped with: a) 10% Li from Li2CO3; b) 12% Li from Li2CO3; c) 

14% Li from Li2CO3; d) 16% Li from Li2CO3; e) 18% Li from 
Li2CO3 

multiplier tube, and a setup for sample irradiation with 
higher-intensity ultraviolet (UV) light. The operation 
and control of the system has been realized on the 
basis of PIC16F876 microcontroller as well as on 
original forward/backward feedback method, based on 
the so-called model predictive controllers, in order to 
achieve higher temperature stability and repeatability 
of the analyses conducted. 

Trap parameters of the phosphors have been 
studied using initial irradiation with ultraviolet light 
from a xenon short-arc lamp type XBO 75 W/2 from 
OSRAM. The crystals have been placed at a distance of 
10 cm and the time of irradiation was 5 min.  

The fading of the peaks in the TL glow curve (GC) 
has been obtained calculating the intensity of the 
corresponding partial TL emission (the net peak area) 
from the phosphors, kept for a certain time after the 
irradiation in a dark storage at a temperature of 200C. 
Glow curves, obtained with the TL reader, have been 
analyzed using a developed in the LNPR computer 
program implementing data smoothing using a 
Savitzky-Golay filtering and subsequently applying a 
minimization procedure based on conjugated gradients 
method for the TL peak decomposition technique. 

3. EXPERIMENTAL RESULTS 

Glow curves of Gd2O3, doped with 10% of Eu2O3 
and co-doped with different quantities of Li from 
Li2CO3 have been obtained measuring the TL emission 
immediately after 5 minutes of irradiation with UV 
without annealing. The GC, presented with a thick 
black line in figure 1, has been obtained at a heating 
rate of 0.16 0/s.  

Three peaks have been revealed by the 
decomposition analysis of the glow curves in figure 1: 
peak 1 at 47 0C, peak 2 at 87 0C and peak 3 at 145 0C, 
indicated as 1, 2 and 3 respectively. The resulting fit is 
presented with white line, overlapping the 
experimental values of the GC in the same figures. 

 

 
Fig. 2 TL emission of the sintered Gd2O3 doped with 10 wt% of 

Eu as a function of the quantity of Li co-dopand 

A plot of the peak intensities (integrated counts in 
the corresponding peak areas from fig. 1a) to fig. 1e)) as 
a function of the quantity of Li co-dopant is shown in 
figure 2. The calculated kinetic parameters for the 
peaks appearing in the TL glow curves of Gd2O3 co-
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doped with Eu and Li from Eu2O3 and Li2CO3 are 
shown in Table 1.  

Table 1 Kinetic parameters of the peaks revealed in TL glow 
curves of Gd2O3 co-doped with Eu and Li  

Peak 
reference 

Maximum 
temperature 

position 
(0C) 

Activation 
energy 

(eV) 
Kinetic 
order 

I 47 ± 2 0.6 ± 0.2 2.0 – 0.1 
II 87 ± 2 0.7 ± 0.1 1.8 ± 0.1 
III 145 ± 1 1.1 ± 0.08 1.2 ± 0.1 

 

4. CONCLUSION 

Quantitative assessment of the fading of the three 
peaks from the GC shown in figure 1 reveals that the 
low-temperature peak 1 fades rapidly in few hours. 
Peaks 2 and 3 from the GC have sufficient fading 
allowing quantitative TL measurements within a 
couple of days. Both peaks possess higher excitation 
energy and relatively good count-rate statistics.  

Phosphors from from Gd2O3, co-doped with Eu and 
Li were irradiated with gamma rays from cobalt source 
in the energy range of 1.1MeV – 1.3MeV. It turned out 
that the material did not show statistically significant 
excitation even under of gamma-ray doses up to 
several Sieverts. Quantitative assessment about the 
spectral sensitivity of the Gd2O3, co-doped with 10% of 
Eu and 16% of Li showed that the material possess a 
sensitivity for UV light with a wavelength in the 
interval of 280nm – 420nm.  

We also compared the TL yield of Gd2O3 co-doped 
with 10% of Eu and 16% of Li with respect to the TL 
yield of ZrO2 co-doped with 1% Er and 8% of Li. 
According out previous research, the quantities of Er 
and Li in the last sample proved to be the best 

combination for ZrO2 based TL materials [5]. The 
excitation of both samples was carried out using 
excitation with XBO lamp at equal other excitation 
conditions such as time of irradiation and source-to-
detector distance. It was shown that the material from 
Gd2O3, co-doped with 10% of Eu and 16% of Li possess 
higher TL yield. This fact and the relatively slow fading 
of peaks 2 and 3 suggest a reasonable opportunity to 
exploit such a material as a potential phosphor for 
short-term UV measurements. 
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 HYPERSPECTRAL REMOTE SENSING OF REFLECTED AND EMITTED RADIATION AS A MEANS  
FOR PRESERVATION OF TERRESTRIAL ECOSYSTEMS 
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Abstract. Remote sensing techniques, spectral reflectance and fluorescence, have been used for monitoring and 
quantitative assessment of the changes of the natural resources aimed to preservation of the Earth’s ecosystems. As it 
is not possible to cover every aspect of remote sensing, our investigations were focused on the spectral responses of 
some representatives of vegetable ecosystems, cultural plants and trees (pea, plum trees), to adverse environmental 
influences. Hyperspectral reflectance and fluorescence data were collected by a portable fiber-optics spectrometer in 
the visible and near-infrared spectral ranges (450-850 nm and 600-900 nm, respectively). Spectral reflectance 
analyses were performed in four most informative for the investigated species regions: green (520-580 nm), red (640-
680 nm), red edge (690-720 nm) and near-infrared (720-780 nm). Fluorescence spectra were analyzed over the set of 
three indices (spectrum area, halfwidth of the spectrum and fluorescence peak boundaries) and data at characteristic 
wavelengths in the forefronts and rear slopes. The statistical significance (at p<0.05) of differences between the 
reflected and emitted radiation of healthy (control) and injured (stressed) species were assessed by means of the 
Student’s t-criterion. The strong relationships, which were found between the results from the two remote sensing 
techniques indicate the importance of hyperspectral reflectance and fluorescence data for conducting, easily and 
without damage, rapid health condition assessments of vegetation. 

Key words: hyperspectral reflectance, chlorophyll fluorescence, environment, plant stress 

1. INTRODUCTION 

Last decade the progress in space technologies 
expanded our ability to observe, monitor and study 
Earth’s surface (land and oceans) and atmosphere 
on a global and continuous scale. This led to major 
developments in the field of remote sensing both in 
its scientific and technical aspects. Recent 
technological developments in detectors and digital 
electronics opened the whole electromagnetic 
spectrum to be used for detecting and measuring 
over finer details of reflected and emitted radiation. 
Remote sensing sensors acquired information using 
onboard airborne (aircraft, balloons) or spaceborne 
(satellites, space shuttles) platforms. The effective 
use of these sensor systems in resource 
management, agriculture, mineral exploration and 
environmental monitoring requires an 
understanding of the nature and limitations of the 
high resolution remote sensing data and of various 
strategies for processing and interpreting it [1]. In 
developing the necessary knowledge base, ground-
based measurements are the expedient source of 
information [2]. The principal advantages of remote 
sensing are the speed at which data can be acquired 
from large areas of the earth’s surface, and the 
related fact that comparatively inaccessible areas 
may be investigated in this way. 

Remote sensing has multidisciplinary nature 
requires good basic knowledge in many areas of 
science and interaction with researchers in areas 

such as electromagnetic theory, spectroscopy, applied 
physics, optical engineering, ecology, agriculture, 
geology, etc. Remote sensing has been considered last 
years as a most efficient technology for monitoring of 
agricultural and forestry land use, which could be 
changed depending on the various factors, in large 
areas. Spectral reflectance and chlorophyll 
fluorescence (ChF) are functions of tissue optical 
properties and biological status of the plants, and the 
illumination conditions. In this respect, spectral 
reflectance and ChF have proved their potential by 
detecting stress-related changes in the pattern of light 
emission from plant leaves [3].  

This article details our recent investigations 
focused on the efficiency and sensitivity of the remote 
sensing techniques, hyperspectral reflectance and 
fluorescence, for stress detection in some vegetable 
species due to influences of the adverse changes in 
environment. 

2. REMOTE SENSING METHODS 

2.1. Spectral reflectance 

A basic assumption made in remote sensing is that 
specific targets (soils of differed types, water with 
varying degrees of impurities, rocks of differing 
lithologies, or vegetation of various species) have an 
individual and characteristic manner of interacting 
with incident radiation that is described by the spectral 
response or spectral signature of that target. This 
signature is a measure of reflected and absorbed 
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electromagnetic radiation at varying wavelengths in 
the visible (VIS, 400-700 nm), near-infrared (NIR, 
700- 1200 nm), and shortwave-infrared (SWIR, 
1200-2500 nm) ranges of the electromagnetic 
spectrum. 

The basic premise of using spectral signatures is 
that similar objects or classes of objects will have 
similar interactive properties with electromagnetic 
radiation at any given wavelength. Conversely, 
different objects will have different interactive 
properties. In principle, a material can be identified 
from its spectral signature if the remote sensing 
system has sufficient spectral resolution to 
distinguish its spectrum from those of other 
materials. With the development of hyperspectral 
technology, the spectral resolution of sensors have 
reached less than 10 nm, which is sufficient for 
creating a continuous spectral curve from 350–
2.500 nm to detect subtle changes in the spectral 
behavior of different targets [4].  

The function described by the dependence of the 
ratios of the intensity of reflected light to the 
illuminated light on wavelength is the spectral 
reflectance characteristic (SRC) of the target. Fig. 1 
shows typical spectral reflectance characteristics of 
four main classes of natural objects [5]. 

 

Fig. 1 Spectral reflectance characteristics of four different 
classes of objects 

Chlorophylls in leaves strongly absorb radiation 
in the blue (400-500 nm) and red (near 670 nm) 
regions and reflect in green region with a peak at 
550 nm, (Fig. 1, grassland and pinewood). The 
internal structure of healthy leaves acts as a diffuse 
reflector of NIR wavelengths. Measuring and 
monitoring the infrared reflectance is one way that 
scientists determine how healthy particular 
vegetation may be. The reflectance in the SWIR 
region is more varied, depending on the types of 
plants and the plant's water content [6]. The main 
part of the radiation incident upon water is not 
reflected but either is absorbed or transmitted. 
Longer VIS wavelengths and NIR radiations are 
absorbed more by water than the VIS wavelengths 
(Fig. 1, salty water). Thus water looks blue or blue-
green due to stronger reflectance at these shorter 
wavelengths and darker if viewed at red or NIR 
wavelengths. The majority of radiation on a soil 
surface is either reflected or absorbed and little is 
transmitted, (Fig. 1, red sand pit). The 
characteristics of soil that determine its reflectance 
properties are its moisture content, texture, 
structure iron-oxide content.  

Changes in the absorption of incident light allow 
the identification of plant stress. In past decade the 
spectral stress-related studies described in literature 
focused on physiological changes and how these 
changes alter the interaction of light with the foliar 
medium. The mean reflectance spectrum depends on 
the relative composition of all the pigments in the leaf 
including chlorophylls, carotenoids, flavonoids and so 
on. In stressed vegetation, leaf chlorophyll content 
decreases, thereby changing the proportion of light-
absorbing pigments, leading to a reduction in the 
overall absorption of light. These changes affect the 
SRC of plants through a reduction in green reflection 
and an increase in red and blue reflections, resulting in 
changes in the normal spectral reflectance patterns of 
plants. This, especially the changes in leaf chlorophyll 
content, is a good indicator of stress, because the 
decreasing chlorophyll content as leaves grow old can 
be readily detected spectrophotometrically. 

2.1. Chlorophyll fluorescence  

Fluorescence occurs when a compound, in this case 
chlorophyll, absorbs a specific wavelength of light and 
subsequently emits light at another wavelength. 
Chlorophyll is the primary pigment that absorbs light 
energy from the sun for photosynthesis. Excess energy 
can be dissipated as heat or re-emitted as light at 
longer wavelength, i.e. chlorophyll fluorescence. 
Generally, ChF yield is highest when photochemistry 
and heat dissipation are lowest. 

Chlorophyll fluorescence allows studying the 
different functional levels of photosynthesis indirectly 
(e.g. process at pigment level, primary light reaction, 
electron transport reaction, slow regulatory process) 
and can be used to study components of the 
photosynthetic apparatus and their reactions to 
changes in the environment. As such, the relative 
intensities of ChF are strongly related to the efficiency 
of photochemistry and heat dissipation and may 
provide additional data to detect plant stress in an 
early stage. ChF is very useful to study the effects of 
environmental stresses on plants [7] (since 
photosynthesis is often affected in plants experiencing 
adverse conditions, like water deficit, high/low 
temperatures, nutrient deficiency, attack by 
pathogens). 

Fluorescence is an easily measured signal, and 
different components of fluorescence, including 
photochemical and non-photochemical quenching, can 
be measured with the appropriate instrumentation. 
From these parameters, numerous aspects of the 
photosynthetic process can be analyzed [8].  

3. MATERIALS AND DATA ACQUISITION 

3.1. Plant materials  

Young pea plants (Pisum sativum, L., cultivar 
Skinado Fabaceae) were used for a part of the 
investigations. They were grown into a growth 
chamber under control conditions (temperature 
25  1C, 12 h light/12 h dark cycle and illumination 
flux density 70 mol m-2 sec-1). Three-day-old 
seedlings were put in a nutritious medium (Hoagland-
Argon) to which two herbicides, fluridone and 
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chlorsulfuron, was added at two low concentrations 
(0.1 µM, 1 µM and 1 µM, 10 µM, respectively). 
During the last 40 years, these herbicides are among 
the ones used most widely in agriculture worldwide. 
Fluridone is a photosynthetic systemic herbicide. It 
is absorbed from water by plant shoots and from 
hydrosoil by roots and inhibits carotenoid synthesis, 
which enhances degradation of chlorophyll, 
producing chlorotic growing points in susceptible 
plants. Chlorsulfuron is a herbicide that controls 
select broadleaf weeds and undesirable grasses. This 
herbicide stops cell division in plant roots and 
shoots, which in turn causes plants to stop growing. 

The leaf samples of two plum tree species 
(cultivars Black Diamond and Anjelina) were used 
in the other part of the experiments. The plum 
(Prunus domestica) was considered the most widely 
distributed tree species in Bulgatia. The leaves were 
infected with Plum Pox Virus (PPV) which caused 
the most serious virus disease in stone fruit species, 
known as sharka.  

3.2. Spectral measurements 

The leaf spectral reflectance and fluorescence 
were measured by a portable fiber-optics 
spectrometer in the VIS and NIR ranges at a 
spectral resolution (halfwidth) of 1.5 nm. The data 
used in the present analysis were taken in the 
spectral range 450÷850 nm and 600-900 nm, 
respectively, where the main parts of the reflected 
and emitted from leaves radiation is concentrated. 
Reflectance data were obtained in 1170 spectral 
bands at a step of 0.3 nm. The light source was a 
halogen lamp providing homogeneous illumination 
of the measured surface. For ChF measurements as 
a source of actinic light LED with maximum of the 
light output at 470 nm was used. The abaxial side of 
the leaves was irradiated and the exited fluorescence 
was measured from the adbaxial leaf surface. 

4. RESULTS AND DISCUSSION 

The averaged SRC of leaves of control and 
treated with the herbicides fluridone and 
chlorsulfuron pea plants are shown in Fig. 2 and 
Fig. 3, respectively. They were calculated from SRC 
obtained from 25 measured areas for each group of 
plants. The specific for green vegetation spectral 
ranges bearing information for the physiological 
status of the plants are: green, maximal chlorophyll 
reflectance (520580 nm); red, maximal chlorophyll 
absorption (640680 nm); red edge (690720 nm) 
and NIR (720770 nm). It is seen that the herbicide 
fluridone with the two concentrations applied 
injures the pea leaves much more than the herbicide 
chlorsulfuron. The differences between SRC of 
leaves of control and treated plants were explicitly 
manifested in all investigated spectral ranges. 
Tables 1 shows significance (*) of p-levels of the 
Student’s  
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Fig. 2 Average SRC of control and fluridone treated pea leaves 
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Fig. 3 Average SRC of control and chlorsulfuron treated pea 
leaves 

Table 1. Significance p-level of the t-criterion in the cases of 
0.1 µM, 1 µM fluridone and 1 µM, 10 µM chlorsulfuron 

treatment 

Wave- 
length 

Fluridone  Chlorsulfuron 

    λ 0.1 M 1 M 1 M 10 M  
λ1/ λ1c < 0.001* < 0.001* 0.338 0.010 
λ2/ λ2c < 0.001* < 0.001* 0.601 0.001 
λ3/ λ3c < 0.001* < 0.001* 0.566 0.001 
λ4/ λ4c < 0.001* < 0.001* 0.349 0.828 
λ5 λ5c < 0.001* < 0.001* 0.420 <0.001 
λ6 λ6c < 0.001* < 0.001* 0.327 0.054 
λ7 λ7c < 0.001* < 0.001* 0.333 0.120 
λ8 λ8c     0.575     0.171 0.354 0.560 

The differences established in SRC for fluridone 
treatment are statistically significant (p<0.05) in seven 
of wavelengths. For the plants treated with the 
chlorsulfuron significant differences in SRC were 
established only at concentration 10 M in the 
intervals 520-560 nm and 690-720 nm (red edge).   

The fluorescence spectra averaged over 25 controls 
and 25 treated with fluridone and chlorsulfuron pea 
leaves are shown correspondingly in Figs. 4 and 5. All 
fluorescence spectra were normalized to their 
spectrum maximum. For the chlorsulfuron spectral 
changes were predominantly observed in the arising 
forefront. In the fluridone case the maxima are shifted 
towards the blue range and the spectral shape is 
changed as well. 
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Fig. 4 Average normalized fluorescence spectra for 
fluridone treated pea plants 
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Fig. 5 Average normalized fluorescence spectra for 
chlorsulfuron treated pea plants 

After the application of the t-criterion over the 
set of 3 indices for estimation of the ChF (spectrum 
area, halfwidth of the spectrum and fluorescence 
peak boundaries) it turned out that the control and 
the experimental data differ significantly for both 
the fluridone concentrations. After the application 
of the chlorsulfuron significant difference was 
observed only for the set of data at the forefront. 

Fig. 6 and Fig. 7 show the averaged SRC of the 
leaves of healthy and infected with PPV plum  
leaves, cultivars Black Diamond and Anjelina, 
respectively. 
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Fig. 6 Average SRC of healthy and infected with PPV plum 
leaves, cultivar Black Diamond 

The quantity of the viruses in the leaves 
determined by serological method DAS-ELISA is 
approximately equal. The differences in SRC are 
expressed more significantly in the green and NIR 
ranges. 

Statistically significant differences at p<0.05 with 
t-criterion are established at five wavelengths for the 
data of plum leaves for two plum cultivars. The 
differences are not statistically significant in the red (at 
680 nm) and NIR ranges. 
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Fig. 7 Average SRC of healthy and infected with PPV plum 

leaves, cultivar Anjelina 

5. CONCLUSIONS 

In general, this article illustrates the efficiency and 
sensitivity of the remote sensing techniques, 
hyperspectral reflectance and fluorescence, for 
monitoring of the natural resources and preservation 
of the Earth's ecosystems. Our results demonstrate the 
potential of these methods in particular, for early 
diagnosis and quantitative assessment of the 
influences of the environmental changes to spectral 
responses of some representatives of vegetable species 
for making timely management decisions for the 
rational use and preservation of the vegetable 
ecosystems. 
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Abstract. Neutron spectrometry measurements are often carried out for determining some physical quantities 
characterizing the neutron field and generally, the measuring devices do not provide a direct measurement of the 
quantity of interest. In the standard approach, the data collected from the spectrometer are first unfolded and the 
quantities of interest are extracted from the computed spectrum. However, in the unfolding process it is not simple to 
quantify the uncertainties associated with the derived quantities due to the fact that the solution spectrum is not 
unique. This paper underlines the use of a Bayesian approach to overcome these difficulties. As an example, some 
integral quantities of interest in the radiation protection field have been determined in the vicinity of an Am-Be source 
of low activity (~ 37 GBq). From a set of measurements carried out using a Bonner sphere spectrometer, the neutron 
fluence has been determined using this approach and the neutron ambient dose equivalent has been deduced with a 
good accuracy. 
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1. INTRODUCTION 

The characterization of a neutron field is based 
essentially on the determination of some integral 
quantities, such as the total neutron fluence and the 
ambient dose equivalent which are of great importance 
in the  radiation protection field.  

Generally, the neutron spectrometers used do not 
provide a direct measurement of the quantities of 
interest and the major problem encountered in such 
measurements is the estimation of the uncertainties 
related to the required parameters [1]. 

The aim of this paper is to show how the physical 
parameters can be derived with a good accuracy using 
a Bayesian approach. In addition, a sensitivity analysis 
of the results to the prior information, introduced in 
the Bayesian formalism in probability terms, is given. 

As an example of application of the Bayesian 
method, we consider the neutron dose and the total 
fluence estimations in the vicinity of an Am-Be source 
of low activity (~ 37 GBq), from a set of measurements 
carried out using a standard Bonner sphere 
spectrometer (BSS) at the Nuclear Research Center of 
Algiers (CRNA) [2, 3]. 

2. CORRELATION BETWEEN THE BSS DATA AND THE 

INVESTIGATED PHYSICAL QUANTITIES 

The CRNA BSS is composed of a set of six 
polyethylene spheres of different diameters (0’’, 3”, 5”, 
6”, 7” and 12”) and a 6LiI(Eu) scintillator located at the 
center of each sphere. The six Bonner spheres were 
exposed, at a distance of 55 cm, to the Am-Be source 
[3]. 

The number of counts Nk measured in each sphere 
k (k=1,…n, where n is the number of Bonner spheres in 
the spectrometer) is related to the differential energy 
spectrum   by the linear equation 	 		  , where   is the response of the 
sphere k to neutrons of energy E and 	is a term which 
accounts for the discrepancies between  the measured 
and the calculated counts [4]. 

The differential energy spectrum   is not 
measured directly; it has to be extracted from the 
preceding equation. Generally and for computational 
purposes, the discrete version ∼ 		∑   is 
considered (the whole neutron energy range is splitted 
in m energy bins and l =1,….m), where  are the 
response matrix elements and   is the l component of 
the total neutron fluence  	  	 ∑  		. 
Given the dose conversion coefficients 	 for  ∗ 10  
(ICRP74 [5]), the ambient equivalent dose is given by ∗ 10 ∑ 	 . 
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3. BAYESIAN ANALYSIS OF THE BSS DATA 

3.1 Description of the neutron spectrum 

The first step in the Bayesian approach [6, 7], 
consists in a parameterization of the discretized 
neutron spectrum	 	 	 ,			 , where  is the 
discretized energy and the  represent the physical 
parameters related to the neutron spectrum 
description which, a priori, take unknown values and 
need to be estimated given the set of the BSS 
responses.  

The second step is the application of the Bayes’ 
theorem followed by the use of the marginalization 
equations to determine these  parameters [8, 9]. 

The last step consists in using the probability rules 
to derive a probability density for each investigated 
physical quantity and its related uncertainty, i.e. the 
integral discretized quantities, functions of the  
parameters, written as:	 ∑  , 	 and ∗ 10 		 ∑ 	 , . 

The starting point of the analysis is to formulate the 
prior probability distribution 	|  that the set of the 
model parameters takes the  values given the 
information   that is available about the experiment 
before performing the measurements.  

The posterior probability | ,  that the 
parameters  have particular values given the actually 
measured  data and the information  is derived by 
applying the Bayes’ theorem:  | , 	 	 	| 	 | ,  (1) 

where the likelihood function | , 	represents the 
probability that the data Nk would have been measured 
if the hypothesis on the  parameters was true and 
given the information I [8].  

The posterior probability | ,  can be 
evaluated with the assumption that the normal 
distribution with mean ∑   and variance	  (  
is the Nk estimated uncertainty) is a good 
approximation for the likelihood function | , . 

The Bayesian analysis leads to a probability 
distribution | ,  for each  parameter used to 
model the neutron Am-Be spectrum. A good estimate 
of each parameter (optimal value) is given by the point 
where its probability distribution peaks. An estimate of 
the spectrum is calculated using the optimal 

parameters values.  

The assessment of the model parameters can be 
performed with a program written using the software 
WinBUGS, version 1.4 [10]. WinBUGS is an interactive 
Windows version of the BUGS program for Bayesian 
analysis of complex statistical models using Markov 
chain Monte Carlo techniques, developed at the MRC 
Biostatistics Unit in Cambridge, UK. 

In the present study, the complexity of the 
investigated spectrum and the scarce available 
experimental data (only six measured sphere 
responses, n=6) make the choice of the model 
spectrum difficult. It turns out, after many checks, that 
the data are not strong enough to describe the neutron 
spectrum with more than three free parameters. For 
these reasons, the investigated spectrum has been 
approached by the sum of two Gaussians of the same 

magnitude A, of different widths  ,   and of fixed 
mean energies , 	 	: 		  ,			exp


exp


	 (2) 

where ≡ , ,   represent the model parameters 
to be determinated.  

3.1 Prior probabilities and sensitivity analysis 

In order to check the sensitivity of the results to the 
prior probability densities 	 	|  assigned to the  
model parameters, the analysis was firstly performed 
by assigning an uniform prior probability density for 
each  model parameter in its interval definition 
[ , 	: 	|  is supposed uniform with 
respect to A,   and  , for it is well established [6] 
that in the case of a Gaussian of width σ, the reference 
prior is uniform in the logarithm of 	.  

The analysis has been repeated by assigning normal 
prior probability densities to the  model parameters: 
for each 	 parameter,  	|  is assumed a normal 
distribution with mean 	 	 		 and width 	

 ),  and  are respectively the 

lower and upper bound of the interval of definition of 
the  parameter as introduced above. 

The posterior probabilities for the total fluence   
and for the ambient dose equivalent ∗ 10  are 
assessed using the marginal equations. The best 
estimate for these quantities, which remain the main 
results of this analysis, are given by the values where 
the probability distributions peak. Their uncertainties 
values are derived from the widths (FWHM) of the 
respective probability distributions. Figure 1 shows the 
posterior probabilities for the total fluence   and for 
the ambient dose equivalent ∗ 10  as deduced using 
either an uniform or a normal prior probability.  
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(a)

fluence (n/cm2)
   50.0    55.0    60.0    65.0

P(fluence)

    0.0
   0.05
    0.1
   0.15
    0.2

 
(b)

H*(10)(microSv/h)
   70.0    80.0    90.0   100.0

P(H*(10))

    0.0
   0.05
    0.1
   0.15

 
(a')

fluence(n/cm2)
   55.0    60.0    65.0    70.0

P(fluence)

    0.0
   0.05
    0.1
   0.15
    0.2

 
(b')

H*(10)(microSv/h)
   70.0    80.0    90.0   100.0

P(H*(10))

    0.0
   0.05
    0.1
   0.15

 
Fig. 1 Relative posterior probabilities derived for the 
total fluence and of the ambient dose from the Bayesian 
analysis using respectively uniform prior probabilities 
(a, b) and normal prior probabilities (a’, b’) 

Table 1 summarizes the values of the investigated 
integral quantities  and ∗ 10  and their associated 
uncertainties derived from their respective posterior 
probability distributions given in figure 1. It can be 
noticed that discrepancies lower than 6% are achieved 
for each parameter deduced values proving therefore 
the reliability of the derived results and the low 
influence of the prior information introduced, in terms 
of probability densities, in the Bayesian calculation.  

Table 1 Total neutron fluence (φtot) and 
equivalent ambient dose ∗ 10  values evaluated 
at 55 cm from the Am-Be source, derived from 
the Bayesian analysis by assuming uniform prior 
and normal probability densities for the model 
parameters  

Neutron 
field 

parameters 

Parameters 
derived using 
uniform prior 

probability 
densities 

Parameters 
derived using 
normal prior 
probability 
densities 

φtot (cm-2) 61.2  +/- 3.0 64.8 +/- 2.4 

It is important to underline that the most 
important advantage of the Bayesian approach, 
compared to the classical unfolding methods, remains 
in deriving the rigorous uncertainties of the 
investigated physical integral quantities which cannot 
be estimated from deconvolution procedures.  

4. CONCLUSION 

The characterization of a neutron field, for 
radiation protection purposes, is based essentially on 
the determination of some integral quantities such as 
its total fluence and corresponding equivalent ambient 
dose. These parameters should be accurately estimated 
from the neutron energy spectrum.  

In this paper, it is shown that the investigated 
parameters can be derived with a good accuracy using 
a Bayesian approach. We have considered, as an 
example, the characterization of an Am-Be neutron 
source field described by only six BSS response 
measurements.  

The low uncertainties (< 6%) obtained in this case 
for the neutron fluence and for the equivalent ambient 
dose and the low sensitivity of the results to the prior 
information, modeled in term of uniform or normal 
probability density, point out the reliability of the 
Bayesian derived values.  
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Abstract. Fully sputtered hydrogenated-fluorinated TFTs were irradiated by gamma-rays to the total dose of 
2500 Gy and stored for one year. After that, stability of these TFTs was compared with non-irradiated identical TFTs 
under positive bias (5 V) stress in the temperature range from 125 oC to 150 oC. Electrical degradation of TFTs was 
monitored via threshold voltage change. A larger shift in threshold voltage was observed for the irradiated TFTs.  

Key words: thin film transistor (TFT), gamma radiation, positive bias temperature instability (PBT) 

1. INTRODUCTION 

There are few reports on irradiation stability of 
TFTs, while advanced TFTs show promises for their 
application under irradiation conditions [1-4]. 
Generally, TFTs show instability under positive or 
negative bias temperature tests (PBT or NBT tests) 
[5,6] and one cause of the electrical deterioration of the 
devices is a build-up of grain boundary traps [5]. Such 
defects can be induced by irradiation as well, [3,4], 
though this mode of instability under irradiation may 
not appear, as reported by Li et. al.[2]. If TFTs could be 
processed to give a significant response of grain 
boundary generation under irradiation, enhanced 
sensitivity of dosimeters could be achieved. Since 
radiation dosimeters may have to operate in the 
post-irradiation period, it is important to evaluate their 
reliability in this period of operation life. Therefore, 
this report compares irradiated TFTs with 
non-irradiated TFTs after PBT stress. 

2. EXPERIMENT 

Fully sputtered hydrogenated - fluorinated 
n-channel TFTs were fabricated, exposed to 2500 Gy 
and stored at room temperature in darkness for one 
year. Details of the device processing and irradiation 
procedure are given in Ref. 4. On irradiated and virgin 
TFTs PBT stress was performed applying positive 5V 
on gate electrode while keeping source and drain 
shorted. The stress temperature was in the range from 
100 oC to 150 oC. The current-voltage (I-V) 
characteristics were measured before and after each 
stress. 

3. RESULTS AND DISCUSSION 

Figs. 1 and 2 illustrate transfer I-V characteristics of 
irradiated and non-irradiated TFTs after PBT stress at 
150 oC for two drain-source (Vds) biases, 0.1 V and 5 V. 
After the electrical-temperature stress, the I-V curves 
gradually shift to more positive voltage, for both types 
of TFTs, the change being larger for the irradiated. The 
shift is greater for irradiated TFTs. The same test at 100 
oC and 125 oC gives similar behavior of I-V curves, but 
with less I-V displacement. The same fact was 
registered even for the stress time of 1.5 hour at 150 oC. 
This is mentioned in order to contrast the previous 
findings in which, on non-irradiated TFTs exposed to 
PB transfer, transfer I-V characteristics are shifted to 
the negative voltages [5]. The difference should be 
explained by the processing condition of gate insulator 
and active polysilicon that favour different mechanisms 
of degradation: positive charge, interface states and 
grain boundary traps generation. The trend in the 
transfer I-V characteristics given in Figs.1 and 2 
suggests the prevailing effect of interface states and 
grain boundary trap over positive charge defects 
induced during PBT tests. Such tendency is reported in 
our previous publication on irradiated TFTs [4]. It 
should be commented that though the irradiated TFTs 
were stored for one year, they experienced minor 
relaxation, but far away from the full recovery of 
radiation induced defects [4].  
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Fig. 1 I-V characteristics of non-irradiated TFT after positive 

bias temperature stress at 150 oC. 

-2 0 2 4 6 8 10
1E-10

1E-9

1E-8

1E-7

1E-6

1E-5

1E-4

ts=bs,1min,2min,5min,10min,
     20min and 50min

Vds=0.1V

Vds=5V

Irradiated
Ta=150oC
Vs=5V

C
ur

re
nt

 (A
)

Vgs(V)  
Fig. 2 I-V characteristics of irradiated TFT after positive bias 

temperature stress at 150 oC. 

Further, the degradation of TFTs is expressed via 
threshold voltage (Vt) change with the stress time, as 
depicted in Figs. 3 and 4 for 100 oC and 150 oC PBT 
stress, respectively.  ΔVt has a power law on the stress 
time (ΔVt ~ tn) and such finding is published for both 
PBT and NBT tests on TFTs [5,6]. The exponent factor 
n is lower for the lower test temperature, indicating 
that the degradation process is thermally activated. ΔVt 
is also electrically activated and it could be 
demonstrated by varying the stress voltage [5]. What is 
more important in this investigation is that the 
exponent factor n is larger for the irradiated TFTs in 
the explored temperature range. 
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Fig. 3 Threshold voltage shift for irradiated and non-irradiated 

temperature after PBT stress at 100 oC. 
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Fig. 4 Threshold voltage shift for irradiated and non- 

irradiated temperature after PBT stress at 150 oC. 

4. CONCLUSION 

Irradiated and non irradiated n-channel TFTs were 
compared after positive bias temperature stress. All 
transistors showed increase in threshold voltage with a 
power law on the stress time in the temperature range 
from 100-150 oC, due to the overall greater effect of 
induced grain boundary traps and interface states over 
positive voltage. The degradation of threshold voltage 
was greater for the irradiated TFTs.   
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Abstract. Oxide films were sputtered in Ar/O2 and Ar/O2/N2 plasma to obtain non-nitrided and nitrided gate 
insulator on p-type silicon. The oxide films in MOS structures were exposed to 2 Mrad gamma-ray dose and stored for 
one year, followed by Fowler-Nordheim constant current stress. Irradiation and electrical stress caused positive 
charge and interface states generation. It was found that incorporation of nitrogen in sputtered oxide suppressed 
generation of these defects and it was explained by Si-N bond creation. 
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1. INTRODUCTION 

With advances in thin film transistors (TFTs) 
technology, there is great interest for implementation 
under irradiation conditions [1,2]. In TFTs gate 
insulator is usually a deposited oxide (prepared by low 
pressure chemical vacuum deposition (LPCVD) [1,3] or 
physical vacuum deposition (PVD) [2,4]).  Degradation 
of TFTs under irradiation generates different defects 
within gate insulator, at the gate insulator-polysilicon 
interface, and in polysilicon [5,6]. Generation of grain 
boundary traps in polysilicon under gamma or x-ray 
irradiation is controversial [2,5,6]. If there is a 
generation of these defects, it is not straightforward to 
evaluate positive charge in gate insulator [2], because 
of which it is important to investigate radiation 
stability of the deposited gate oxides in MOS 
structures. Additional reason for a study of deposited 
oxide in MOS structures is that there are limited data 
about stability of the deposited oxides under either 
irradiation [3] or electrical [7] stress. 

Post-irradiation stability of MOS devices is 
particularly important in their application as radiation 
dosimeters for continuous monitoring.  It was reported 
that additional degradation of TFTs and LPCVD silicon 
oxide can happen after irradiation [2,3].  In order to 
evaluate post-irradiation stability, in this work 
irradiated MOS structures were subjected to Fowler-
Nordheim (F-N) constant current stress.   

Depending on application, TFTs may be used as 
radiation dosimeters or in electronic system operating 
under irradiation environment. In the first case, oxide 
more sensitive to defect creation is needed to improve 
sensitivity, while in the later, oxide more resistant to 
the damaging effects of irradiation is preferred. Since it 
is known that incorporation of nitrogen in PVD and 

LPCVD oxides can result in improved hardness under 
electrical stress [8,9], in this article nitrided and non-
nitrided  sputtered oxides were compared under a 
combination of irradiation and electrical stress. To 
emphasise the in-print of irradiation prehistory, 
irradiated components were compared with the virgin 
devices, both subjected to F-N constant current stress. 

2. EXPERIMENT 

The oxide for MOS structures was sputtered on a p-
type (100) silicon from a SiO2 target in Ar/O2 or 
Ar/O2/N2 plasma in order grow non-nitrided and 
nitrided gate insulator, respectively. During the 
deposition, the substrate was kept at 200oC, followed 
by annealing at 900oC in dry nitrogen. Aluminium was 
also deposited by sputtering, on both sides of the 
wafers. The front side was patterned by wet etching for 
gate electrode definition. The fabrication was finished 
by sintering in H2/N2 gas mixture at 400oC.  

MOS samples of nitrided (NO) and non-nitrided 
oxides (nNO) were cut into two pieces. One half was 
irradiated while the other was kept as a reference. 
nNOr stands for irradiated non-nitrided oxide, and 
Nor stands for irradiated nitrided oxide in the 
following Table 1 and figures. During gamma-ray 
irradiation the electrodes of MOS capacitors were left 
floating. Gamma-ray irradiation of MOS structures was 
performed at Institute for Nuclear Science “Vinča” 
(Serbia) with an average doze rate of 1krad (Si)/min) to 
the total dose of 2 Mrad. The samples were stored in a 
dry and dark ambient for one year after which MOS 
device stability was investigated under F-N constant 
current stress with electron injection from gate 
electrode.  Degradation of MOS structures was 
monitored by capacitance-voltage (C-V) measurement 
using precision LCR meter HP 4284A.   
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Table 1 Description of MOS capacitor used in this 
investigation 

Oxide type Sputtering 
ambient 

Irradiated/non-
irradiated(√/-) 

nNO Ar/O2 - 
nNOr AR/O2 √ 
NO Ar/O2/N2 - 
NOr Ar/O2/N2 √ 

3.RESULTS AND DISCUSSION 

Typical high frequency characteristics of non-nitrided 
oxide before and after gamma irradiation and after 
constant current stress of -5 nA and -50 nA for 10 
seconds are illustrated in Fig. 1. These CV curves are 
obtained at 1 MHz measurement frequency.  It can be 
noticed that the irradiation and electrical stress result 
in C-V curves shifting toward more negative gate 
voltage. It is well established that the displacement 
along the voltage axes is because of positive charge 
generation in oxide and creation of interface states at 
SiO2/Si interface. The presence of interface states after 
the stress is manifested in stretching of CV curves. 
Similar behavior is observed for nitrided sputtered 
oxide, though a detail analysis will reveal some 
differences in the level of the created defects. 
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Fig.1 C-V characteristics of non-nitrided sputtered oxide 
before irradiation, after irradiation and combined-after 

irradiation + F-N constant current stress for two current 
levels; stress time is 10 s.  

To look into the effect of injected charge amount 
into MOS capacitor on stability, the same current 
stress level of 5 nA was applied for different stress 
durations to all four types of oxide. With more injected 
electrons, C-V curves are moved further to the left with 
their greater distortion. In this study, for each current 
stress level a fresh device was used and C-V 
measurement was performed immediately after the 
constant current stress in order to minimise the 
influence of relaxation processes on charge extraction. 

The change of oxide charge (Nox) after the current 
stress was evaluated through voltage displacement at 
the midgap capacitance [10,11]. ΔNox for different 
electron levels is illustrated in Fig. 2 for nNO, nNOr, 
NO and NOr oxides. It is clear that the nitridation of 
sputtered oxide leads to smaller Nox after electrical and 
irradiation-electrical stress.  
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Fig.2  Change in fixed oxide charge for nNO, nNOr, NO and 
NOr type MOS capacitors under Fowler Northeim constant 

current stress. 

Another relevant defect is interface states (Dit). 
Based on high frequency capacitance-voltage 
measurement, midgap Dit density is extracted for the 
stress conditions like in the previous figure and plotted 
in Fig.3. Overall, Fig.3 demonstrates the following 
benefits of nitridation of sputtered oxide: (i) Pre-stress 
Dit values for nitrided oxides are smaller than for non-
nitrided counterparts; (ii) nitrided oxide has less 
density of interface states after electrical stress, as 
reported earlier [8]; (iii) nitrided oxide is more 
resistant to generation of interface states under 
irradiation; (iv) post-irradiation electrical stress 
generates less interface states in nitrided oxide.  

It is well known that the interface states are so 
called Pb centres, trivalent defects ( Si3S*) at the 
interface Si/SiO2 [12].It is a technological practice to 
expose MOS devices to hydrogen annealing in order to 
reduce some of Pb centres by terminating broken Si-
bonds indicated by ‘*’ with hydrogen and improves the 
device electrical performance. This standard procedure 
is also applied in the course of this work, as stated in 
experimental part. However, the Pb sites terminated by 
hydrogen are easily destroyed under gamma or high 
current stress [13]. On the other hand, oxygen deficient 
site ( Si-Si  ) can trap a hole during irradiation or 
high current stress, leading to a positively charged E’ 
centre [12]. It is believed that the hardening of nitrided 
sputtered oxide against interface state and positive 
charge generation is due to the replacement of some of 
the mentioned defects with Si-N bonds [8,13]. This 
suggestion is confirmed by x-ray photoelectron 
spectroscopy and will be reported later. 

A note of concern about interface states density 
extraction should be given. Dit was calculated from 1 
MHz C-V measurement assuming that there was no 
response of interface states at this frequency. However, 
it was found that there is a frequency dispersion of C-V 
curves, which is depicted by plotting flat band voltage 
(VFB) versus frequency in Fig. 4 for nNOr type oxide. In 
the semi-log presentation, this relation is linear. The 
straight line in the frequency range from 10 kHz to 1 
MHz may be extended even to higher frequencies. The 
slope of as irradiated device is the smallest for 
irradiated-stored case and increases with F-N constant 
current stress duration. As prepared oxides have the 
smallest frequency dispersion, while nitrided oxides 
have generally less C-V dispersion (not shown), as 
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prepared or stressed. Despite the mentioned 
observation about VFB frequency spread, it is expected 
that in general, the conclusion about nitrogen 
contribution to the increased immunity of sputtered 
oxide to the interface states and positive charge 
generation under combined effect of radiation and 
high current stress remains valid. 
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4. CONCLUSION 

In this work the effect of nitridation of sputtered 
oxide on its resistance to irradiation and combination 
of irradiation-F-N constant current stress is presented. 
It was found that nitridation hardened sputtered oxide 
against generation of interface states and positive 
charge trapping. 
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AN ALTERNATIVE MEASUREMENT METHOD FOR MOSFET DOSIMETERS 
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Abstract. A study of the degradation of the subthreshold swing on interface state density in pMOSFET generated 
after irradiation is carried out from the point of view of its use as a dosimetric parameter. The thermal drift and its 
reduction are analyzed and the dependence of the subthreshold swing is characterized and modeled as a function of 
accumulated dose 

Key words: Dosimeter, MOSFET, subthreshold slope, thermal compensation.  

1. INTRODUCTION 

It is well-known that ionizing radiation causes 
the degradation of the IDS-VGS characteristics of 
metal-oxide semiconductor field-effect transistor 
(MOSFETs) 1. Several electrical parameters are 
influenced by this degradation provided the 
radiation damages the device as a consequence of 
the generation of electron-hole pairs in the oxide. 
These holes have been shown to have lower mobility 
than electrons and to drift slowly to the Si-SiO2 
interface, and then a fraction of them becomes 
trapped and constitutes the radiation-induced oxide 
trapped charge. Moreover, interface traps are 
created. The subthreshold behavior of MOSFET is 
influenced by these interface traps decreasing the 
slope of I-V characteristics as interface states 
increases.  

For dosimetric purposes, pMOSFETs 
(RADFETs) have been used in the last three decades 
in different fields like spacecraft, nuclear 
equipments, radiotherapy or clinical control due to 
their small size, immediate and non destructive 
readout, low power consumption, easy calibration, 
suitable sensitivity and reproducibility2,3. The 
technique usually applied has been based on the 
threshold voltage shift, VT, related to irradiation 
dose, D, with a simple model given by VT=aDb, 
where a and b are fitting parameters. 

In this work, we analyze the effects of the 
ionizing radiation on subthreshold behaviour of the 
transistor and the direct dependence of the 
subthreshold swing on radiation dose for 
determining the limitations of using this behaviour 
as a reliable dosimetric parameter. Of course, the 
response of the subthreshold current as a function 
of the accumulated dose has been widely studied 
both theoretically and experimentally, but in most 
cases restricted to the calculation of the dynamic of 

the interface trap creation/annealing (see e.g. 
reference 4 and references therein) .  

For a MOSFET in weak inversion, the drain 
current is dominated by the diffusion mechanism 
and it can be shown that the IDS-VDS relationship 
can be approximated by 1:  
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when VDS>3kT/q, the exponential becomes 
negligible. A useful parameter in the subthreshold 
regime can be defined as the gate voltage swing, S, 
needed to reduce the current by one decade 
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In the usual case a >> Csc/Cox, S can be 
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in absence of interface traps. If interface traps are 
generated by radiation, then a change in the slope of 
the IDS-VGS curve will be produced, and thus in the 
subthreshold swing. In this situation, the 
subthreshold swing is modified as 
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where Sit and S0 represent the quantity with or 
without interface traps, respectively, and 
Cit(φs)=qDit(φs) is the capacitance associated with 
the interface traps. For two different radiation dose, 
we can obtain the mean interface traps density, ΔDit, 
from [5] and [6] as a function of the increment of 
the subthreshold swing given by 
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where SD1 and SD2 are the subthreshold swing before 
and after an irradiation session.  

In this work we have studied the increment of 
the mean interface traps density from [7] as 
dosimetric parameter. We have analyzed the direct 
relationship between the subthreshold swing shift, 
S and the accumulated Dose D in terms of 
sensitivity, reproducibility and thermal drift in a 
similar way that it was done for the voltage 
threshold shift. This has been carried out with a 
general purpose switching pMOSFET. 

2. EXPERIMENTAL 

The first step was selection of a commercially 
available pMOS in order to study its response to 
gamma radiation5. We selected pMOS model 3N163, 
with a transient VGB MAX = -125 V. This device is 
contained in a cylindrical hermetic metal can, type 
TO-72, composed of an external nickel layer 0.4 mm 
thick. The transistor is placed on the surface of a 
cubic die with an area of 0.3x0.3 mm2 located at the 
centre of the cylinder. The 3N163 model pMOS is 
available from several semiconductor 
manufacturers, with a unit price of less than 3 €. 
More details are given elsewhere6,7. 

2.1. Irradiation set-up and dosimetry 

For the dosimetric evaluation, a total of ten 
transistors were irradiated with an AECL Theratron 
780 located at the University Hospital of San Cecilio 
in Granada (Spain). This is a teletherapy unit with a 
60Co source. All the irradiations were carried out at a 
constant temperature with all four transistor 
terminals connected to each other, hence without 
bias voltage, in the ‘unbiased’ mode. The transistors 
were irradiated with a 35 x 35 cm2 field and were 
located at distance of 80 cm. These ten transistors 
were irradiated with different doses of 2, 4 or 6 Gy 
per irradiation session, up to a limit of 58 Gy, and at 
a constant dose rate of 0.22 Gy/min.  

2.2. Extraction of the dosimetric parameters 

In order to quantify the radiation response, the 
pMOS transistor transfer characteristics were 
measured at several temperatures. In particular, the 
drain current, IDS, as a function of the gate voltage, 
VGS, was obtained for each transistor before and 
after each irradiation session, using a 
semiconductor parameters analyser HP-4145B 
controlled by a personal computer. These curves 
were extracted in subthreshold and linear regime 
with a drain-source voltage VDS = - 100 mV. 
Substrate and source terminals were shorted. To 
avoid electromagnetic interference during 
measurement of the curves, transistors were placed 
in a shielded text fixture HP 16085A. A thermal 
chamber capable of varying the temperature from -
10 ºC to +50 ºC (accuracy of 0.5 ºC) was used for 
the thermal study. To measure the transistor 
temperature with better accuracy, an Oregon 
Scientific NAW880EXL thermometer (accurate to 
0.1 ºC) was placed inside the chamber in thermal 
contact with the transistors. Uncertainties were 
taken to be three times the corresponding standard 
deviations. Quadratic error propagation was 
considered whenever required. Moreover, the shift 
of the parameter values due to their thermal 
dependence was compensated for, as shown below. 

3. RESULTS AND DISCUSSION 

3.1 Dose response in subthreshold regime 

In Figure 1, the current-voltage curves 
characteristic are shown in the subthreshold regime 
for this model of transistors (below 1 A) for an 
accumulated dose up to 51 Gy. These curves reveal a 
complete linear trend of Log[IDS] versus VGS 

(depicted in absolute values) and the well-known 
decreasing of the slope for increasing dose (curves 
from left to right in the figure). 
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Fig. 1 Subthreshold behavior of MOSFET dosimeter as a 
function on the accumulated dose.  

The next step was to characterize this electrical 
parameter as a function of the dose to show if there 
was possible to use it as a reliable dosimetric 
parameter. Of course, this reliability is supported by 
high sensitivity, repetitively and low or controllable 
thermal drift.  

In Figure 2, the subthreshold swing shift, S, is 
plotted as a function of the accumulated dose D for 
one of the ten irradiated MOSFETs where sensitivity 
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and linear correlation index R2 are shown. We can 
observe a very linear behaviour that is typically 
obtained for the rest of studied sensors. In fact, the 
linear approximations are very close among the ten 
MOSFETs with an average value for the dose 
sensitivity of (1,42 ± 0.2)·10-3 Gy-1 with a coverage 
factor of k=2. The standard deviation of the 
sensitivities is approximately the 7 %.  Figure 3 
shows the sensitivity per irradiation session with 
very low rate of decay. 
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Fig. 2 Subthreshold swing shift of MOSFET labeled as 78 
as a function on the dose.  
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Fig. 3 Sensitivity per session of MOSFET labeled as 78.  

3.2 Thermal drift study and reduction 

For the thermal characterization, three no 
irradiated samples have been studied in the ambient 
temperature range. Figure 4 shows the linear trend 
showed for the parameter S as a function of the 
temperature. This behaviour was identical for the 
rest of studied MOSFETs. The average thermal 
coefficient calculated was (5,7 ± 0,3)·10-4 K-1 for 
temperatures between 25 and 45 ºC.  

y = 5,529E-04x + 1,050E-01
R² = 9,987E-01

0,115

0,12

0,125

0,13

0,135

25 30 35 40 45

S

T (ºC)

T1
Lineal (T1)

 

Fig. 4 Subthreshold behavior of MOSFET labeled as T1 as a 
function on the temperature.  

From Equations [5] and [7], the most evident 
thermal dependence of parameter S is given for the 
factor kT/q. In Figure 5, we have depicted the 
magnitude S/T (T in Kelvins) with the aim of 
obtaining a parameter with lower thermal drift. 
With this simple calculation, the thermal drift has 
been reduced in a factor of 4 as it will show below, 
with an average thermal drift of (5,1 ± 0,9)·10-7 K-1. 
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Fig. 5 Thermal drift of the subthreshold swing divided by 
the temperature of MOSFET labeled as T1.  

This procedure of reduction of the thermal drift 
has been applied to the dose response of our 
MOSFETs. Figure 6 shows the data from Figure 2 
but divided by the temperature keeping the good 
linearity and a reasonable reproducibility among the 
studied sensors. In this case, the average value for 
the dose sensitivity of (4,31 ± 0.5)·10-6 K-1Gy-1 with a 
coverage factor of k=2. Therefore, a linear model for 
the dose response of the subthreshold swing can be 
used in this case. 
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Fig. 6 Dose response of the subthreshold swing divided by 
the temperature of MOSFET #78.  

In summary in Table 1, the thermal drift for S 
and S/T shows an appreciable reduction. In any 
case, the value of 12 cGy/K would be inacceptable in 
many applications and more work has to be done.   

Table 1 Summary of results and thermal drifts for the 
analyzed parameters.  

  S S/T 

Sensitivity (Gy-1) 1.42E-03 4.31E-06 

Themal Coeff. (K-1) 5.70E-04 5.15E-07 

Themal drift Gy/K 4.01E-01 1.19E-01 
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4. CONCLUSIONS 

In this work, an alternative method for 
MOSFETs dosimeters has been studied based on 
analysis and characterization of the influence of 
interface state density generated by irradiating 
pMOSFETs on subthreshold slope. Very good 
behaviour is observed related on the linearity of the 
subthreshold swing, S, on accumulated dose. The 
thermal drift is also analysed and several procedures 
to minimise it has been used. A suitable linearity is 
obtained for ΔS/T and a reasonable reproducibility 
among the studied sensors. However, in spite of the 
thermal drift for ΔS and ΔS/T shows an appreciable 
reduction, the value of 12 cGy/K would be 
inacceptable in many applications and more work 
has to be done. 
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Abstract. In this paper a novel large-core fiber-optic UV sensor based on the principle of fluorescence is presented. 
Fiber-optic sensor with one end covered with mixture of powder from mercury lamp and index matching gel is 
fabricated. As a UV light source solar simulator in UV spectrum is used. Spectrum of the light on the other end of the 
optical fiber is measured by using USB spectrometer. The peaks of fluorescent emission in the visible spectrum of 
wavelengths are obtained at the output of the sensor with powder from mercury lamp. 

Key words: fiber-optic sensor, fluorescence, large-core, solar simulator, UV detection 

1. INTRODUCTION 

It is difficult to imagine life on Earth without 
ultraviolet (UV) radiation. Its applications in 
sterilization of water, air, surgery rooms and synthesis 
of vitamin D in human skin are of extreme importance. 
Besides many beneficial effects, UV radiation has 
plenty of harmful effects on human health as well. 
Everyday examples of excessive exposure to UV light 
are premature skin aging and sunburn.  

In order to avoid dangerous influence of UV light, it 
is necessary to detect UV radiation by using different 
types of sensors. The most commonly used UV sensors 
are silicon based photodiodes. This solution of UV 
sensors has disadvantage of having low responsivity in 
UV region as room-temperature bandgap energy of Si 
is only 1.2 eV [1]. UV photodiodes made of different 
materials with wider bandgap have overcome this 
problem. Examples of these new-age UV photodiodes 
are ZnO-based [1], GaN-based [2] and ZnSe-based [3] 
photodiodes.  

The advantages of fiber-optic UV sensors over 
conventional optoelectronic devices are their 
simplicity, low-cost, electrical isolation and immunity 
to electromagnetic interference [4]. The immunity to 
electromagnetic interference is what makes fiber-optic 
sensors suitable solution for usage in proximity of UV 
lamp strong electromagnetic field. Electrical isolation 
is also very important, as it enables sensor application 
in water sterilization. 

A fiber optic UV sensor based on azobenzene dye-
doped polycarbonate film coated on a side-polished 
single mode fiber is presented in [5]. Fiber-optic UV 
sensor based on cladding luminescence, where 
cladding is replaced with epoxy-phosphor mixture is 
reported in [6]. This sensor also offers possibility of 

multi-point measurements by using two different UV 
sensitive materials.  

Plastic optical fibers are used in the fabrication of 
this sensor as they are cheap, robust and easy to 
handle [7]. Glass fibers can also be used and they have 
further advantages over the plastic type such as 
sensitivity and lower attenuation but they are costly, 
fragile and difficult to handle. 

The large-core plastic optical fiber is attractive due 
to the simple way in which light from a source can be 
coupled into the fiber. It is used for the proposed 
sensor fabrication as it offers larger light collecting 
area than plastic optical fibers with smaller core 
diameters and glass fibers. This also means a larger 
surface available to cover with UV sensitive 
compounds. 

In this paper is presented a relatively simple and 
large-core plastic fiber optic UV sensor based on the 
principle of fluorescence. 

2. PRINCIPLE OF OPERATION 

The sensor operation is based on the principle of 
fluorescence. Fluorescence is a specific type of 
photoluminescence. Photoluminescence involves the 
resonant absorption of a photon via a transition 
between the ground state and a real excited state and 
subsequent relaxation of the excited state back to the 
ground state, which results in the emission of a 
luminescence photon [8]. The emitted photon has a 
longer wavelength (smaller energy) than the incident 
photon. Nonradiative downward transitions can be 
part of the process as well. Fluorescence stops 
immediately when the excitation light is turned off, i.e. 
the emission occurs immediately after the absorption. 

When the material sample is exposed to UV 
radiation, according to before mentioned 
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characteristics of photoluminescence, it is expected to 
notice fluorescent emission in visible spectrum. 

The assumption is that fluorescence phenomena 
could be noticed when some UV sensitive compound 
(fluorophore) is deposited on optical fiber. 

3. EXPERIMENTAL SETUP 

In Figure 1 is shown experimental setup used for 
UV detection. It consists of solar simulator as UV 
source, fiber-optic sensor and spectrometer. Solar 
simulator used for this purpose is Sun 2000 Solar 
Simulator produced by Abet Technologies, Inc., which 
has maximum irradiance of 1.3 suns. 

 Fig. 1 Experimental setup used for UV detection 

The sensor is produced by using 3 mm diameter 
PMMA (polymethyl methacrylate) optical fiber with 
core diameter of 2.95 mm and numerical aperture 
NA=0.5. The ends of plastic optical fiber are firstly 
polished and after that on one end of the fiber thin film 
composed of mixture of index matching gel and 
powder from mercury lamp is deposited. Index 
matching gel is used to achieve better optical coupling 
between fluorescent emission and optical fiber input 
end. Fluorescence based fiber-optic UV sensor under 
solar simulator, which emits light in UV spectrum is 
presented in Figure 2. 

 

Fig. 2 Fluorescence based UV sensor under solar simulator 

The same sensor is employed in another 
experimental configuration where UV lamp is used as a 

source of ultraviolet light. Fabricated sensor with UV 
lamp as UV light source is shown in Figure 3.  

 

Fig. 3 Fluorescence based sensor with UV lamp as UV light 
source 

Measurements of spectra of UV sources were 
performed by using OCEAN OPTICS HR2000 
spectrometer (200-400 nm) and characteristics of 
fiber optic sensor output were measured with 
THORLABS SP1 spectrometer (400-800 nm).  

4. RESULTS AND DISCUSSION 

The sun emits ultraviolet radiation in the UV-A, 
UV-B, and UV-C bands. UV-C rays (100-280 nm) are 
the highest energy, most dangerous type of UV light, 
but fortunately it is not harmful for humans as it is 
completely absorbed in the atmosphere by ozone layer. 
UV-B (280 – 315 nm) radiation reaches the Earth’s 
surface only in a small portion (about 2%). UV-A (315 
– 400 nm) radiation passes atmosphere almost 
unfiltered and penetrates deeper into the skin than 
UV-B radiation, but the effects caused by it are weaker 
and act cumulatively. Therefore, the effects of this 
radiation become evident only when the changes are 
seriously developed. 

In Figure 4 UV spectrum of solar simulator is given.  

 
Fig. 4 UV spectrum of solar simulator 
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It can be noticed from Figure 4 that solar simulator 
emits significant level of both UV-B and UV-A 
radiation. Comparison of spectra on plastic optical 
fiber (POF) output for cases with and without 
fluorescent powder from mercury lamp deposited on 
the fiber tip under solar simulator illumination is given 
in Figure 5. 

 

Fig. 5 Comparison of spectra on POF output with and without 
fluorescent powder from mercury lamp 

After subtraction of these two spectra (with powder 
- without powder), final spectrum is obtained. 

On the sensor output can be detected fluorescent 
emission in visible region in the range of red 
wavelengths, with peak values at 616 nm and 620 nm. 
Fluorescent emissions detected in three measurements 
under solar simulator are given in Figure 6. From this 
figure, one can conclude that repeatability of UV 
radiation measurements is very good.  

 

Fig. 6 Fluorescent emission detected on the sensor output, 
when solar simulator is used as UV source 

Unlike solar simulator, UV lamp emits ultraviolet 
radiation in the long-wave range (UV-A range) only, 
which can be seen from Figure 7. 

 

Fig. 7 UV lamp spectrum 

Fluorescent emission detected on the sensor 
output, when UV lamp is used as UV light source is 
shown in Figure 8. 

 

Fig. 8 Fluorescent emission detected on the sensor output, 
when UV lamp is used as UV light source 

The excellent matching of spectra under solar 
simulator and UV lamp is achieved. 

5. FUTURE WORKS 

Our future research will be focused on the 
production of new fiber-optic sensors for UV detection 
with different sensor configurations and various UV 
sensitive materials. The logical extension of this work 
is the minimization of the complete sensor system in 
the sense of using smaller and cost-effective 
component such as photodetector. Optical filters could 
be also used before photodetector for passing narrow 
range of wavelengths of interest (in this case, 
wavelengths of 616 nm or 620 nm). 
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6. CONCLUSION 

Fluorescence based fiber-optic sensor presented in 
this paper enables detection of UV-A radiation. 
Produced sensor shifts UV range of the spectrum in the 
visible range of the spectrum. A large-core diameter of 
plastic optical fiber used in these experiments has 
enabled wider light collecting area, which resulted in 
good UV detection.  
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ANALYSIS OF PROTON TRACKS ETCHED IN REVERSE DIRECTION IN PADC DETECTOR USED  
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Abstract. A computer program called Neutron_CR-39.F90 written in Fortran 90, for neutron simulation through a 
PADC detector and its detection was described and developed. In this work the neutron Am-Be source was considered 
for simulation. It was shown that the most intensive secondary particles, created in neutron interactions with the 
detector, are protons.  Protons are emitted in different directions and their latent tracks are oriented randomly within 
the detector. Some tracks will be etched from the point where the particle was created in the direction of the particle 
motion – this is direct etching. Other tracks will be etched from the point where the particle was stopped or from 
where it exited from the detector, in opposite direction of particle movement – this is the etching in reverse direction. 
There are a lot of these tracks and they need be treated specifically as has been done in this work. Not all latent tracks 
can be revealed after an etching procedure. Several factors influence the track revealing. The energy threshold and the 
critical angle are the most important ones. In differ to other authors we calculated contribution of reverse etched 
tracks to total neutron dose. 
The programming steps are outlined with detailed description of neutron simulation, determination of latent tracks of 
created protons, as well as, their development after detector etching in same and opposite direction of particle motion. 
The computer code Neutron_CR-39.F90 contains three subroutines. First, Neutron.f90 which simulates neutron 
through CR-39 detector and store parameters of secondary particles in output file. Second, Trackfdmsame.f90 which 
calculates profiles of tracks emitted in same direction as etchant progression. Third, subroutine Trackfdmback.f90 
which calculates profiles of tracks emitted in opposite direction than etchant progression.  
The outputs of the code are parameters of created protons (coordinates of starting and stopping points, direction 
angles of particles, initial and deposited energies) and number of visible tracks per incident neutron. It enables 
calculation of neutron detection efficiency for different input parameters and may be used for further analyses. 

Key words: neutron, PADC, Monte Carlo simulation, chemical etching, proton track 

 

1. INTRODUCTION 

In contrast to charged particle or photon radiation 
which directly leads to release of electrons, neutrons 
interact with the nucleus and induce emission of 
several different types of charged particles such as 
protons, alpha particles or heavier ions. 

The solid state nuclear track detectors (SSNTDs) 
record the passage of charged particles permanently 
and the region around the charged particle’s path is 
more reactive to chemical etching agents, which 
makes possible to reveal the particle tracks and 
observe them at optical microscopes [1].  

Numerous simulations were made to investigate 
SSNTDs. In recent years, Monte-Carlo simulation is 
becoming a very useful tool in the field of SSNTD 
research. However, most of the research works 
focused on PADC detector. The PADC detector 
commonly known as CR-39, widely used for charged 
particle detection and measurement [2]. The main 
advantage of using CR-39 in fast neutron dosimetry is 
its insensitivity to photon irradiation, and low neutron 
energy threshold. Also, the detector is not affected by 

the environmental conditions and is sensitive for wide 
range of neutron energy. 

The interaction of the neutrons emitted by the 
Am-Be source with the CR-39 detector is simulated in 
this paper. The special case of proton tracks etched in 
reverse direction was considered and their 
contributions to detection efficiency were taken into 
account. The program Neutron_CR-39.F90 was 
written in Fortran 90 code. This program enables 
neutron simulation through CR-39 detectors and the 
calculation of proton track profiles after detector 
etching. 

2. PROGRAM DESCRIPTION  

The computer code Neutron_CR-39.F90 contains 
three subroutines. First, Neutron.f90 which simulates 
neutrons passing through CR-39 detector and store 
parameters of secondary particles in output file. 
Second, Trackfdmsame.f90 which calculates profiles 
of tracks emitted in same direction as etchant 
progression. Third, subroutine Trackfdmback.f90 
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which calculates profiles of tracks emitted in opposite 
direction than etchant progression. 

2.1. Subroutine for neutron simulation 

The simulation was performed for piece of CR-39 
detector which was irradiated using a cylindrical Am-
Be neutron source. The position of the detector and 
the source with their dimensions are presented in Fig. 
1. The center of the front-face of the detector is at the 
origin of coordinate system in the z=0 plane. 

Fast neutrons interact with the constituents of CR-
39 (C12H18O7) detector and produce H, C and O recoils 
as well as (n, α) and (n, p) reactions. The data for 
cross sections of these atoms were taken from the 
well-established Neutron data library ENDF/B-VII 
[3]. If the total cross sections of these atoms are 
denoted as σH, σC and σO, the total cross section of a 
molecule σtot is given by σtot=(18 σH+12 σC+7 σO). The 
total cross sections of the atom include elastic and 
non elastic interactions (inelastic scattering, (n,p) and 
(n,α) reactions).  

We used Monte Carlo method to describe the 
neutron penetration in the detector. In the Monte 
Carlo simulation, several random processes can be 
simulated through random sampling. There are: 

(1) sampling of incident position and direction of 
a neutron 

First step was homogenous sampling of emission 
point of the neutron (xs, ys, zs=0) in the source. The 
position is determined by 

sss

sss

ry

rx




sin
cos

 (1) 

where ss Rr  1 , 22s , Rs is the radius of 

the source, ξ1 and ξ2 are random numbers. 

Direction of neutron determined with cosines (pxs, 
pys, pzs) was sampled isotropic according to well 
known [4].  

If the sampled direction did not cut the detector 
top surface, sampling was repeated. The sampled 
neutron hit the detector surface at the point (x0, y0, 
z0=0). 

(2) sampling of the interaction position and 
interaction target 

After a neutron is randomly incident into a CR-39 
detector, it transports in the incident direction before 
interaction occurrence. The interaction position of the 
neutron with a detector’s atom is determined by 
random sampling. The free path of the neutron, λ, and 
the total macroscopic cross section were calculated 
according to [4].  

Then the position of the interaction point in the 
detector is determined by  
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Fig. 1 Geometry of the source and the detector. Detector 
dimensions are: height, h; width, w; thickness of the 
detector, t. Source dimensions are: diameter, Ds; height Hs. 
The distance between detector and source is d.  

Using a random number ξ3 interaction target (H, C 
or O atom) can be determined by the sampling below 
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(3) sampling of the interaction type 

The next step was sampling of the interaction type 
i.e. elastic and non elastic interactions. Elastic 
interactions are possible on H, C and O atoms in differ 
to non elastic which are possible on C and O atoms. 

Due to elastic scattering, the incident neutron will 
be scattered at a certain angle with the incident 
direction, the target nuclide will also undergo recoil 
with the energy equal to the difference of the incident 
neutron and the scattered neutron energies. For the 
direction and energy of charged particle two body 
kinematics formulae are used which can be found in 
most text books on nuclear physics [5]. 

 According to neutron spectrum of Am-Be source, 
non elastic interactions include inelastic scattering, 
(n,p) and (n,α) reactions. Type of non elastic 
interaction was sampled using the standard method of 
discrete event sampling like in Eq (3). All these 
interactions were considered in this work, but it was 
shown that the number of created alpha particle is 
small in respect to the number of created protons and 
could be neglected [6-9].  

The (n,p) reaction occurs only on the C nucleus if 
neutron energy is larger then 10.24 MeV, so it is 
neglected considering spectrum of Am-Be source. The 
parameters of proton created in (n,p) interactions 
were calculated and determined as described in [9]. 
The most important reaction is elastic scattering on 
the hydrogen nucleus. 

If a residual nucleus is left in an excited state, the 
scattering is called inelastic. To simulate the excited 
state, a similar scheme for the sampling of discrete 
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events, as described above, was applied. The 
knowledge of a partial cross section for the excitation 
to a particular state is needed to perform this task.  
Energy level diagrams for oxygen and carbon were 
used from TUNL Nuclear Data Group [10].  

Whether the interactions are elastic or some 
nuclear reactions generating proton or alpha, the 
resulting reaction products will carry some energy and 
will create latent trails in the detector along their 
direction of motion. The distance that the particle 
passes within detector material is particle range. 
Several computer codes exist for the calculation of 
stopping power and range of charged particles in 
different stopping media. One of the most frequently 
used is the SRIM code (Stopping and Range of Ions in 
Matter) [11]. The range of the protons is found by 
SRIM program.  

2.2. Subroutines for the detector etching and 
track revelation  

Protons created in (n,p) reactions are emitted in 
different directions and their latent tracks are 
oriented randomly in all directions. Some tracks will 
be etched from the point where the proton is created 
– this is direct etching in the direction of the particle 
motion. Other tracks will be etched from the point 
where the proton is stopped – this is the etching in 
reverse, i.e. opposite direction [7]. An additional case 
is when the proton leaves the detector surface (top or 
bottom). In this case the etching starts from the exit 
point. The program determines whether any latent 
proton track will become visible according to the 
following conditions: if the angle between the detector 
surface and the proton direction is larger than critical, 
and if the diameter of the tracks is larger than 1 μm, 
the track would become visible under an optical 
microscope. The calculation of track parameters 
etched in one direction or in an opposite direction, is 
based on the numerical solving of the track wall 
equation using a finite difference method [12]. 

 It was taken that the bulk rate etch, Vb, was 
1.2 μm/h, which corresponds to the etching in 6.25 N 
sodium hydroxide (NaOH) water solution at a 
constant temperature of 70 oC [9].  

Under a defined chemical etching condition, track 
can be expanded to size large enough to be counted 
under optical microscope. The size of track depends 
on the damage in CR-39, which itself depends on the 
energy and direction of recoil proton. Not every 
incident particle will be able to produce a readable 
track. In fact, for any particle incident with a certain 
incidence angle θ (defined as the angle between the 
particle trajectory and the detector surface normal), 
the track etch rate component Vt in the direction of 
the detector surface normal must exceed the bulk etch 
rate Vb in order to produce a readable track. The 
critical angle was calculated using the well-known 
equation θc = arcsin(V), where V=Vb/Vt. The V 
function for protons in CR-39 was recently published 
[13] and this function was adopted and used in the 
simulations.  

3. RESULTS 

In this work, a primary interaction based on 
Monte Carlo simulation has been developed for the 

determination of detection efficiency of the CR-39 
detector for irradiation with neutrons from Am-Be 
source. The neutron energy in Am-Be spectrum is up 
to 11 MeV with a maximum of about 2 MeV [14]. 
Presented results are in relation to the number of 
neutrons entered in the detector and therefore we can 
assume that the source and the detector are in contact 
(d=0, Fig. 1). The simulation was performed for 105 
neutron histories, dimensions of the detector w x h x t 
(2 cm x 1 cm x 0.1 cm) and a density of ρ=1.32 g/cm3. 
Dimensions of the source, diameter and height are: 
Ds=2.25 cm and Hs=3.1 cm.  

The latent efficiencies i.e. the number of latent 
tracks created by the alpha particles and protons per 
incident neutron are 1.1·10-3 and 1.5·10-1, respectively. 
According to the latent efficiencies we can conclude 
that the most intensive secondary particles, created in 
neutron interactions with the detector, are protons. 

During the etching the detector was completely 
immersed in etching solution so that both sides of its 
surface i.e. top and bottom were etched 
simultaneously. The number of visible tracks revealed 
during the etching of both surfaces, including etching 
in the direction of proton propagation and also in the 
opposite direction, were taken into account and 
scored by computer program. 

The outputs of the program are: 

(1) the file which contains data of recoiled protons 
as: recoild angle, coordinates of starting and stopping 
point, initial and deposited energies of protons, 

(2) deposited energy of recoiled protons per 
number of visible tracks, Ed (keV/track),  

(3) number of visible tracks per number of 
incident neutrons, Nn (tracks/n). 

It is obvious from Fig. 2 that the deposited energy 
of recoiled protons per number of visible tracks, 
decreases as removed layer increases. Also, from Fig. 
3, we can see that number of visible tracks per 
number of incident neutrons increases as removed 
layer increases. Number of visible tracks etched in 
same direction is smaller than etched in reverse 
direction. The number of latent proton tracks formed 
in removed layer, in same and opposite direction, is 
similar. But, there are latent proton tracks emitted 
from rest of detector in opposite direction than 
incident neutron, which passed through the removed 
layer. It is basic reason for larger number of latent 
tracks in opposite directions.  

As a result of fitting the data from Fig. 2 the 
following equation was obtained which is valid for      
x > 6 μm in the form 

)exp( xbay   (4) 

where y is the deposited energy of recoiled protons 
per visible track, x is the removed layer, coefficients 
are a = 11.6 and b = 4.86*10-2. In differ to Fig. 2 the 
result of fitting data from Fig. 3 is equation 

axby   (5) 

where y is the number of visible tracks per number 
of incident neutrons, x is the removed layer, 
coefficients are a = 0.48, b = 7.68 and a = 0.44, b = 
-0.58  for same and reverse etched tracks, 
respectively. 
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Fig. 2. Deposited energy of recoiled protons per number of 
visible tracks as a function of the removed layer 

 

Fig. 3. Number of visible proton tracks per number of 
incident neutrons as a function of the removed layer, 

separately for tracks etched in same and reverse direction 

4. CONCLUSION 

Simulated exposure of CR-39 detector to neutrons 
and analysis of proton tracks etched in same and 
reverse direction are presented in this paper. Using 
parameters of etched tracks the efficiency of CR-39  
detector for the neutron detection was estimated. The 
results of the simulation are number of visible tracks 
per incident neutron and deposited energy of recoiled 
protons per number of visible tracks. 
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Abstract. The proposed digital integrator eliminates, with even better performance, the key and technologically the 
most demanding component – a precision capacitor – from the integrator of the ionizing chamber based dosimeter, 
using the recently developed digital stochastic measurement method. Schematic diagram, theoretical analysis and 
results of simulation that confirm the estimated measurement uncertainty are presented. 
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1. INTRODUCTION 

This paper gives basic information about newly 
developed stochastic digital integrator and its 
application in radiation dosimeters with ionization 
chamber. This new integrator have several advantages: 
(i) simple hardware; (ii) low cost (in standard solution 
for precision dosimeters several high-quality and 
expensive capacitors are used as integrating element); 
(iii) high sampling rate; (iv) inherent noise suppression 
due to method used, so lower radiation doses can be 
measured; (v) arbitrary measurement range, 
depending only on length of the digital counter, so very 
high doses in long time intervals can also easily be 
measured; (vi) convenient for easy implementation in 
ASIC technology.  

A schematic diagram of the integrator used in 
ionizing chamber based dosimeters [1] is shown in 
Fig. 1. Rf is the feedback resistor (variable, or several 
fixed values, to vary sensitivity in the dose rate mode) 
and Cf is the feedback capacitor (variable, or several 
fixed values, to vary sensitivity in the integrated mode 
– dose mode). 

The output voltage is I fV I R   in the rate mode, 

or  I f/V I t C  in integrated mode. Having in mind 

that currents from the ionizing chamber II  are very 

small, it is important to have precise resistors Rf and 
capacitors Cf. For precise measurement of dose we 
need to know the exact value of Cf with relative 
accuracy better than 10-4, with variation of the value 
also less than 10-4 in the laboratory environment. 

For several different ranges we need to have several 
standard capacitors [1], usually five in a range from 
50 pF to 1 μF, or a high quality integrating capacitor for 
pulse generating [2]. These components are still 
technologically demanding and hence expensive. 

 

 

Fig. 1 Ionization chamber based dosimeter 

2. PROPOSED DIGITAL INTEGRATOR 

In Fig. 2 the schematic diagram of the proposed 
digital integrator is given. 

Due to the stochastic nature of the radioactive 
decay, the input signal of the analog adder is 

y c n   (1) 

where I fc I R   and n is the signal component that 

represents the Gaussian noise. 

A random and uniform signal h is superimposed to 
the signal y and this combined signal is lead to the 
flash A/D converter’s (FADC) input [3]. The 
conversion result is number  . 

The D/A converter (DAC) converts a number from 
the random number generator (RNG) into an analog 
dithering signal, the LATCH provides correct 
interpretation of the number  , and the accumulator 

ACC digitally integrates numerical series  i . 
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If the generated uniform random signal h satisfies 

the requirement 
2

h


 , where   is the resolution 

(quantum) of the FADC, and if its probability density 

function (PDF) is   1
h 


, then, for any integrable 

signal  y f t  in the scope of the FADC input limits, 

it can be shown that 
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where N is the number of samples of the discrete 

digital quantity  i  in the integration interval. 

Let the measurement error of one sample of the 
FADC be 

e y      (3) 

From (2) 0e   and it can be shown [4] that the 
standard deviation of the mean value e  is given by (4) 

[5]. The value n  represents standard deviation of the 

noise n. 
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The value 2
e  is the measure of the dispersion of 

quantity    around y  This quantity represents 

standard (type A) measurement uncertainty  u c  due 

to measurement results dispersion. 

The dose D is simply 
f

c t
D

R


 . Unlike precise 

capacitors, precise resistors are available at the market 
with the affordable price. 

3. SIMULATION 

At the lowest current measurement I range of the 

ionizing chamber, 10 pA
I

I , the noise becomes 

significant – the value of the noise is about 0.4 pA, so 

the signal/noise ratio (SNR) is about 28 dB. In 
simulation we analyze this, the worst, case. 

The simulation was run for the FADC resolution of 
4 bits, in the interval of 60 s and for sampling 
frequencies of 100 kHz, 400 kHz, 1600 kHz and 
6400 kHz. For every point, a series of 200 
measurements was simulated. The simulations were 
done assuming that there is a noise n superposed to 
the input signal c, so the signal to noise ratio equals to 
28 dB. 

In Fig. 3 the theoretical limit of the error   /u c c  

of the quantity c (according to (4)) and the values for 
the same quantity obtained by simulation are shown. 
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Fig. 3 Upper theoretical limit of standard uncertainty (A)  
and results of simulation (B) 

4. EXPERIMENTAL VERIFICATION 

 

Shown in Fig 4. is experimental verification of the 
idea given in previous paragraphs. Worth noting, is 
that used flash A/D converter is two bit, and D/A is 
eighteen bit respectively. Principally, mentioned 
differences do not change anything theoretically apart 
from slight prolonging of measurement time. However, 

they do simplify the hardware due to:  1,0,1   

and accumulator is basic up/down counter. The key 
source of systematic error is dithering signal h. It 
causes random measurement error of instantaneous  
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Fig. 2  Proposed instrument based on stochastic digital integrator 
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value of input signal y and, based on Central Limit 
Theorem and Sampling Theory, on large enough 
sample that error becomes neglectable. In paper [6] is 
presented an idea of ascertaining measurement 
uncertainty due to above mentioned random error in 
much more complex device that measures the integral 
of two input signals [3], Applying the idea to this 
instance, the following formulas are given: 
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1 1
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2 1 2 1
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where: 2
e  - error varijance of integral (2); 

 I1, I2 – summs in (6). 

Simple hardware Fig. 5a and 5b calculates I1 and I2 
respectively. It enables on line monitoring of 
measuring uncertainty of integral (2), independent of 

input waveform  y f t  and even when the input 

signal is stochastic. Note that the content of 
accumulator and counters that measure I1 and I2 can 
be transmitted using RS 232 to the PC, enabling 
presentation of the result and corresponding 
measuring uncertainty. Figure 6.shows the results of 
calibrating the prototype integrator unit and, as it can 
be seen, it is very linear. The calibrating line shift is  

-200.153 pulses, and it is a systematic error caused by 
the offset of analog adder that adds input signal y and 
dithering signal (noise) h. 

Since systematic error can be determined and 
quantified, it can simply be corrected. 

Figure 7 shows implemented integrator unit [3] 
used to experimentally confirm the idea presented in 
previous paragraphs. 

5. DISCUSSION 
Using the digital integrator described in [3] it is 

possible to eliminate systematic measurement error 
due to comparator offsets in FADC and provide high 
accuracy. 

It is visible that the standard deviation of the 
quantity /

e

c  is far below allowed variation of the 

capacity of the standard capacitor, even at the 
sampling frequency of 100 kHz. As electronic 
components in device shown in Fig. 2, FADC, DAC, 
LATCH, ACC, RNG and analog adder can work at the 
clock frequency of 6400 kHz, it is clear that the 
simulated device can be more precise (minimum two 
orders of value) than the device shown in Fig. 1. 

The output of the proposed instrument is 
inherently digital, so the measurement range depends 
on the number of bits in the output accumulator; due 
to short word in the FADC (4 bits), this is, in fact, the 
number of bits in the rest of the accumulator, which is 
up/down digital counter. It can easily be extended to 
sufficient length depending on measurement range. 

By choosing the resistor Rf we determine the 
sensitivity, i.e. we provide that I fc I R   stays in the 
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input range of the FADC, and the capacity – the word 
length – of the digital counter provides the upper range 
of the measured dose.  

The content of the counter is: 
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Fig. 6  Calibration curve of implemented integrator unit 

 

 
 

Fig. 7 Integrator unit prototype 

6. CONCLUSION 

The simulation results presented in this paper 
show that using the stochastic digital integrator we can 
replace five precision capacitors and provide much 
better performances in dosimeters based on ionizing 
chamber. 

The significant Gaussian noise (SNR = 28 dB) at 
low dose rate, is used in calculations for all dose rates. 
It is shown by simulations that this noise is almost of 
no influence (the error is under 5·10-6) at clock 
frequencies of 6400 kHz. Using high clock frequencies, 
this instrument can be used for high-precision 
measurement of the radiation dose. The digital 
integrator presented can provide measurement of 
lower currents (lower dose rates) and larger doses 
(longer integrating periods) then usual analog 
integrator in dosimeters. 

The whole instrument besides ionization chamber 
can be easily implemented in one ASIC integrated 
circuit, which can add to instrument reliability and 
lower susceptibility to electromagnetic and other 
sources of disturbances. Two bit integrator is more 
convenient for this purpose and it is implemented in 
prototype version. 
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Abstract. The technology of Radio Frequency MicroElectroMechanical Systems (RF MEMS) capacitive switches is 
introduced. The switch operating principle, design and fabrication methods are described. The key reliability issues of 
switches are discussed and some experimental data demonstrated. Moreover, initial experimental data on the 
influence of the ambient temperature and gamma radiation on the switch actuation voltage are presented. 
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1. INTRODUCTION 

Microelectromechanical switches are micron-scale 
devices that, in their simplest form, include two 
metallic electrodes; of which one can move with 
respect to a fixed electrode. The up or down position of 
the moving electrode determines the open or closed 
state of the switch, allowing the radio-frequency signal 
to be transmitted or blocked in the device. RF MEMS 
switches have gained significant interest for various RF 
applications due to their superior RF performances, 
low dc power consumption, small size and weight and 
integration capability [1]. One of the most immediate 
applications for RF MEMS is satellite systems in the 
space industry, which require the use of large numbers 
of switches and switch matrices. Currently used RF 
switch technologies in space applications are bulky and 
heavy (coaxial and waveguide switches) and can suffer 
from high power consumption and inferior RF 
performance (PIN diodes and MESFET transistors)   
[2, 3].  

1.1. Switch Operation Principle 

An SEM image of a typical switch used in this work 
is given in Fig. 1. Also included are an ideal switch 
cross section and a typical capacitance-voltage (C-V) 
characteristic. The switch consists of the top movable 
electrode (membrane and springs) and the bottom 
electrode (coplanar waveguide, CPW) coated by a thin 
layer of dielectric. When the membrane is in the up-
state, the radio frequency (RF) signal passes through 
the CPW line. The application of the bias voltage above 
the pull-in (V>VPI) between the membrane and the 
signal line of the CPW causes the membrane to 
collapse on the dielectric (e.g. at the pull-in voltage the 
electrostatic attractive force between the electrodes 
overcomes the mechanical force provided by the 
springs thus pulling the movable electrode to the 
down-position). This increases the capacitance of the 
device which couples the RF signal to the ground lines 

of the CPW. To release the membrane, the voltage has 
to be decreased to below the pull-out (V<VPO) (e.g. at 
pull-out the mechanical force from the springs 
overcomes the electrostatic force from the bias voltage 
thus restoring the movable electrode to the up-
position).  

 
Fig. 1: (a) SEM image of a typical switch developed in Tyndall, 
(b) switch cross section and (c) measured C-V characteristic of 

the device 



 102

1.2. Switch Fabrication 

The switches in Tyndall are fabricated using a 
technique called surface micromachining. A silicon 
wafer passivated by 0.5µm thick silicon oxide (initial 
oxide) is used as the substrate. Initially, a 0.5µm thick 
layer of metal is sputtered (aluminium/1%-silicon, 
Al/1%Si) and etched to create the CPW transmission 
line. On top of this 0.1µm thick silicon oxide 
(passivation) is deposited by PECVD method and 
subsequently etched to open contact holes. A 3µm 
thick layer of polyimide is spin coated on the oxide. 
This material acts as a sacrificial layer. It is patterned 
and etched to open vias for switch anchors. Finally a 
structural layer is deposited, patterned and etched to 
form the switch membrane and springs. The structural 
metals investigated in Tyndall consist of titanium and 
aluminium metal films with thicknesses of 0.5 to 1µm. 
Different types of springs are investigated, e.g. the 
straight springs on the switch shown in Fig. 1. Other 
types include meander and spiral springs. To complete 
the processing, the sacrificial layer must be removed in 
order for the movable electrode to be a free-standing 
structure. To remove this layer, the polyimide is etched 
in an oxygen-rich plasma ash system.  

 

 
Fig. 2: The basic fabrication process of Tyndall’s RF MEMS 

capacitive switch 

 

2. SWITCH RELIABILITY 

While capacitive RF MEMS show great potential in 
the area of radio frequency applications, there are 
several reliability concerns which are hindering the 
commercialisation of such devices. The two main 
issues are mechanical degradation of the movable 
components and dielectric charging. In many 
applications the stable operation of switches over a 
wide temperature range is required. For instance, the 
operating temperature specification of MEMS for 
redundancy circuits within RF equipment for space 
applications is -25 to 70oC [4]. Besides the switch 
operation related issues as listed above the issues 
related with the switch processing and packaging also 
exist. These are: post process charge in the dielectric, 
residual stress in the movable electrode after it is 
released, and package hermeticity. This section briefly 
describes the reliability issues of RF MEMS capacitive 
switches related to the switch operation.  

2.1. Mechanical Degradation 

The mechanical degradation in MEMS can occur 
due to two mechanisms; fatigue and creep. Both 
mechanisms can cause a change in the material 
properties of the movable electrode and springs due to 
stress induced during actuation. While fatigue occurs 
due to mechanical stress applied to the switch 
periodically (switch operates in cycling mode), the 
creep phenomena is due to mechanical stress applied 
for a prolonged period of time (switch stays in the 
down-position for a long time). However, if the moving 
elements in MEMS are designed to be relatively long 
(tens to hundreds of μm) and are deflected by only 1-5 
μm then the mechanical failure due to fatigue is 
significantly limited. Many MEMS switches reported in 
literature have been tested for billions of switching 
cycles with no observed mechanical failures. Also, 
lifetime tests of a few billion cycles have been carried 
out on switches developed in Tyndall (see Fig.3). It was 
found that no failure due to fatigue occurs in such 
devices. 

The ideal C-V characteristic of a MEMS capacitive 
switch is symmetrical around zero bias due to the 
electrostatic principle of switch actuation, i.e. the 
electrostatic force on the movable electrode 

 
Fig. 3: Lifetime test carried out on a switch developed in 

Tyndall showing stability over five billion cycles.  
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that is responsible for the actuation is proportional to 
V2. Therefore, in an ideal switch the pull-in voltage 
(VPI) and pull-out voltage (VPO) are equal for both bias 
polarities and can be described by 	 g  (1) 

	 g  (2) 

where k is the mechanical spring constant of the 
movable electrode, ε0 and εd are the permittivities of 
the free space and the dielectric, A is the area of 
overlap between the membrane and the central line of 
the CPW, g is the air-gap height, and d is the dielectric 
thickness. Considering (1) and (2), it can be seen that a 
change in the spring constant due to a change of 
material properties can affect the switch threshold 
voltages. Such a mechanism causes the so called 
“narrowing effect” in the C-V curve of the switch; the 
threshold voltages decrease in magnitude as shown in 
Fig. 4. This has also been shown to occur in our 
switches [5, 6]. It is believed that this effect is related 
to the stress relaxation mechanism (viscoelastic 
phenomenon or viscoelastic creep) that can occur in 
thin metal films under strain [7, 8].  

2.2. Dielectric Charging 

It is desirable that switches have a high capacitance 
ratio to provide high switching and tuning 
performance of an RF signal. Thus the use of dielectric 
material on the bottom electrode is required to achieve 
high down-state capacitance. One major problem faced 
by MEMS capacitive switches is the dielectric charging 
phenomenon. This results in a build up of charge in the 
dielectric which in turn causes undesired effects (such 
as a shift in the C-V characteristic) and ultimately can 
lead to device failure due to stiction. In an ideal 
capacitive switch the dielectric contains no parasitic 
charge. However, it has been shown that significant 
levels of charge can be present in the bulk or on the 
surface of the dielectric as a result of the applied bias 
and/or fabrication process. The presence of 

 
Fig. 4: Typical data showing the narrowing effect that is 

observed in our aluminium switches. This narrowing effect 
occurs regardless of the bias stress polarity applied to the 

switch. The plot compares the initial C-V curve with that after 
prolonged down-state stress. Note that the switch is close to 

failure as the negative pull-out voltage almost crosses the zero 
bias point 

charge in the dielectric leads to build up of an 
additional potential between the movable electrode 
and the bottom electrode which distorts the initial 
threshold voltages (see (3) and (4), where ƒ(σ) is the 
additional potential in the system due to parasitic 
charge). As a result, the C-V curve becomes 
asymmetrical about zero volt bias and displays the so 
called shift effect on the voltage axis (see Fig. 5). The 
direction of the shift is determined by the net polarity 
of parasitic charge and depends on the dielectric 
properties and stress conditions.  	 	    (3) 	 	    (4) 

2.3. Temperature Effect 

The temperature dependency of the switch pull-in 
voltage is caused by the mismatch between the thermal 
properties of the movable electrode and the rigid 
substrate to which it is mechanically anchored. As the 
ambient temperature varies, both materials tend to 
expand or contract at different rates. For instance, as 
the temperature increases, the metal electrode expands 
more than the substrate because of its higher 
coefficient of thermal expansion (CTE). However, due 
to mechanical constraints at the anchor points, this 
process causes a mechanical force to act on the 
movable electrode that in turn impacts the net stress in 
the material and causes electrode deformation 
(upwards or downwards) and change in the device 
spring constant. This strongly affects the pull-in 
voltage of the device. In our devices springs are used to 
decrease the temperature induced stress in the switch 
and to stabilize the pull-in voltage. The springs are 
placed between the movable plate and the anchors so 
that they can compensate for the forces and stress 
induced during temperature variation.  

The actuation voltages of switches with meander-
type and straight-type springs have been investigated 
in the temperature range from -25 to 75°C. The 
measured data are shown in Fig. 6. Further 
experimental and 3D simulation data can be found in 
[9].  

 
Fig. 5: Typical data showing the shift effect observed in our 

titanium switches. The negative shift is observed after a 
positive stress voltage is applied to the membrane while the 

positive shift (not shown in figure) occurs under the negative 
bias stress. Note that the switch is close to failure as the 

positive pull-out voltage almost crosses the zero bias point 
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Fig. 6: Measured pull-in voltage at different temperatures for 

switches with meander and straight suspensions 

2.4. Radiation Effect 

Experiments were performed at the ESA radiation 
facility in Noordwijk in order to assess the operation of 
our MEMS switches in a space environment. Gamma-
rays from a Cobalt-60 source were used to irradiate 
devices up to four total ionizing doses (TIDs), 12, 24, 
48 and 72 krads. The irradiation was performed on 
non-biased and non-hermetically packaged devices. 
For measurements of pull-in voltages, the dies were 
attached to standard 24 pin ceramic packages and the 
switches were wire-bonded (each die contained 6 
switches). All switches were tested for positive and 
negative pull-in voltages before irradiation. 
Afterwards, four dies were placed in the radiation 
chamber facing the source, in close proximity to where 
a dosimeter was installed. The radiation source was 
stopped to remove the dies after the dosimeter 
indicated the desired dose level had been reached, i.e. 
die 1 @ 12 krads, die 2 @ 24 krads, die 3 @ 48 krads 
and die 4 @ 72 krads. After removal from the chamber, 
the switches were tested for positive and negative pull-
in voltages. Fig. 7 shows the normalized positive and 
negative pull-in voltages, VPI-0/VPI-rad, versus the total 
irradiation dose, where VPI-0 is the average pull-in 
voltage over 6 switches measured before irradiation 
and VPI-rad is the average pull-in voltage over 6 switches 
measured after irradiation.  

Preliminary results from the radiation experiments 
on non-biased switches as described in Fig. 7 show that 
the pull-in voltages don not change with total 
irradiation dose. Similar experiments were performed 
at lower dose rate (i.e. 60 rads/min) and the same 
results were obtained. Experiments on switches under 
bias are currently being performed to investigate the 
combined effect of electrical and radiation stress.  

3. CONCLUSION 

The technology of RF MEMS capacitive switches 
has been introduced, including a discussion of the 
operating principles, design and fabrication methods. 
The key reliability issues were described along with 
their main causes and consequences. The results of 
experiments performed to investigate 

 
Fig. 7: Normalized positive and negative pull-in voltages 

versus the total radiation dose received from a 60Co source. 
Note that the switches were unbiased during irradiation 

these issues were presented. Analysis from initial 
experiments on the influence of the ambient 
temperature and gamma radiation on the switch 
indicate that our capacitive switches would be well 
suited to applications in the space industry.  
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Abstract:  X-rays are frequently used in Diagnostic Imaging, with both the number and complexity of examinations 
growing annually.  This trend has resulted in patients receiving increased radiation exposure.  Patient dose estimation 
presents a significant challenge to medical physicists and is often subject to a large degree of error with current 
methods.  
  Manufacturers have addressed dose concerns with the introduction of dose reduction measures on their imaging 
modalities.   While this development is essential for optimal radiation protection of patients, evaluation of the efficacy 
of such measures is difficult to quantify.   A need was identified to address the current deficit in dosimetry technology 
and methodology. 
  The purpose of the work presented in this paper was characterisation of Radiation Sensing Field-Effect-Transistor 
(RADFET) devices manufactured at Tyndall National Institute in the diagnostic energy range (40kV-120kV).  Two 
device types, with gate oxides of 400nm and 1µm, were characterised.  Sensitivity, energy dependence, effect of 
packaging configuration, SSD dependence, fading, and potential of stacked RADFET configuration were investigated.  

Key words: RADFET, Dosimeter, Diagnostic Radiology, Sensitivity, Energy dependence 

1. INTRODUCTION  

Diagnostic Radiology often involves the use of 
ionizing radiation to acquire images for disease 
diagnosis and treatment.  Recent advances in imaging 
technology have led to an increase in the use and 
application of medical imaging.  Subsequently, there 
has been an increase in population radiation dose as a 
result.  Also, there have been a number of incidents 
reported in the media relating to over-exposure of 
patients during routine examinations.  Manufacturers 
of imaging equipment have developed various methods 
and techniques to reduce the radiation dose to patients 
– for example, tube current modulation and iterative 
reconstruction in Computed Tomography (CT).  
Although these developments are welcome, the 
difficulty lies in the evaluation and quantification of 
these dose reduction features. 

Radiation dosimetry is a huge area of research. In 
particular, patient dosimetry is a growing aspect of this 
field which presents significant challenges to the 
medical physics community.   There are a wide variety 
of radiation detectors available that employ different 
principles of operation for dose measurement. These 
include Thermoluminescent dosimeters (TLDs), 
Optically Stimulated Luminscent (OSL) dosimeters, 
Metal-Oxide-Semiconductor Field-Effect Transistor 
(MOSFETs) and Silicon diodes.  The choice of detector 
not only depends on the application but also on the 
energy range in use.   

  In addition, new dose reduction features on 
imaging modalities, which result in lower dose 
examinations challenges current radiation 
measurement methodologies and a need has been 

identified to address this deficit in dose monitoring 
and measurement.   

One particular type of MOSFET, known as a 
RADiation-sensitive Field-Effect Transistor (RADFET), 
has been used successfully in Radiotherapy 
applications [1,2] and has been well characterized in 
relevant energy range (1 – 15 MV).  Tyndall RADFETs 
have been used commercially in radiotherapy, however 
have not so far been characterized in the diagnostic 
energy range (40kV – 120kV).  The purpose of this 
work was to carry out the device characterization with 
a view for potential use in diagnostic radiology. 

2. EXPERIMENTAL DETAILS  

2.1. RADFETs 

RADFET is a solid state device (p-channel 
MOSFET) that is optimised for radiation detection. 
Device cross section is shown in Fig. 1.  It is the gate 
oxide that corresponds to the active volume of the 
sensor, with oxides available in various thicknesses.  
Two types of Tyndall RADFETs were used in this 
study: devices with an oxide thickness of 1µm (Type 1) 
and 400nm (Type 2).  A Boron implant step was used 
during fabrication of the devices to reduce the “native” 
threshold voltage from 20V to ~5V for Type 1 and from 
8V to ~2V for Type 2 RADFETs. 

Radiation creates electron-hole pairs in the gate 
oxide, electrons are swept out of the gate oxide, but the 
holes drift towards the oxide/silicon interface and get 
trapped at or near the interface, giving rise to oxide 
charge and interface traps.  These trapped charges 
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affect the gate voltage at which the RADFET turns on, 
i.e. the threshold voltage (VT).  

 

Fig. 1  RADFET cross section. 

The principle of operation of the RADFET involves 
measuring a shift in threshold voltage (ΔVT) pre- and 
post-irradiation, see Fig 2.  This change in threshold 
voltage is proportional to the absorbed dose.  A 
comprehensive investigation and description of the 
RADFET can be found in the literature [3, 4].   

 

Fig. 2  Shift in threshold voltage after irradiation 

2.2. Irradiations 

The RADFETs were irradiated in passive mode (all 
package pins grounded during irradiation) using a 
Picker X-ray tube at Cork University Hospital.  
Preliminary testing indicated that the devices required 
a dose of 10cGy and this value was used throughout the 
experiment.  1cm of Perspex attenuation was present 
for all measurements. 

The sensitivity of Type 1 and 2 devices was 
evaluated at 120kV for investigation of gate oxide 
thickness effect.  The effect of source-surface distance 
(SSD) dependence on sensitivity was investigated using 
1µm devices for 3 different SSD positions, 150cm, 
80cm and 60cm.   

The energy dependence for the type 2 device 
packaged with Kovar lids, ceramic lids and in bare 
form (without any lid) was investigated at 5 different 
energies: 120kV, 100kV, 80kV, 60kV and 40kV with a 
dose increment of 10cGy. 

 Experiments were performed to assess the stability 
of both types of devices at 120kV; SSD 60cm for a dose 
increment of 10cGy.  The threshold voltage was 

measured immediately after irradiation and following 
10min, 30min and 60min intervals. 

2.3. Readout 

The RADFETs were read-out in active mode using 
the circuit shown in Fig. 3.  

 
 

 
 

Fig. 3  RADFET Reader Circuit for a single device (left), and 
stacked three stacked devices (right). 

For a single RADFET (Fig. 3, left), the bulk and 
source terminals were connected to ground while the 
gate and the drain were connected to a Keithley 2636 
source meter that passed a current of 12.5µA through 
the device.  This current value represents the zero-
temperature-coefficient current, where any change in 
threshold voltage can be attributed solely to the 
radiation detected and not related to fluctuations in 
temperature.  A detailed description of the reader 
circuit configuration can be found in the literature [5]. 

To evaluate the effect of a practice known as 
“stacking”, where multiple RADFETs are connected in 
series (Fig. 3, right) or, in other words, electrically 
stacked, Type 2 devices were connected in 2-stack and 
3-stack configuration and their response was 
compared to that of a single device.  This was done at 
120kV and with a dose increment of 10cGy. 

3. RESULTS AND DISCUSSION  

3.1. Sensitivity and SSD Dependence 

Type 2 devices were irradiated at 120kV; 80mAs; 
SSD 60cm with a dose increment of 10cGy to 
investigate sensitivity, where sensitivity, S= ΔVT/dose 
(mV/cGy).  Following 10 irradiations, in single device 
configuration, device numbers 136, 179 and 185, all 
displayed a linear response with a mean sensitivity of 
1.43mV/cGy, 1.48mV/cGy and 1.52mV/cGy 
respectively.  All 3 devices demonstrated a high degree 
of repeatability.  

The experiment was repeated with type 1 and 2 
devices with metal lids, 400-W8-40 (400nm) and 1-
W4-47 (1µm), with 1cm of Perspex attenuation in 
place.  Type 2 device had a shift in threshold voltage of 
74mV with a corresponding sensitivity value of 
7.99mV/cGy compared to a threshold voltage shift of 
193mV and a corresponding sensitivity of 
20.83mV/cGy for type 1 device with the thicker oxide. 
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Type 1 devices were ~ 2-3 times more sensitive 
than type 2 devices due to the increased thickness of 
the gate oxide.  Also, the 400nm devices with the metal 
lids had a higher response than the devices without a 
lid by a factor of ~3 at 120kV.   

The effect of SSD variation was investigated using 
1µm devices with metal lids at 120kV and a dose 
increment of 1.033cGy.  The first SSD selected was 
150cm which resulted in a mean shift in threshold 
voltage of 35mV and a corresponding sensitivity of 
34mV/cGy.  The SSD was changed from 150cm to 
80cm which gave a dose increment of 2.033cGy.  The 
mean shift in threshold voltage was 65mV with a 
corresponding sensitivity of 32mV/cGy.  Finally, the x-
ray distance was reduced so the SSD was set at 60cm 
which gave a dose increment of 4.028cGy.  The mean 
shift in threshold voltage was 127mV with a 
corresponding sensitivity of 32mV/cGy.  The results 
indicate that the sensitivity in independent of SSD.   

3.2. Energy Dependence and Packaging Type 

The purpose of this set of tests was to investigate 
the device response with Kovar (metal) lids, with 
ceramic lids and without any lid at 5 different energies 
– 120kV, 100kV, 80kV, 60kV and 40kV.  Based on 
previous findings, it was decided to deliver a dose of 
~10cGy to ensure a sufficiently large shift in threshold 
voltage to evaluate the energy dependence of the 
device.   

Firstly, the effect of the Kovar lids was investigated.  
This was done for energies between 40kV – 120kV 
where approximately 10cGy was delivered at each 
energy level.  The threshold voltage before irradiation 
and post irradiation was measured for single devices 
and the difference or shift in threshold voltage was 
obtained.   

Table 1 Sensitivities for RADFETs with Kovar lids, ceramic 
lids and as bare die at 5 different kV settings  

  Sensitivity (mV/cGy) 

kV Kovar Bare  Ceramic 

120 7.20 ± 0.40 1.41 ± 0.18 1.87 ± 0.14 
100 6.66 ± 0.32 1.49 ± 0.11 1.90 ± 0.18 
80 5.20 ± 0.26 1.46 ± 0.08 1.71 ± 0.12 
60 3.26 ± 0.09 1.57 ± 0.20 1.56 ± 0.06 
40 0.78 ± 0.05 1.50 ± 0.10 1.19 ± 0.06 

 
The Kovar lids were removed and the irradiations 

were repeated on the bare die using 10cGy at the 5 
energy values.  Finally, ceramic lids were put in place 
and the devices were tested under the same conditions. 
This was repeated and the average of 3 readings was 
recorded. 

 Once the shift in threshold voltage, ΔVT, had been 
measured, the sensitivity was calculated based on the 
dose delivered to the devices.  These values are 
presented in Table 1.  

The results for the 3 types of packaging are 
displayed in Fig. 4.  The energy response of the bare 
die is essentially flat. Devices with ceramic lids show 
moderate energy dependence.  However, the device 
with the Kovar lid demonstrated a significant increase 
in response with increasing energy.  

 

 
Fig 4  RADFET response as a function of kV for 3 types of 

packaging 

3.3. Stability and Readout Delay 

The stability (or fading) of type 1 and 2 devices was 
assessed by measuring the voltage immediately after 
irradiation and following a read-out delay of 10min, 
30min and 60min.   

 

 

Fig. 5  Stability (fading) of 400nm (Type 2) devices with metal 
and ceramic lids after irradiation. 

Type 2 devices remained stable within 1mV for all 4 
readings for the metal and ceramic lids (Fig 5).  

 

 

Fig. 6  Stability (fading) of 1µm devices with metal and 
ceramic lids after irradiation. 

However, type 1 devices did not show the same 
degree of stability and this was independent of lid type, 
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see Fig 6.  This device with the metal lid had an initial 
reading of 170mV, which increased to 214mV on the 
final reading after 60 minutes.  Type 1 device with the 
ceramic lid had an initial reading of 74mV which 
increased to 103mV on the final reading after 60 
minutes.  These results and a long term stability of 
Type 1 devices is currently under investigation. 

3.4. Device Configuration: Single or Stacked 

Measurements were also made for 400nm devices 
in single and stacked configurations at 120kV.  Ten 
measurements were made with a mean threshold 
voltage shift of 14mV, corresponding to a sensitivity of 
1.4mV/cGy.  The results demonstrated a linear 
response with good repeatability for single devices.  
Similarly, the stacked device configuration was tested 
with an average threshold voltage shift of 40mV and 
77mV and corresponding sensitivities of 4.2mV/cGy 
and 8.2mV/cGy for 2-stack and 3-stack structures, 
respectively.  Graphs of the data demonstrated a linear 
response, good repeatability and an increase in 
sensitivity with increasing device number within the 
stack (Fig 7).  The results show a non-linear increase in 
the sensitivity as the number of devices in the stack is 
increased.  

 

 
Fig. 7  Shift in threshold voltage for RADFETs in single and 

stacked configuration. 

4. CONCLUSION  

From this study, the oxide thickness has a 
significant impact on RADFET sensitivity, with the 
thicker oxide, 1µm, clearly demonstrating a higher 
response to radiation than the 400nm oxide.  This 

presents a challenge in terms of the fabrication process 
as thicker oxides are more difficult to manufacture 
reliably and with good repeatability. A tradeoff needs 
to be found between increased sensitivity and 
manufacturability of the device. 

 RADFET response is highly energy dependent with 
the metal lids in place.  The metal lid also resulted in a 
much higher response than the ceramic lead or indeed 
bare die.  This would be expected due to the interaction 
of the primary radiation with the metal, causing 
secondary photons to be emitted.  The results for the 
bare die and the ceramic lid show a relatively flat 
response over the diagnostic energy range which is of 
interest. This indicates that packaging in air or ceramic 
has an equivalent effect on the device performance and 
that in most cases, (where a lid is required) it would be 
better to choose a ceramic lid rather than a Kovar one.   

Another important finding was the advantage of 
using a “stacked configuration” when designing a 
RADFET dosimeter.  Sensitivity increased non-linearly 
with increasing number of devices connected in series. 

Overall the study suggests that RADFETs may have 
a potential role in radiation dosimetry in Diagnostic 
radiology.  Current benefits are small size, robustness 
and a simple, real-time readout.  Further work is 
required to improve device sensitivity but this research 
indicates that a stacked configuration is worth 
pursuing. 
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Abstract. In this paper a prototype of a pulse mode radiation monitoring system is presented. The proposed system is 
intended for detecting low level (low dose rate) gamma radiation in personal dosimetry applications. It operates on 
the principle of detecting current pulses produced in the radiation sensor as a consequence of interaction between the 
ionizing photons and the sensing material. The system is constructed with inexpensive components and supports 
interface with personal computer for real-time monitoring. Experimental evaluation of the system performance was 
conducted by pulsed signal excitation and with radiation excitation from 137Cs source. The pulsed signal excitation has 
been used for estimating the system’s conversion gain and count rate capability, and the experimental results suggest 
that the conversion gain is preserved up to the count rate of 100k counts/sec. Excitation with radiation source has 
verified the system’s ability to detect the presence of low activity source, but further research is necessary in order to 
obtain a more reliable system. During the exposure to radiation field, a PIN photodiode PS100-6-CER2 PIN from First 
Sensor, with active area of 100 mm2, was used as a detector.   

Key words: pulse mode, radiation monitoring, PIN photodiode 

1. INTRODUCTION 

As a result of rapid advancement and expansion of 
nuclear technology in the past several decades, the risk 
of accidents induced by ionizing radiation, mainly the 
gamma radiation which is particularly hazardous, has 
increased considerably. Therefore, the detection of low 
level ionizing radiation has become a crucial aspect in 
the pre-emptive protection of human lives. In the light 
of that, extensive scientific researches are aimed at the 
development of precise, reliable and cost effective low 
level radiation monitoring systems. 

Detection of low level ionizing radiation is achieved 
with pulse mode detectors operating on the principle of 
counting individual interactions between the incident 
ionizing photons and the sensing material [1]. These 
interactions are detected in the form of current pulses, 
where the pulse count rate is proportional to field dose 
rate and the pulse amplitude corresponds to the energy 
of the incident photon.  

The two major components of a conventional pulse 
counting radiation monitoring system are the radiation 
sensor and the processing electronics. The processing 
electronics provides conversion of radiation induced 
current pulses into voltage pulses and subsequent 
pulse processing. However, the design requirements as 
well as the overall performance of the processing 
system are predominantly influenced by the type of the 
sensor that is used for radiation detection. 

Among a large number of commercially available 
radiation sensors for pulse mode applications, the PIN 
photodiodes are particularly attractive because of 
lower bias voltage compared to other sensors, very low 

cost, immediate read-out, relatively small dimensions 
and high quantum efficiency [2].  

Basically, the PIN photodiodes can be utilized for 
radiation detection either as stand-alone sensors or in 
the form of optical coupling with a scintillator. The use 
of scintillators provides the benefit of higher sensitivity 
and efficiency, but the PIN photodiodes can be used as 
stand-alone detectors in cases when the requirements 
regarding sensitivity and efficiency are not stringent. 

The study presented in this paper was dedicated to 
the development of a low cost pulse mode radiation 
monitoring system that could be applied in personal 
dosimetry applications. A prototype of the system was 
developed and tested. It is intended to be used with 
PIN photodiode as a detector. The architecture of the 
developed system and the preliminary experimental 
results are outlined in the following chapters.   

2. SYSTEM DESCRIPTION 

The proposed pulse counting system was designed 
as a PC based real-time radiation monitoring system 
capable of measuring the pulse count rate and the total 
number of pulses in a preset time interval. It is made 
up of two main elements;  

(1) Pulse processing unit, and 

(2) Pulse counting unit. 

The block diagram and the physical appearance of 
the realized pulse mode radiation monitoring system 
are illustrated on figures 1 and 2, respectively. The 
units comprising the system are powered from custom 
made power supply, and the connections with external 
elements are achieved through coaxial cables.  
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Fig. 1: Block diagram of the system 

 
Fig 2: Physical overview of the system (left – pulse processing 

unit, right – pulse counting unit) 

2.1 Pulse Processing Unit 

The main function of the pulse processing unit is to 
convert the current pulses generated in the sensor as a 
result of radiation exposure into voltage pulses that 
can be easily discriminated and counted. It is 
composed of a charge sensitive amplifier (CSA), a pulse 
shaper, an additional gain stage, and a bias voltage 
filter.  

The CSA performs the initial conversion of current 
pulses into voltage pulses. It is a charge integrating 
amplifier made up of an operational amplifier with a 
capacitor in the negative feedback and an appropriate 
logic for capacitor discharging. The gain G of the CSA 
is inversely proportional to the feedback capacitance Cf 
(G = 1/Cf) [3]. The coupling between the CSA stage and 
the detector can be either AC or DC, depending on the 
practical application requirements. 

A critical issue in the CSA design is the choice of 
the operational amplifier. For best performance, a very 
low noise operational amplifier with low input bias 
current and low input capacitance is required. Beside 
that, the charge sensitive amplifier must be designed to 
sustain high count rate and preserve the conversion 
gain for a wide range of input charge. 

 In this case, the CSA was constructed with a low 
noise operational amplifier OPA627, from Burr Brown, 
featuring 5 pA input bias current, 4.5 nV/Hz1/2 noise 
level and 16 MHz bandwidth. The feedback comprises 
a 1 pF ceramic capacitor connected in parallel with a 
100 MΩ metal film resistor intended for discharging 
the capacitor. The CSA stage is AC coupled to the input 
for interfacing the sensor, with a block capacitor of 1 
nF. 

Pulses generated by the charge sensitive amplifier 
are inadequate for further processing because they are 
prone to noise as well as pile up at high count rates. 
Therefore, a second stage in the form of a pulse shaper 

is introduced to transform the slow decay pulses from 
CSA stage into short pulses that are suitable for further 
processing [4].  

The pulse shaper is actually a band-pass filter that 
provides the pulse shaping according to the predefined 
timing requirements and the filtration of input noise to 
obtain a maximum signal to noise ratio (SNR). The 
pulse shaping can be accomplished in analog or digital 
domain. The main analog pulse shaping techniques are 
CR-RC, Semi-Gaussian (CR-(RC)n) and delay line pulse 
shaping, while the triangular and trapezoidal shaping 
can be achieved by digital processing.  

The pulse shaping stage in this case was realized as 
a CR-RC pulse shaper [5] with a shaping time of 1 μs 
(CR = RC = 1 μs). An operational amplifier LM6172, 
from National Semiconductor, was utilized as a unity 
gain buffer between CR and RC sections.  

Since the CR-RC pulse shaper is a passive unit, it 
significantly attenuates the input signal, and therefore 
an additional gain stage in the form of a non-inverting 
amplifier was introduced at the output of the pulse 
shaper. This stage was realized with a dual operational 
amplifier OPA2111, from Burr Brown. 

Most detectors employed for pulse mode radiation 
sensing require a reverse bias voltage. This is especially 
important for photodiodes which must reverse biased 
in order to obtain higher sensitivity. The bias voltage is 
fed to the sensor through a resistive-capacitive filter to 
eliminate the noise induced by the bias source. In this 
case, the filter is implemented in the system, while the 
bias voltage is provided from an external source. 

For testing purposes, a separate input connection 
was implemented. This input is designated for 
injection of test charge directly at the CSA input 
through a built-in capacitor of 1 pF. During the normal 
operation of the system, the test input is not used. 

Because low level radiation detection requires low 
noise amplification, the front end amplifier stage must 
be operated in a completely shielded environment. To 
achieve this, the pulse processing unit was realized on 
a single pcb and enclosed in 16 cm × 12 cm metal case.  

2.2 Pulse Counting Unit 

The pulse counting unit accepts the voltage pulses 
from the pulse processing unit, determines their rate of 
occurrence and transfers the information to the PC. It 
consists of a microcontroller, a level discriminator, a 
monostable multivibrator (MMV)  and a PC interface. 

The level discriminator generates a square pulse for 
each input pulse (from pulse shaper) whose amplitude 
is above a predetermined threshold level [6]. The basic 
idea of the level discrimination is to enable detection of 
pulses which represent only the valuable information, 
i.e. the pulses that are produced in the photodiode as a 
result of radiation exposure, and to reject the pulses 
caused by noise or other undesirable signals. 

 A dual voltage comparator LM393, manufactured 
by National Semiconductor, was utilized as a level 
discriminator. Its input is directly interfaced to the 
output of the pulse processing unit. The threshold level 
can be adjusted manually, from 100 mV to 2 V. 

Since the pulses generated by the comparator have 
variable width which depends on the width of the input 
signal (from pulse shaper), they are not suitable for 
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processing in the microcontroller. For this reason, the 
output from the voltage comparator is fed into a MMV 
stage, realized with 74HC221 integrated circuit, from 
Philips, which generates a fixed duration (10μs) pulse 
for each pulse from the comparator. 

The count rate of the pulses obtained from MMV is 
determined by a general purpose 8 bit microcontroller 
PIC16F887 from Microchip. Two timers integrated in 
the MCU, timer 0 and timer 1, were employed for this 
purpose. Timer 1 is configured as a counter that counts 
the incoming pulses, while timer 0 measures the preset 
counting period (1 sec or 1 min). 

The communication between the MCU and the PC 
is realized through a serial RS-232 interface, and it is 
controlled with a PC application software developed in 
Visual Studio 2005. This application enables display of 
the pulse count rate in two formats (counts/sec and 
counts/min) and the total number of pulses detected in 
a predefined time interval. All acquired results and the 
exposure time are stored in appropriate files. 

The elements constituting the pulse counting unit 
were mounted on a compact printed circuit board and 
enclosed in a 15 cm × 10 cm plastic container with 
adequate interface connectors.  

3. PERFORMANCE EVALUATION 

3.1 Evaluation with pulsed signal excitation 

The pulsed signal excitation is used for evaluating 
the stability of the conversion gain and the pulse rate 
capability (maximum number of pulses per unit time 
that can be processed). It is performed by injecting a 
predefined test charge at the CSA input through a 
small capacitor (typically several pF).  

The experimental setup used for system evaluation 
is illustrated in figure 3. A signal generator Keithley 
3390 was utilized for charge injection while the output 
of the pulse processing unit was monitored on a dual-
channel DPO4032 oscilloscope from Tektronix. The PC 
was used for recording the pulse count rate.  

 
Fig. 3 Pulse excitation test setup 

In general, two types of pulses can be utilized for 
charge injection; (1) the square pulses, and (2) the tail 
pulses with very fast rise time (< 20 ns) and slow fall 
time (> 100 μs). The amplitude of the pulse determines 
the injected charge according to the relation Q = C·V, 
where Q is the injected charge, C is the test capacitance 
and V is the amplitude of the applied pulse. 

The first step was to determine the conversion gain 
and the stability of this gain. Basically, the conversion 
gain is the gain of the pulse processing unit. For this 
purpose, a procedure outlined in [7] was used. A 
square waveform from the signal generator was 
injected into the test input while the output of the 
pulse processing unit was observed on the oscilloscope. 

Typical response for the developed system is illustrated 
on figure 4. It is obvious that the pulse obtained at the 
output of the pulse processing unit has a shaping time 
of 1 μs, as it was defined by the proposed design.  

 

Fig. 4 Response of the pulse processing unit to the input step 
voltage  

The amplitude of the input test pulse was varied 
from 20 mV to 100 mV, with 10 mV increments. This 
range corresponds to the injected charge from 20 fC to 
100 fC (for test capacitance C = 1 pF). The relation 
between the input charge and the output voltage is 
illustrated on figure 5.  
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Fig. 5 Dependence between the input test charge and the 
output voltage of the pulse processing unit 

Applying linear fitting in Origin Pro graphing tool, 
it was found that the overall conversion gain of the 
pulse processing unit is around 58.35 mV/fC. It can be 
observed that the conversion gain is stable in the whole 
range of applied test charge, with minor fluctuations 
which are the result of the pulse shaper imperfections.  

The conversion gain can also be specified in terms 
of energy using the equation from [7], which defines 
the procedure for converting the gain in mV/fC into 
the gain in mV/MeV. According to this equation, the 
gain of the proposed system is 2.56 V/MeV.  

To determine the count rate capability, the system 
was subjected to a variable frequency square waveform 
and the response was monitored on the PC. It was 
observed that the system could process the signal with 
frequency up to 100 kHz (100 000 counts/sec), while 
preserving the conversion gain. For higher frequencies, 
a decrease of the conversion gain was observed. 
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3.2 Evaluation with radiation excitation 

For evaluation of the system’s response to gamma 
radiation, a PIN photodiode PS100-6-CER2 PIN from 
First Sensor was chosen as radiation detector while the 
radiation excitation was achieved with a 137Cs source 
(gamma photon energy peak at 662 keV). The test was 
carried out at room temperature. 

The selected PIN photodiode has an active area of 
100 mm2, a maximum dark current of about 500 pA, 
junction capacitance of 900 pF at zero bias, 200 MΩ 
shunt resistance and breakdown voltage of 100 V. This 
photodiode was chosen primarily because of its large 
active area and low dark current, as these are desirable 
features of radiation sensors employed for pulse mode 
gamma radiation detection. 

To maintain good electromagnetic compatibility, 
the photodiode was soldered on a small printed circuit 
board and isolated from ambient light with light proof 
tape and aluminium foil. The interface with the pulse 
processing unit is achieved through a BNC connector 
installed on the printed circuit board. 

A programmable dual-channel source measuring 
unit model Keithley 2636A was used for reverse 
biasing the PIN photodiode. The setup was constructed 
in such a way that the anode of the PIN photodiode 
was biased with positive voltage while the cathode was 
connected to ground potential. The photodiode was 
reverse biased with 60 V during the experiment. 

 Due to very low activity of the used source, it was 
necessary to place the 137Cs very close to the diode so 
that the system could detect the induced pulses. The 
typical waveforms illustrating the system’s response to 
137Cs excitation are shown on figure 6. Upper waveform 
represents the output of the pulse processing unit 
while the lower waveform is the output of the MMV.   

 
Fig. 6 Result of the excitation with 137Cs source 

From figure 5 it can be observed that the system is 
capable of detecting the gamma photons emitted from 
137Cs source. For each pulse with amplitude above 650 
mV (the threshold level) at the output of the pulse 
processing unit, a square pulse is generated by MMV 
and processed in the microcontroller. The amplitude of 
the detected pulse is 980 mV. However, this amplitude 
was not the same for all detected pulses – some of the 
pulses had lower amplitudes (around 850 mV) while 
other pulses had higher amplitudes (about 1.1 V). This 
implies that the proposed design is not appropriate for 

spectroscopic applications, and the reasons for this will 
be investigated in further research. 

The rate of occurrence of the pulses resulting from 
137Cs excitation was around 78 counts/minute. This is 
not sufficient for evaluating the dosimetric properties 
of the proposed system or the sensitivity of the chosen 
PIN photodiode. Therefore, a more through research 
must be conducted using higher activity sources as well 
as sources of different energies. Also, it is necessary to 
compare the performance of the proposed system with 
some commercial pulse mode detector. 

4. CONCLUSIONS 

Design and performance of a research grade pulse 
mode gamma radiation monitoring system have been 
described in this paper. The system was constructed 
with low cost commercially available components and 
is intended for applications where PIN photodiodes are 
used as a radiation detector.  

Performance evaluation was performed by exciting 
the system with pulses from a signal generator and by 
exposing the system (with the photodiode) to gamma 
radiation from a gamma ray source. The pulsed signal 
excitation was used to verify the conversion gain and 
the maximum count rate that can be measured by the 
proposed design. The radiation exposure was used to 
test the system’s response to gamma rays, and in this 
case the First Sensor PIN photodiode PS100-6-CE2 
PIN with active area 0f 100 mm2 was used. 

The results obtained by the pulsed signal excitation 
have proven the gain stability, as well as the capability 
for detecting count rates up to 100k counts/sec. The 
excitation with low activity 137Cs has verified system’s 
ability to detect the radioactive source. However, due 
to very low activity of the used source, further research 
is necessary in order to obtain a more detailed 
overview of the proposed system performance, and 
hence define the possible enhancements. 
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Abstract. A laboratory prototype of an auto-ranging electrometer for low level direct current measurements in 
dosimetric applications is presented in this paper. The electrometer was developed with inexpensive commercially 
available components and is primarily intended for measuring very low level direct currents induced by ionizing 
radiation in various types of current mode radiation detectors such as PIN photodiodes, ionizing chambers, etc. The 
system has been calibrated with a laboratory grade current source, and obtained linearity is very good with relative 
error less than 2. 5 % for input currents within the range 50 pA - 10 μA. Developed electrometer was used for testing 
the current response of two commercial Si PIN photodiodes ( S1223 and PS100-6-CER2 PIN ) under gamma radiation 
exposure, in order to investigate the possibility of using the proposed electrometer design and a PIN photodiode as a 
current read-out dosimeter. Experimental results have shown excellent linearity between the field dose rate and the 
measured photocurrent for dose rates from 0.9 Gy(Si)/h to 67 Gy(Si)/h, and a very stable current response was 
observed for both examined samples. 
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1. INTRODUCTION 

The current mode dosimeters play an essential role 
in a wide range of ionizing radiation applications. 
Their operation is based on the linear dependence 
between the field dose rate and the direct current 
induced by ionizing radiation into a sensing element 
[1]. Therefore, by measuring the radiation induced 
direct current it is possible to estimate the dose rate, 
and the integration of current over a predefined period 
of time provides the absorbed dose value. Direct 
current measurements in dosimetric applications are 
accomplished with special purpose instruments – 
electrometers. 

Depending on the detector characteristics and the 
field intensity, the typical values of ionizing radiation 
induced currents may vary from few pico-amperes up 
to several micro-amperes. Measurement of such low 
level direct currents in a dynamic range covering more 
than four decades can hardly be achieved with the 
conventional fixed gain electrometer designs. For these 
applications it is necessary to use multi-range linear 
electrometers [2] or logarithmic electrometers [3]. 

 The electrometers suited for current 
measurements in a wide dynamic range are available 
on the market, but they are expensive. As a result of 
this, the design of custom made electrometers with low 
cost components has gained pace in the recent years. 
Even though most custom made solutions have 
significant drawbacks in comparison to commercially 
available products, mainly in terms of measurement 
accuracy, they can be very useful in research 
applications. 

Beside the electrometer, a very important element 
in dosimetric applications is the radiation detector. 

The commonly used current read-out radiation 
detectors are PIN photodiodes and ionizing chambers, 
but also the scintillation and the luminescence based 
detectors may be operated in current mode. Since each 
type of radiation detector has specific features, the 
choice of appropriate detector determines to a large 
extent the electrometer design specifications. 

Practical dosimetric applications require real-time 
monitoring of radiation intensity as well as storage of 
acquired data. These tasks are usually performed with 
computer based platforms, which provide the ability 
not only for visualization and data storage but also for 
complex data processing which cannot be 
implemented in the electrometer. Thus, the key 
requirement in the design of electrometers for 
dosimetric applications is to provide a suitable 
connectivity for external processing units such as 
personal computer (PC) or laptop.  

The aim of this study was to examine the possibility 
of implementing a low cost custom made electrometer 
and a commercial PIN photodiode as a current mode 
dosimeter. For that purpose, a prototype of a PC based 
linear auto-ranging electrometer was developed and 
tested with two Si PIN photodiodes under 60Co gamma 
radiation exposure. The PIN photodiodes were selected 
as radiation detectors due to their low price, response 
linearity, immediate current read-out, high quantum 
efficiency, and long term stability [4].  

2. ELECTROMETER DESIGN 

In a conceptual sense, the electrometer was devised 
as an instrument for measuring low level direct current 
in five sensitivity ranges ( < 1 nA, 1 nA – 10 nA, 10 nA – 
100 nA, 100 nA – 1 μA and 1 μA – 10 μA ), with the 
capability for  automatic range adjustment. The system 
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incorporates a personal computer for controlling the 
measurement, data processing, real-time visualization 
of the read-out and storage of acquired data. 

The auto-ranging electrometer was constructed as a 
modular system comprising two functional units;  

(1) I/V (current-to-voltage) converter, and 

(2) Control unit.  

A block diagram and the physical overview of the 
developed electrometer units are illustrated on figures 
1 and 2, respectively.  

 
Fig. 1 Block diagram of the electrometer 

   

Fig. 2 Overview of the electrometer (left converter; right - 
Control unit) 

To achieve good electromagnetic immunity, the I/V 
converter was enclosed in a 15 cm × 10 cm metal case, 
while the control unit, being much less susceptible to 
electromagnetic interference, was housed in a 16 cm × 
16 cm plastic enclosure. For powering the electrometer 
units, a custom made regulated power supply was 
used. Connections between the units, and between the 
units and the external modules (power supply and 
radiation sensor) are established through coaxial 
cables, while the communication with the PC is carried 
out through a standard RS-232 cable. 

2.1 Sensor Interface 

The electrometer supports only the unipolar high 
impedance radiation sensors such as PIN photodiodes 
and ionizing chambers. One terminal of the sensor is 
directly coupled to the I/V converter input, while the 
other terminal can be either grounded or biased with 
external voltage source. 

2.2 I/V Converter 

The I/V converter transforms the current generated 
by the sensor into a suitable voltage, on the principle of 
transimpedance gain [5]. It consists of three major 
elements - a variable gain transimpedance amplifier 
(TIA), an inverting amplifier and an analog switch. The 
variable gain TIA is constructed with AD549, an 
Analog Devices electrometer grade op amp featuring 

ultra low input bias current less than 60 fA. Output 
voltage from the TIA stage is fed to an inverting 
amplifier with a nominal gain of 10, based on Burr 
Brown OPA2111 dual operational amplifier. 

The TIA stage includes five resistors; 100 kΩ, 1 MΩ, 
10 MΩ, 100 MΩ and 1 GΩ. All resistors are metal film 
and have 1 % tolerance. The 1 GΩ resistor determines 
the gain for the lowest range (< 1 nA), while the gains 
for the following ranges are determined by connecting 
adequate resistor in parallel with 1 GΩ resistor. The 
gain switching is perfomed by  ADG452, a low leakage 
quad analog switch manufactured by Analog Devices.  

Special care was taken during pcb design in order 
to minimize leakage currents which present a serious 
problem in low current measurement applications. A 
combination of guarding and air wiring techniques was 
applied for resolving this issue [6].  

2.3 Control Unit 

The control unit selects the measurement range of 
the I/V converter, digitizes the voltage provided at the 
I/V converter’s output and transfers digitized data to 
the personal computer. Main elements of the control 
unit are: a microcontroller (MCU), an analog-to-digital 
converter (ADC), a low pass filter and a PC interface. 

Microcontroller is the processing element which 
implements the functions of the control unit and co-
ordinates all operations within the electrometer. Since 
the processing speed is not critical, a general purpose 8 
bit microcontroller PIC16F887, from Microchip, was 
used. The firmware for the MCU was developed with 
Mikroelektronika’s C-based MikroC 8.0 compiler. 

Analog-to-digital conversion is performed with a 12 
bit parallel output analog-to-digital converter AD1674, 
manufactured by Analog Devices. The key features of 
this ADC are: unipolar and bipolar operation modes 
for input voltage levels up to 20 V, very low conversion 
time (around 1o μs), sampling rate of 100 ksps, on-chip 
reference voltage. 

For the purpose of noise suppression, a third order 
active low pass Butterworth filter with 1 Hz cut-off 
frequency was implemented in front of the ADC. A 
dual op amp OPA2111 was used for constructing the 
filter, and a special filter design software tool was 
utilized for calculating the values of the passive 
elements. 

Results obtained through AD conversion are sent to 
the PC via a standardized serial RS-232 interface. The 
communication between the control unit and the PC is 
realized with the MCU’s UART interface and a logic 
level translator MAX232.   

2.4 Application Software 

A PC application software for real-time monitoring 
of the electrometer operation was developed in Visual 
Studio 2005. This application enables the initiation of 
read-out, storage and display of acquired results, and 
measurement of elapsed time. 

To fully exploit the processing capabilities of the 
PC, the complete data processing, i.e. the linearization 
and the conversion of measured voltage into current, 
was implemented in the application software.  
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3. CALIBRATION PROCEDURE 

The developed electrometer was calibrated with a 
high impedance source measuring unit model Keithley 
2636A [7]. Predefined current values were injected into 
the electrometer and the corresponding response was 
recorded with the PC. A sample of the obtained results 
is illustrated on figures 3 and 4. Figure 3 illustrates the 
electrometer calibration curve, i.e. the relation between 
the input and the measured current, while the figure 4 
depicts the calculated relative error.  
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Fig. 3 Electrometer calibration curve 
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Fig. 4 Calculated relative error 

Presented results show a good agreement between 
the input and the measured current values. The 
relative error for input currents ranging from 50 pA to 
100 pA is between 2 % and 2.5 %, while the relative 
error for currents from 100 pA to 10 μA is less than 1 
%. The system can measure even lower current levels, 
down to 10pA, but with error up to 10 %. As a 
comparison, the two custom made electrometers [8-9] 
are capable of measuring currents from 3 pA to 50 μA 
with relative error below 4 %. On the other hand, the 
commercial dosimetric electrometers measure currents 
from 1 pA up to 10 mA with non-linearity less than 0.5 
%. 

 The response time is a particularly important issue 
for electrometers. In this case, the response time, i.e. 
the total time required for data processing, is around 
1.83sec, which is competitive to both the custom-made 
electrometers and the commercial dosimetric current 
mode readers. For example, the electrometer design 
presented in [9] features a response time of around 3 
sec, while high performance commercial electrometers 

for medical applications such as Dose-1 [10] and Model 
206 [11] have a response time of 1 sec.  

4. TESTING PIN PHOTODIODES 

In order to evaluate the applicability of the realized 
electrometer in current mode dosimetric applications, 
a practical assessment was conducted in the radiation 
field. Two commercial PIN photodiodes were exposed 
to gamma radiation, and their current response in the 
function of dose rate and irradiation (exposure) time 
was measured in real time.  

The PIN photodiodes chosen for evaluation were 
S1223 from Hammamatsu, and PS100-6-CER2 PIN 
from First Sensor, with active areas of 6.6 mm2 and 
100 mm2, respectively. Both photodiodes feature very 
low dark current at zero bias, typically below 10 pA.  

The irradiation procedure was accomplished in a 
constant radiation field obtained from a 60Co gamma 
ray source, in the Metrology Laboratory of the Institute 
of Nuclear Sciences “Vinča”, Serbia. The samples were 
irradiated at room temperature (25°C).  

During irradiation, the photodiodes were operated 
in the photovoltaic mode. They were soldered on a pcb 
and wrapped with light-proof tape and aluminium foil. 
The connection with the electrometer was achieved 
through a 5 m coaxial cable. The variation of the dose 
rate was performed by placing the samples at various 
distances from the 60Co source. Obtained results are 
illustrated on figures 5 and 6.  
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Fig. 5 Photocurrent versus dose rate 

Figure 5 shows the relation between the dose rate 
and the induced photocurrent. For each dose rate the 
PIN photodiodes were irradiated for 3 minutes and the 
measured results were then averaged to obtain a mean 
photocurrent value for each dose rate. A good linearity 
between the dose rate and the induced photocurrent 
was observed for both tested samples, within the range 
of dose rates 0.9 Gy(Si)/h - 67 Gy(Si)/h.  

According to the results depicted on figure 5, the 
investigated PIN photodiodes PS-100-6-CER2 PIN and 
S1223 have the sensitivities of 8.66 nA·(Gy(Si))-1·h and 
459 pA·(Gy(Si))-1·h, respectively. This implies that the 
sensitivity is proportional to the photodiode’s active 
area. However, such conclusion cannot be derived on 
the basis of results obtained by testing only two types 
of photodiodes. It is also obvious that PS100-6-CER2 
PIN could detect even lower dose rates, but because of 
technical restrictions this was not verified. 
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 Fig. 6 Photocurrent versus irradiation time for dose rate of 

0.9 Gy(Si)/h 

Both photodiodes produced stable current response 
for each dose rate. Figure 6 illustrates only the current 
response in the function of irradiation time for the 
lowest detected dose rate of 0.9 Gy(Si)/h. The 
radiation induced photocurrent was significantly 
greater than the dark current, and a sudden fall of the 
photocurrent occurred after the irradiation was 
stopped. Therefore, when the dose rate is determined 
from the measured photocurrent, the total dose 
absorbed during a specific time interval τ can be 
calculated as the product of the dose rate value and τ.  

5. FUTURE WORK 

Although the realized electrometer has shown very 
good performance during preliminary testing, it must 
be subjected to some modifications in order to be more 
competitive with commercial electrometers employed 
in dosimetry. In that sense, the main objective of the 
future work will be to investigate the possibilities for 
improving the overall system functionality. 

The functional parameters that must be considered 
are linearity (accuracy), dynamic range and response 
time. For high precision measurements, the linearity 
better than 0.5 % is an imperative. Similarly, a wider 
dynamic range, typically from 7 to 10 decades, with the 
capability of measuring currents down to 1 pA, would 
be a great advantage in most applications. In addition, 
the faster response will enable estimation of the dose 
rate and absorbed dose with higher resolution. 

A very important aspect is the interface between 
the system and the PC. Since most commercially 
available PC platforms do not have an RS-232 
interface, it would be beneficial to replace the existing 
serial interface with more versatile interface such as 
USB. This will allow easier interfacing with modern PC 
based platforms and provide reliable and fasted data 
transfer. 

Being a prototype, the presented electrometer lacks 
the two key attributes of the commercial solutions – 
compactness and capability of stand-alone operation. 
To achieve compact design, the hardware should be re-
assembled in the form a single functional unit with 
integrated power supply. With implementation of an 
adequate display and internal memory, as well as a 
microcontroller with better processing capabilities, it 
would be possible to use the electrometer in practical 
applications as stand-alone instrument.   

The modification of the electrometer architecture 
imposes new requirements for application software. As 
the present version of application software enables the 
read-out, display and storage of the measured current 
values, the primary modification would be related to 
the development of an application for displaying the 
dose rate and the total absorbed dose. 

Besides improving the electrometer design, further 
research will also include more detailed evaluation of 
the dosimetric properties of PIN photodiodes. To get a 
better insight into the behaviour of PIN photodiodes 
under radiation exposure, it is necessary to evaluate a 
wider range of samples and to estimate the effects of 
higher total doses on photodiode current response. 

6. CONCLUSION 

An auto-ranging electrometer for measuring very 
low level direct currents induced by ionizing radiation 
was developed and tested. The proposed solution is 
capable of measuring direct currents in the range from 
50 pA to 10 μA, with accuracy better then 2.5 %, and is 
intended for use with current mode radiation sensors 
such as PIN photodiodes and ionizing chambers.  

The system was tested with two PIN photodiodes in 
a 60Co gamma radiation field, and the obtained results 
suggest that both photodiodes have very good linearity 
and sensitivity under gamma radiation exposure for 
dose rates from 0.9 Gy(Si)/h to 67 Gy(Si)/h. Hence, 
the proposed electrometer design with an appropriate 
PIN photodiode could serve as a basis for the 
development of a current mode gamma radiation 
dosimeter. 
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REALIZATION OF RADIATION LOW-COST MULTICHANNEL ANALYZER 
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Abstract. A low-cost laboratory multichannel analyzer (MCA) operating in pulse height mode is developed and 
realized. The MCA is based on a PIC18F8520 microcontroller (MCU), and could be used for ionizing radiaiton 
analyzing. It integrates a basic CR-RC pulse shaper, a peak detector, a pulse stretcher and a logic control circuitry 
built around the MCU. The proposed MCA has a single 4096 channel spectra, with a throughput of nearly 20 000 
pulses per second. It is connected with a personal computer (PC)  through the standard RS-232 serial interfaces to 
display a radiation spectrum that can be easily monitored on a PC by a specially developed application. The operation 
principle along with testing method and the obtained results are also presented. 

Key words: Multichannel Analyzer, Ionizing radiation, Microcontroller, PC application, Testing, Results 

1. INTRODUCTION 

A MCA is the essential instrument in every 
radiation spectroscopic experiment, for radiation beam 
analyzing [1, 2]. The MCA is a device that constructs 
and displays the histogram (spectrum) of the 
sequentially arriving pulse amplitudes by sorting and 
counting them. 

While the radiation dosimeters determine only the 
count rate of a radiation source, the MCA also 
determines the energies of the photons emitted by the 
radioactive source. The radiation sources emit the rays 
of various energies and intensities and after several of 
these rays are collected and analyzed with the MCA a 
spectrum can be drawn.. A detailed analysis of this 
spectrum is typically used to determine the identity 
and quantity of gamma emitters present in the source. 

Most MCAs operate in two different modes. The 
first is pulse height analysis mode and the second is 
multichannel scalar mode [1]. In pulse height analysis 
mode pulses are sorted into channels according to their 
amplitude, while in multichannel scalar mode they are 
sorted according to the arriving time. Regardless of the 
mode the histogram represents the spectrum of input 
pulse heights corresponded to the energy spectrum 
observed by the detector. 

There are many commercially available high 
performance MCAs but they are usually either complex 
or quite expensive therefore undesirable for simple or 
low-cost experiments. Some of them are presented in 
Refs. [3, 4]. The MCA proposed in this paper is low 
cost, with the total price less than 100 $ (without 
radiation detector), similar to one presented in Ref. 
[5]. The unit is managed by the MCU through specially 
developed firmware. 

2. MCA ARCHITECTURE 

In order to understand the basic operation 
principle it is essential to be familiar with basic 
structure of a typical MCA.  

Almost every MCA is usually composed of a pulse 
shaper (shaper), a peak detector, a “sample and hold” 
circuit, an analog to digital converter (ADC) and logic 
control circuitry with memory. The presented MCA is 
composed of a basic CR-RC pulse shaper which 
contains the essential features of all pulse shapers, a 
peak detector, a pulse stretcher and a logic control 
circuitry built around the MCU. 

The analog pulse produced as a result of radiation 
passage through a detector usually has a very narrow 
width and very small amplitude hence it cannot be 
directly measured or even counted. Therefore, it must 
be amplified before transported to the peak detector. 
The preamplifier performs voltage amplification, from 
the voltage created by the photocurrent of the detector. 

The peak of the pulse from the detector is usually 
very narrow and therefore its height cannot be 
properly measured. This narrow signal must be shaped 
into a broader pulse with a rounded maximum using 
the pulse shaper shown in Fig. 1. 

 
Fig. 1 Pulse shaping 

The wider pulse reduces noise while the rounded 
peak enables precise amplitude measurement. The 
pulse shaping also helps in the elimination of the 
pulse-pile-up which occurs if the space between pulses 
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is small such that they overlap and could cause 
erroneous amplitude measurements [6]. 

The peak detector takes care of capturing peak 
levels of pulses coming from the detector (after being 
amplified and shaped). Peak level of each pulse is being 
compared to a discriminator level and if it is greater 
the peak detector signals the MCU that it has a new 
sample ready for AD conversion. 

Because the ADCs need a certain time to perform 
the voltage measurement and conversion into a digital 
form it is necessary to keep the peak value of pulses 
until the measurement is completed otherwise the ADC 
might measure wrong voltage. This is the role of the 
pulse stretcher as shown in Fig. 2. 

 
Fig. 2 Pulse stretching 

The ADC measures the amplitude of an analog 
pulse and converts the analog into digital form 
proportional with the analog amplitude at the ADC 

input. The ADC is probably most important element of 
the MCA since the performance characteristics of the 
MCA such as number of channels, linearity and dead 
time, are normally dependent on the ADC 
specifications [7]. 

The main role of the MCU is to manage all events 
and to perform the data processing as well as the 
communication with a PC. The control signal 
management includes peak detection, discharging of 
the pulse stretcher’s capacitor, AD conversion and 
memory access. These functions are implemented 
through a series of MCU’s digital I/O pins.  

The basic function of the MCA involves only a 
MCU, an ADC and a memory. After the pulse 
amplitude has been measured by the ADC, the content 
of the memory location corresponding to the digitized 
amplitude is incremented by one count. This means 
that each pulse increments an appropriate memory 
location by one count. The combination of a MCU, an 
ADC, a histogramming memory and a PC are the 
minimum to constitute a MCA based on a PC. 

The basic block diagram of the proposed MCA with 
all main blocks is shown in Fig. 3. 

 
Fig. 3 Block diagram of the proposed MCA 

Since the proposed MCA is still in the stage of 
development and laboratory testing, a detector along 
with a preamplifier are not yet implemented. 

The proposed MCA employs following digital 
components: a 16-bit Successive Approximation 
Register (SAR) ADC AD976 with sampling rate of 
100 Ksample/s, a MCU PIC18F8520 and a zeropower 
SRAM memory M48Z08 with 8KB. 

The AD976 ADC was chosen mainly because it 
performs fast conversions (100 ns) as well as it has a 
good resolution. Its differential nonlinearity is ±2 LSBs 
and integral nonlinearity is ±3 LSBs. In order to avoid 
or at least reduce erroneous measurements caused by 
these nonlinearities several of the last bits must be 
discarded [8]. 

The number of counts associated to an each 
channel are stored in the zeropower SRAM memory 
M48Z08. The implemented serial communication with 
a PC allows the mass data storage along with further 
processing and versatile presentation of the acquired 
data. 

2.1. Operation principle 

The easiest way to present MCA’s basic operation 
principle is by observing a timing diagram of main 
events. 

Some of the main event signals along with their 
timing are displayed in scope shot taken with an 
oscilloscope Tektronix DPO4034 and shown in Fig. 4. 

 
Fig. 4 Scope shot 

Scope channels displayed in Fig. 4 represent 
following: 

 Channel 1 is output signal of the shaper; 
 Channel 2 is output signal of the peak detector; 
 Channel 3 is output signal of the pulse stretcher; 
 Channel 4 is the ADC’s status signal generated 

after conversion is completed. 
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After the switching on, the MCA erases entire 
content of the SRAM memory and waits on the arrival 
of a pulse from the detector. As soon as an output 
signal from the pulse shaper (channel 1) is above the 
discriminator level it triggers the peak detector. 
Meanwhile, the pulse stretcher extends this 2 µs long 
pulse into 18 µs long pulse (channel 3). After the peak 
detector signals the MCU (channel 2) it activates the 
ADC with a few microseconds long delay. This delay is 
implemented in order to avoid small overshot on a 
rising edge of the stretched pulse. When AD conversion 
is completed, the data lines are valid and a “data ready” 
signal from the ADC (channel 4) is sent to the MCU. In 
the following step three last bits of AD conversion are 
discarded in order to fit results in 12-bit resolution 
(4096 channels) [8]. Finally, a content of a memory 
location corresponding to the 12-bit form of AD 
conversion is incremented by one count, after which 
the MCA is ready to process a new pulse. The total 
number of supported counts per single channel is 
65535 and it was achieved by using two memory 
locations per channel. When measurement is complete 
(maximum number of counts reached) or stopped, the 
MCA is ready to transfer entire memory content to the 
PC via the RS-232 interface. 

A complete cycle lasts approximately 50 µs 
meaning that the proposed MCA can process up to 
20 000 pulses per second. However, the cycle could be 
accelerated up to 30 µs by implementing the fastest 
oscillator supported by the MCU meaning that the 
MCA could process up to 33 000 pulses per second. 

2.2. Design considerations 

One of the most important aims considered during 
the development of the MCA was the reduction of noise 
that can be coupled to the system and could interfere 
with the measurements. The circuit layout and 
shielding played a critical role in the performance of 
the system. 

In nearly all detector systems there will be a 
minimum amount of time that must separate two 
events in order for two of them to be recorded as two 
separate pulses called the dead time of the system [9]. 
Because of the random nature of radioactive decay 
there is always some possibility that a true event will be 
lost because it occurs too quickly after a preceding 
event. The dead time of an MCA is usually composed of 
two components: the processing time of the ADC and 
the memory storage time. In order to reduce the dead 
time, the conversion of a new incoming pulse begins 
only after validation by the peak detector. Also, the 
ADC and the memory with parallel interfaces were 
employed since the parallel interface is among the 
fastest, hence it reduces previously mentioned times. 

2.3. PC interface 

Since one of the basic functions of every MCA is to 
display radiation spectrum, the proposed MCA for this 
purpose utilizes a PC application designed in Visual 
Studio 2010 using C#. As it was already mentioned the 
communication between the MCA and the PC was 
implemented via the RS-232 interface mainly because 
it is simple, reliable and because at that time it fully 
satisfied all requirements. This application is the main 
display and acquisition software for the MCA. Its main 
window is shown in Fig. 5. 

 
Fig. 5 PC application’s main window 

By clicking on the Start button entire content of the 
SRAM memory is transferred to the PC in a matter of 
few seconds. By clicking on the Draw Histogram 
button a radiation spectrum based on the transferred 
data is drawn on the area on the right side of window. 
This way of operation ensures the fastest and most 
reliable data transfer. Click on the Save button enables 
data storage on the PC where they can be analyzed or 
processed other software i.e. Matlab or Origin. 

3. RESULTS AND DISCUSSION 

The easiest testing method is to place a source of 
known energy at the detector and record the channel 
number into which the centroid of the resulting full 
energy peak falls [10]. However, if a radiation source 
cannot be provided, a pulse generator may also be used 
to test or to calibrate the MCA [11]. The ideal MCA 
would perform a perfectly linear conversion of pulse 
height to channel number. Laboratory testing was not 
performed by using radiation sources, but instead of 
that by using a signal generator because it is simpler 
and provides better insight in results. 

The tests were performed using a signal generator 
Keithley 3390 with various amplitudes and 
frequencies. The signal from the signal generator was 
fed directly into the pulse shaper. One of test signals is 
shown in Fig. 6. 

 
Fig. 6 Test signal 

Since the pulses from the Fig. 6 have constant 
amplitude, only a single channel should have the 
maximum number of counts (65535). The histogram 
obtained using this test signal is shown in Fig. 7. 
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Fig. 7 Histogram obtained after testing 

The created peak should be narrow, not more than 
three channels wide [11]. As it can be seen in enlarged 
part of the obtained histogram shown in Fig. 8, the 
peak is in fact narrow and it expends over only three 
channels. One channel has 65535 counts, while the 
second has 3535 and the third has 35 counts and it is 
not even visible in Fig. 8. 

 
Fig. 8 Enlarged part of histogram 

The linearity of the MCA can be expressed as a 
relation between known pulse amplitudes and channel 
numbers in which they are stored, as shown in Fig. 9. 
As can be seen in Fig. 9 the MCA has a good linearity. 

 
Fig. 9 Linearity of the MCA 

4. CONCLUSION 

The laboratory prototype of low-cost multichannel 
analyzer based on the MCU is presented. Since the 
MCA is intended for use in radiation experiments a 
special care was taken to achieve a low-noise solution. 
With a total price under $100, this low-cost MCA has a 
single 4096 channel spectra, with a throughput of 
nearly 20 000 pulses per second.  

The performance evaluation was performed with 
pulses of known amplitudes and frequencies generated 
from the signal generator, which are then fed directly 
into the shaper. Based on a preliminary result analyses 
it can be concluded that the MCA has a small 
measurement error and good stability. However, it is 
still necessary to evaluate MCA’s performance in 
radiation field using radiation detector. 

Future trends in the development of this MCA will 
include: increasing number of channels, increasing 
number of pulses per second that could be processed, 
increasing number of counts per channel, replacing the 
RS-232 interface with USB, evaluation under radiation 
field using proper detector and preamplifier. 
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Abstract. A new heating system, based on microcontroller, which could be used in a thermoluminescence (TL) reader 
is developed and realized. The performances of the realized system, as well as the results of the temperature rise 
measurements for several heating profiles are presented. The system is composed of a power converter circuit, realized 
as a full bridge power converter, and the control unit. For the data acquisition, the special software is designed using 
C# programming language. The heating system has very good heating profiles in temperature range from 30 °C to 
500 °C with heating rate from 1 °C to 10 °C/s.  

Key words: Thermoluminescance dosimeters (TLDs), TLD reader, power converter, heater design 

1. INTRODUCTION 

The interest for a simple, low cost thermo-
luminescence (TL) reader system frequently arises at 
universities and laboratories for teaching and 
demonstration purposes, as well as in the applications 
in which the price and user friendless are more 
important than the performances themselves. In 
addition, a very fast heating system, which can enable 
rapid temperature increase, is essentially important for 
isochronal annealing representing a very good tool for 
the defects revealing created in MOS devices under 
various stress types, such as ionizing radiation, high 
field electric stress, charge injection, … [1]. 

In this paper, the low cost heater system that 
potentially could be used in TL reader is presented. 
The heating system was tested and its performance 
was assessed. The very good heating profiles were 
achieved in temperature ranges from 30°C to 500°C 
with heating rates of 1 °C/s to 10 °C/s.  

2. HEATER SYSTEM DESIGN 

The heater must provide the TL dosimeter (TLD) 
housing and desired temperature rise of the heated 
TLD. A small, very thin kanthal strip with the 
dimensions of 3 cm x 1 cm is used as the heater. The 
electrical resistance of such heater is very small and 
special driver is needed to power it up. The heater is 
driven either by mains power transformer, or by 
specially designed power converter. In this paper, the 
heater system, realized with the power converter as a 
heater driver, is described.  

The heater system is divided in two building blocks, 
as shown in Figure 1. The first block, representing a 
control unit, is used to measure the sample 
temperature and to provide the control signal for 

heating of TLD. This block also contains a 
communication module integrated into control unit 
which is used for communication with PC. The second 
block contains the power converter with the pulse 
width modulation (PWM) generator, and the driver 
circuits for power MOSFET transistors.  

 
Fig. 1 Block diagram of the heater system. 

2.1. Heater system control unit 

The control unit is based on a PIC 18F4550 
microcontroller (MCU) [2]. This MCU integrates the 
USB communication controller that is used to 
implement data transfer between PC and control unit 
of a heater system. The temperature measurement is 
done using the K type thermocouple capable to 
measure the temperatures up to 1150 °C. The signal 
from thermocouple is fed into an instrumentation 
amplifier INA118 [3], providing the output voltages 
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between 0 V and 5 V for the temperature range from 
30 °C to 600 °C, respectively. The signal from the 
amplifier output is fed into a 16 bit A/D converter 
AD7680ARMZ [4], and the measured voltage signal is 
sent from this A/D converter to MCU. The 9th degree 
polynomial is used to convert the measured voltage 
signal into the temperature. It is a standard procedure 
to reduce error of the K type thermocouple output 
voltage. For the polynomial coefficients, ITS-90 direct 
and inverse polynomial coefficients table is used [5]. 

The control of temperature rise is enabled through 
the fuzzy logic algorithm executed on MCU, although 
the PID control is more often manner for the control of 
the system behavior. However, the PID needs the 
knowing of the mathematical function of the system 
response, as well as the MCU with higher processing 
capabilities. In the case of fuzzy logic, it is not 
necessary to know a mathematical function of the 
system response.  

The fuzzy logic algorithm is based on empiric 
observation of the system, i.e., on the set of rules which 
are implemented and executed in a MCU firmware to 
enable the control of the heater temperatures. The set 
of rules is based on the system behavior when a 
controlling parameter is increased or decreased 
depending on a given state of the system. In our 
heating system, the power converter is fed with PWM 
signal, and the increase in duty cycle of the PWM 
signal directly leads to increase in temperature of the 
heating strip, and vice versa, the reducing duty cycle of 
the PWM signal reduces the temperature of the heating 
strip. The input parameters of the fuzzy logic are 
temperature error (e = ΔT) and temperature error 
change rate (Δe/Δt), respectively, where T is the 
temperature and t is the time. The output of the fuzzy 
logic algorithm is the value of the PWM signal duty 
cycle. 

2.2. Heater driver unit 

The PWM signal at the output of the MCU has a 
frequency of 20KHz, and it is fed into the heater driver 
unit that is based on the full bridge power converter. 
To implement the proper functioning of the power 
converter, the driving PWM signal needs to be 
switched between diagonal branches of the full bridge 
power converter. One diagonal branch is active during 
one period of a PWM signal, while the other branch is 
active during the next period of the PWM signal. This 
means that 20 kHz of primary PWM signal is divided 
into two components with the frequency of 10 kHz. 
However, the signal with the frequency of 10 kHz is 
insufficient to drive ferrite core transformer of the 
power converter. Because of that, the PWM signal for 
converter is obtained using a separate, secondary 
PWM generator with a signal frequency of 80 kHz. 
When this frequency is divided by two, the resulting 
secondary PWM signal frequency is 40 kHz, which is 
sufficient to drive the ferrite transformer of the power 
converter.  

The PWM signal duty cycle from secondary 
generator is controlled by the duty cycle of primary 
PWM signal from MCU. The primary PWM signal is 
filtered through low pass filter to produce DC signal, 
and the level of DC signal is correlated with duty cycle 
of primary PWM signal. This variable DC signal is fed 
into the secondary PWM signal generator enabling the 

control of duty cycle for the secondary PWM signal. In 
that way, the duty cycle of primary PWM signal is 
correlated with the duty cycle of secondary PWM 
signal.  

As it is said before, the full bridge power converter 
must be driven in such way that the diagonal branches 
are powered sequentially. This requirement is fulfilled 
using the discrete T flip flop. The flip flop is triggered 
by the secondary PWM generator and output of the flip 
flop is used to control the signal for the power 
MOSFET transistors drivers. 

2.3. Heater assembly 

The ferrite core transformer in power converter is 
used to adjust impedance of the heater. The kanthal 
strip, used as a heater, has very low impedance, and, as 
a result of that, the secondary coil of ferrite core 
transformer must have small resistance. It can be 
realized using either very thick wire or multiple smaller 
diameter twisted wires. The latter solution is selected 
because it provides better manipulation (twisting the 
wire, soldering, etc.) then the large diameter wire. The 
wires used to connect the heater to the output of the 
transformer have 9 mΩ resistance, while the heater 
itself has 15 mΩ resistance. In total, the wires with 
heater have the resistive load of 24 mΩ. The maximum 
output voltage of rectifier which drives the heating 
strip was 1.1 V, but the measured current of the heater 
was 44 A at the heater temperature of 550 °C. Because 
of that, the DSS 2X121-0045B [6] fast recovery Shotky 
diode with low voltage drop is used to rectify output 
voltage of the power converter. This diode has 
maximum current of 120 A, and voltage drop of 0.59 V. 
It is mounted on the passive metal cooler, reaching the 
maximum temperature of 60 °C during the testing with 
most demanding heating profile of 1 °C/s. 

 
Fig. 2 The photograph of assembled heater system. 

Below the heating strip, the thermocouple was 
fixed to measure the strip temperature. The metal case 
is used to house electronic circuits of control unit and 
heater driver. This system can serve as a base for TLD 
reader where the reader assembly with the 
photomultiplier tube (PMT) and its electronics circuits 
can be mounted on top. The photograph of the system 
is shown in Fig. 2. 
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3. HEATER SYSTEM CALIBRATION 

For the heating control, a fuzzy logic algorithm is 
used, because it is easy to be implemented in a PIC 
MCU, without knowledge of a mathematical function 
that describes the heating system. The fuzzy logic 
algorithm output value is based on calculations from 
two input values, temperature error and the 
temperature error change rate. The temperature error 
represents difference between desired and measured 
temperature, while the error rate represents the 
difference between the errors of the two consecutive 
measurements of desired and measured temperatures.  

The fuzzy logic algorithm has three input fuzzy 
functions for both input values and five output fuzzy 
functions for output value. Both inputs have positive, 
neutral and negative functions, while output has 
neutral, two positive and two negative functions. 
Positive and negative output function centers have 
values greater and smaller than neutral function center 
value, respectively. They are used to increase or 
decrease PWM signals duty cycle, if the heater 
temperature is lower or higher than required 
temperature. The neutral function is used to maintain 
temperature when required temperature is reached. To 
maintain required temperature, the heater driver must 
provide certain value of the PWM signal duty cycle. For 
different temperature value, a different PWM signals 
duty cycle is needed. Because of that, the centers of all 
functions need to be adjusted. The adjustment value is 
based on a system temperature versus PWM signal 
duty cycle dependency. The obtained value is simply 
added to all output fuzzy function center values.  
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obtained by the measurement and by 5th degree polynomial 

For the temperature versus PWM signal duty cycle 
dependency to be recorded, the MCU firmware is set to 
a mode where primary, and consequently a secondary 
PWM duty cycle is increased in small steps. 
Simultaneously, temperature of a heater is recorded. In 
Figure 3, the temperature versus PWM duty cycle 
graphic is shown. This graph tells us what value of the 
PWMs signal duty cycle is needed, to reach and 
maintain required temperature of the heater. The 5th 
degree polynomial approximation was made for PWMs 
signal duty cycle calculation. This is the main routine 
needed to calibrate the control algorithm. If some of 
the heaters elements or driver parts are changed 
(heater strip, ferrite transformer, etc.), the calibration 
routine needs to be performed again and a new 
polynomial should be used to set appropriate center 
values for output fuzzy functions. 

4. HEATER SYSTEM PERFORMANCE EVALUATION 

The specially developed software controls the 
operation of the heater. It implements the control of 
selecting temperature rate and maximum allowed 
temperature of the heater. There are gauges for 
measured and required temperature display and USB 
connection state indicator. There are also a fan control 
buttons. The fan is used to cool down the heater 
assembly faster. Heater system is initialized with start 
temperature (usually 30 °C), temperature rate and 
maximum temperature allowed. When the heater 
reaches maximum temperature, the fan is turned on 
automatically and heater assembly is cooled until room 
temperature is reached. The application stores values 
of required and measured temperature, and a PWMs 
signal duty cycle value. All three values are stored in 
separate files. First two are used for observation of the 
temperature rise for a given heating profile, while third 
is used to evaluate performance of the fuzzy logic 
algorithm.  
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Fig. 4 Recorded temperature rise for heating rate of 5°C/s 

with approximated function and error data 

For routine TL research, heating rates from 
1 °C/sec to 10 °C/sec are sufficient [7]. For 
performance evaluation, the heater is tested for all 
heating rates in aforementioned range. In Figure 4, the 
recorded temperature rise for 5°C/sec is shown. The 
time is measured from a PCs real time clock, and the 
temperature values are transferred from heaters 
control unit to PC via USB interface. An approximated 
linear function for recorded temperature data is also 
shown in Figure 4. The obtained results show that the 
temperature rise of the heater has very small error 
compared to a desired heating profile with rate of 
5 °C/sec. For all measured heating profiles, very good 
results are obtained, and error can be observed at the 
second or third decimal on the functions with which 
recorded temperature are approximated.  

In Figure 5, the recorded temperature values for 
five temperature rise profiles are shown. Heating was 
performed in range from room temperature up to 
500 °C. All heating profiles have very good linearity 
and detailed examination showed that all profiles have 
very small difference between desired and obtained 
heating curves. 
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Fig. 5 Recorded temperature rise for heating rates of 2, 4, 6, 8 
and 10 °C/s in the range from room temperature to 500°C 

5. CONCLUSION 

In this paper, a low cost heater system that can be 
used in temperature range from 30 °C to 500 °C with 
heating rates from 1 °C/s to 10 °C/s, is presented. The 
heater system is tested for all heating profiles, and the 
results are analyzed. The obtained errors for all heating 
profiles are very small.  

The calibration routine for heating system is very 
simple and whole system can be easily modified, and it 
can be used for various purposes. The power converter 
is able to power up a heater up to several hundred 

watts, so it can be used in applications for annealing of 
irradiated semiconductor devices, temperature stress 
test for semiconductor devices, etc. 
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Abstract. p-channel metal-oxide-semiconductor (pMOS) dosimetric transistors are unique radiation dosimeters that 
have extremely small sizes (the dimensions of sensor elements are  1 mm  1 mm) and allow the dose measurement in 
vivo in real time, which is specially important for radiotherapy. The dependence of threshold voltage shift (VT) on 
dose  (sensitivity to the ionizing radiation) of five dosimeter types with the oxide thicknesses of 400 nm and 1 μm have 
been  investigated.      

Key words: pMOS dosimeters, RADFETs, radiation, sensitivity 

1. INTRODUCTION 

The idea of using metal-oxide-semiconductor field-
effect transistor (MOSFET), or shorter MOS transistor, 
as a MOS dosimeter of ionizing radiation is very old 
[1]. The basic concept of MOS dosimeter is to convert 
the threshold voltage shift, VT, induced by radiation, 
into absorbed radiation dose, D. This dependence can 
be expressed in the form: 

n
T ADV  , (1) 

where VT = VT - VT0, VT is the threshold voltage after 
irradiation, VT0 before radiation, A is a constant, and n 
is the degree of linearity. n depends on oxide thickness, 
electric field and absorbed dose. Ideally, this 
dependence is linear, i.e n = 1, and then A represents 
the sensitivity, S, of MOS dosimeter. 

The threshold voltage shift VT is caused by 
radiation-induced oxide charge and interface traps. 
Irradiation results in the trapping of holes (generated 
by the radiation) in the SiO, and the creation of 
interface states at the Si/SiO2 boundary. Both the 
trapped holes and interface states contribute to the VT 
in the same direction in the case of p-channel MOS 
(pMOS) transistors and opposite to each others in the 
case of n-channel MOS (nMOS). Namely, the positive 
oxide trapped charge decreases, but interface traps 
increases VT in nMOS transistors, compensating the 
effect of each others. Both the positive oxide trapped 
charge and interface traps increase the absolute values 
of VT in pMOS transistors. It is reason that pMOS 
transistors, instead of nMOS transistors, have been 
used as a radiation dosimeter. It should be noted that 
the electrons, generated by the radiation, could be also 
trapped in the oxide, but it is less probable, and the net 
oxide charge induced by radiation is always positive.  

The sensitivity increasing to the radiation is one of 
the main objectives when designing pMOS transistors 
for radiation dosimetric purposes (so-called pMOS 
dosimetric transistors). This can be achieved by 
increasing the gate oxide thickness [2, 3] or stacking 
more transistors [4]. The investigation of pMOS 
transistors with a thick gate oxide has been intensified 
because of their enhancement radiation sensitivity. An 
interesting idea of the thick gate oxide fabrication is 
two-layer structure (so-called “sandwich” structure), 
consisting of a layer of thermal and a layer of CVD 
oxide [2, 5]. It has been shown [6] the advantages of 
the two-layer oxide structures in comparison to a one-
layer oxides, if their thicknesses are the same. Also, it 
is easier to fabricate thick CVD than thick thermal 
oxide. 

So, the basic idea is to produce a radiation sensitive 
pMOS transistor (pMOS dosimetric transistor) that 
could be used as a radiation dosimeter [7]. The name 
of this radiation dosimeter is pMOS dosimeter or 
RADFET (Radiation-Sensitive Field Effect Transistor). 

The pMOS dosimeter advantages, in comparison 
with other dosimetric systems, include immediate, 
non-destructive read out of dosimetric information, 
extremely small size of the sensor element, the ability 
to permanently store the absorbed dose, wide dose 
range, very low power consumption, compatibility with 
microprocessors, and competitive price (especially if 
cost of the read out system is taken into account). The 
disadvantages are a need for calibration in different 
radiation fields (”energy response”), relatively low 
resolution (starting from about 1 rad) and 
nonreusability. 

 The range of possibilities of pMOS dosimeter 
practical application is indeed wide: as a personal 
dosimeter, in the laboratory, radiation therapy, 
spacecraft, nuclear equipment and so on [8]. Fig. 1 
shows the using of pMOS dosimeter in radiation 
therapy (60Co, LINAC, hadron therapy, ...) [8]. This 
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kind of application is possible since sensors (pMOS 
dosimetric transistors) are extremely small ( 1 mm2) 
and allow the measurement of dose in vivo in real 
time. Figure 2 shows the cross section of pMOS 
transistors with the defects created by radiation. 

 
Fig. 1 An application of pMOS dosimeter in radiotherapy [8]. 

 
Fig. 2 Cross section of pMOS transistors after irradiation with 

VG = 0 or VG > 0 V . 

2. IONIZING SOURCE 

The 60Co ionizing source, which is the most 
commonly used source for the investigation of ionizing 
effects in silicon devices and is utilized for industrial 
irradiation, sterilization, radiotherapy and biological 
research, is used. 60Co in each disintegration emits  
particle and two photons of energy E1 = 1.17 MeV 
(99.86 %) and E2 = 1.33 MeV (99.98 %), transforming 

itself into Ni60
28 . These two gamma photons with 

different energies are usually consider as two photons 
with the same energy of E = 1.25MeV (=(1.17 + 
1.33)MeV/2), so that the total photon energy liberated 
in each disintegration is 2·E = 2·1.25 MeV = 2.5 MeV. 
The half-life of 60Co is 5.27 years. 

The absorbed dose D (also often called total dose or 
only dose) represents the mean energy absorbed per 
unit mass of irradiated matter at the point of interest, 
and for a constant incident photon flux is: 











kg
J

m

E
D ab  (2) 

where Eab is the mean absorbed energy in the matter 
and m is the mass of matter. If an incident photon 
(radiation) flux is not constant over whole both mass of 

irradiated matter and irradiation time, the dose should 
be represented in differential form: D = dEab/dm. 
Absorbed dose is the best physical indicator of 
biological response. Absorbed dose to water, since it is 
similar to human tissue, is used to specify the amount 
of radiation to be used in clinical practice. 

The SI unit of dose is the Gray (Gy): 1 Gy = 1 J/1 kg, 
and the customary unit is rad (rad): 1 Gy = 100 rad. 
Since the dose depends on the matter of interest, the 
specific matter should be always referenced: rad(Si), 
Gy(SiO2), rad(air), etc. 

Absorbed dose rate (dose rate) D  represents the 
time rate of the absorbed dose change, and for the 

constant photon flux is ]/[/ sGytDD  . 

In practice, D  is calculated by the expression: 
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where eD  is the exposed dose rate. μme(E) and 

(μme(E))air are the mass energy-absorption coefficients 
in a material and in air, respectively. 

In the case of RADFETs, a silicon (Si) is usually 
used as a referent material. For silicon and air (the 
source is 60Co): (μme(1.25 MeV))Si =2.65·10-2 cm2/g and 
(μme(1.25 MeV))air = 2.67·10-2 cm2/g, meaning 
(μme(1.25 MeV))Si   (μme(1.25 MeV))air. Figure 3 
displays μme versus photon energies E for air, water 
(H2O), and silicon (Si). 
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Fig. 3 The mass energy-absorption coefficients, μme(E), for air, 

water (H2O), and silicon (Si). 

The absorbed dose rate for water, i.e., for the 
human tissue could be calculated by eq. (3) using 
(μme(1.25 MeV))H2O = 1.112 (μme(1.25 MeV))air: 

The exposed dose De (often called exposure, X) is 
defined as the total charge of one sign q produced in 
dry air when all electrons liberated by photons in a 
mass of air m are completely stopped in air: 











kg
C

m

q
De . (4) 

The De is always defined relating to air. SI unit is C/kg, 
but the old unit, roentgen R (1 R=2.58·10 -4 C/kg) is 
still often used. 
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The exposed dose rate eD is the time rate of the 

exposed dose change: ]/[/ skgGytDD ee  . 

How to find the absorbed dose D in practice? Firstly, 

eD  should be measured, and then D   calculated using 

eq. (3). eD  is usually measured by ionization chamber. 

For the point radiation source that gives 
monoenergetic beam of energy E (e.g. 60Co or 137Cs), 

the eD  can be calculated by 












 

skg

C

r

AEE
D airme

e 2
17 ))((1076.3 .(5) 

where A = Ao exp(-t) is the radiation source activity, 
Ao is the activity at the t = 0,  is the radioactive 
constant, and r is the distance from the point source to 
the point of interest (along r the radiation absorption 
in the air is neglected). The A is in unit of Becquerel 
(Bq), E in MeV, r in m. Bq is the SI unit, but the old 
unit Curie (Ci): 1 Ci = 3.7·1010 Bq is still in the use. 

3. EXPERIMENTAL DETAILS 

The experimental samples were Al-gate dosimetric 
pMOS transistors (RADFETs), manufactured by 
Tyndall National Institute, Cork, Ireland. Five 
dosimeter types with the oxide thicknesses of 400 and 
1 μm have been investigated. The four pMOS dosimeter 
types have oxide thickness of tox = 400 nm, but 
different oxide technologies, but the fifth type has the 
oxide thickness of 1 μm.  

The threshold voltage, VT, is a basic dosimetric 
parameter for absorbed dose calculation, and it is 
measured using a “one point” method [10]. In this 
method, for a given drain current ID the gate voltage VG 
is considered as the VT. Although the ID is RADFET 
type dependent, in the practical applications it is usual 
to use a predefined constant value of ID = 10 μA. The 
source and bulk are shorted, giving the one terminal, 
but drain and gate are also shorted, giving another 
terminal. This two-terminal configuration, known as a 
reader circuit (RC) configuration, is shown in Fig. 4. 

 
Fig. 4 Set-up for a measurement of VT  in one point. 

A completely automatic system for RADFET 
characterization has been used. The system is 
composed of an 8 x 12 ultra low current, high speed 

switching matrix (SM) model 708A Keithley, a low 
current dual-channel source meter unit (SMU) model 
2636A Keithley, and a Signal/Function Generator (SG) 
model HP 8116A. The block diagram of the used 
experimental setup is shown in Fig. 5 [11]. Such 
configuration enabled completely automatic 
measurements, and the samples were neither moved 
nor touched during the irradiation. Using the SM, all 
pins were short-connected during irradiation, and 
electrical characteristics and charge-pumping currents 
for all RADFETs under test were successively 
measured after each irradiation step. This allows the 
measuring of VT in one point, and using midgap and 
charge-pumping methods [12]. 

 
Fig. 5 Experimental setup of completely automatic system 

used for RADFET characterizations. 

4. EXPERIMENTAL RESULTS 

Fig. 6 shows the dependence of threshold voltage 
shift, VT, on radiation dose, D, representing the 
dosimeter sensitivity, for five pMOS dosimetric 
transistor types irradiated without gate bias. The 
thicker oxide of 1 μm has significantly higher 
sensitivity (more than five times) than the oxides of 
400 nm that have similar sensitivities. The radiation 
sensitivity of pMOS dosimeters irradiated with gate 
bias of 5 V is displayed in Fig. 7. The thickest oxide 
shows approximately six times higher sensitivity, but 
there is also difference in sensitivity between the 
oxides of the same thickness. The P3418W11 type has 
about two times higher sensitivity than other types, 
which also show slightly differences in the sensitivity. 
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Fig. 6 pMOS dosimeter sensitivity with VG =  0 V. 
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VALIDATION OF PORTABLE MONITORING SYSTEM FOR MEASUREMENT  
OF NATURAL BACKGROUND GAMMA RADIATION 
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Abstract. Main activities of research presented in this paper include measurement of natural background gamma 
radiation using two instruments, a MFM 203 and a GAMMA-SCOUT, result analysis and validation of the     GAMMA-
SCOUT’s results. Both instruments were installed in the meteorological station in the city of Niš in Serbia. The 
MFM 203 served as a referent while the GAMMA-SCOUT served as a working standard. Brief characteristics of both 
instruments are presented. Measurement setup is also presented as well as the results obtained after measurement 
along with proper discussion and comparison between the results obtained by both instruments. Main purpose of this 
experiment was to evaluate the possibility of natural background gamma radiation measurement using the GAMMA-
SCOUT because further projects will be based on the measurements obtained by this particular instrument. Based on a 
preliminary result analyses it was concluded that the GAMMA-SCOUT has a relatively acceptable measurement error 
compared to the MFM 203. Hence, it can be employed as a referent instrument for measurement of natural 
background gamma radiation. 

Key words: natural background gamma radiation, measurement, MFM 203, GAMMA-SCOUT, validation, results 

1. INTRODUCTION 

In the past decade the world has become very 
concerned regarding the environmental pollution. 
Particular domain on this issue is the danger of 
radioactivity. Because of the way matter spreads 
through air and the speed of spreading radioactivity 
level must be continuously monitored using numerous 
automated measuring systems. 

In normal conditions people are exposed to 
radiation from three types of sources: cosmic, 
terrestrial, and internal. Intensity of radiation from 
cosmic and terrestrial types of sources depends on the 
geology of the terrain and altitude, radiation registered 
in normal conditions comes from three types of 
sources: cosmic, terrestrial, and internal. Cosmic 
radiation comes from outer space. Terrestrial radiation 
comes from radioactive materials found in trace 
amounts in all the land structures (rocks, soil and 
minerals). Higher levels are associated with rocks and 
granite, while the lower levels are associated with 
sedimentary rocks. Internal exposure occurs when 
radionuclide’s are ingested, inhaled, or absorbed 
through the skin. Besides these sources of radiation 
there is also a background radiation of low energy 
photons which is thought to be the remnant of the so 
called big bang that created this universe. Besides 
natural sources of radiation there are some of         
man-made sources of radiation.  

The extensive use of radiation in many fields has 
prompted the development of the field of radiation 

dosimeters. Originally the emphasis was on 
determining the integrated dose received by a person 
working in a radiation intensive environment with the 
intention to limit the exposure for personal safety.  

For individuals with professional exposure to 
radioactive sources in the EU, there are two legal upper 
limits assuming 2 000 working hours per year: 

Dose rate limit is 6 mSv, Category B; 

Dose rate limit is 20 mSv, Category A. 

According to UNSCEAR the worldwide average 
background dose for a human being is about 2.42 mSv 
per year [1]. In most countries, for workers exposed to 
radiation the current maximum permitted dose is 
20 mSv per year, and this value is recommended by 
International Commission on Radiological Protection. 

Dose intensity of gamma radiation in the air is 
measured by different instruments and methods. 
Among many there are Geiger-Müller (GM) counter 
tubes, ionization chambers, scintillation detectors etc. 

Monitoring of gamma radiation in the Republic of 
Serbia is being performed through a real-time early 
warning network constituted of nine detectors. Six of 
them are MFM 203, one is MFM 202 and two are 
ionization chambers RSS-112. 

Paper [2] presents results of environmental 
radioactivity monitoring in the Republic of Serbia 
during the past 20 years, recent measurements were 
performed with several MFM 203. 
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2. EXPERIMENT SETUP 

Measurement of natural background gamma 
radiation was performed using two instruments. The 
first instrument is the MFM 203 [3] and it was 
employed as a referent instrument. The second is the 
GAMMA-SCOUT ONLINE model [4]. 

Measurements were performed in the 
meteorological station located in the city of Niš in 
Serbia (43.327°N, 21.898°E). The measurements have 
been obtained from one meter above the ground five 
days continuously in January of 2012. 

Comparison between characteristic of various 
detectors indicates that detectors show significant 
differences even when it comes to the most important 
criteria [5]. Hence, main purpose of this experiment 
was to make a comparison between measurements 
obtained from both instruments and to evaluate 
whether the GAMMA-SCOUT could be used as a 
referent instrument for measurement of background 

gamma radiation in the meteorological station 
currently developed at Faculty of Electronic 
Engineering in Niš. Evaluation will be based on 
measurement error made by the GAMMA-SCOUT. 

2.1. MFM 203 

MFM 203 made by Ames is a portable-size 
instrument designed for continuous environmental 
monitoring of gamma radiation. One of its main 
advantages is that it is completely autonomous in 
performing all the necessary functions. It is suitable to 
be employed as a referent instrument in the real-time 
early warning network. Measurement of gamma 
radiation is carried out using two energy-compensated 
GM tubes of different sensitivities. They can cover 
dose-rates from the normal background to the 
accidental levels. Block diagram and physical 
appearance of the MFM 203 are shown in figure 1. 

                     
a)                                                                                                       b) 

Fig. 1 MFM 203: (a) block diagram; (b) physical appearance

The main unit is composed of a microprocessor-
controlled monitor with a keyboard and a LCD display. 
In the standard version, the instrument consists of the 
following components: 

 Processor unit; 
 Remote “A” (high-sensitive) GM tube; 
 Remote “B” (low-sensitive) GM tube. 
GM probes cover ranges between 50 nSv/h and 

1000 mSv/h. 
It is designed to be connected on-line (via a modem 

and telephone line or radio link) to the central data 
collecting and of an early warning system. Data can be 
transferred in real time or at scheduled time intervals. 

Data are transmitted from using standard KERMIT 
protocol. Four types of files may be transmitted: time, 
instant data, half-hour data and parameters. 

2.2. GAMMA-SCOUT 

GAMMA-SCOUT made by GAMMA-SCOUT GmbH 
& Co. KG is a potable instrument equipped with a GM 
tube which can detect not only gamma radiation, but 
alpha and beta radiation as well. It can perform 
measurements increased up to 500 times over the limit 
value.  

The ONLINE Model has been designed to transmit 
data cyclically (synchronized with the measuring). Its 
physical appearance is shown in figure 2. 

 
Fig. 2 GAMMA-SCOUT 

Due to the ISO certification each GAMMA-SCOUT 
undergoes a rigorous factory inspection and calibration 
protocol before leaving assembly line. This test is 
supervised by the Institute of Radiation Protection; a 
government controlled university for Applied 
Technology. The tested device must be in a confidence 
interval of 5% in comparison to a master. This master 
is adjusted to a gauged reference Cs-137 emitter.  

GAMMA-SCOUT stores all registered pulses in its 
internal memory and keeps them until memory 
content is extracted or erased. Total of 32 000 readings 
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could be stored, while the interval of data storage is 
adjustable among several predefined intervals. 

3. RESULTS AND DISCUSSION 

As it was previously mentioned above, both 
instruments were performing measurement of natural 
background gamma radiation five days continuously, 
between 20.01.2012 and 24.01.2012. 

After the measurement was complete the data from 
the GAMMA-SCOUT were transferred to the PC using 
application supplied by the manufacturer. The 
application creates an Excel file which containing all 
relevant data (time and results) used for error and 
deviation calculations. This file could be loaded into a 
specialized software (in this case Matlab) which can be 
used for further data processing and analyses, as well 
as for comparative graphical display with the results 
obtained from the referent system. 

The MFM 203 performs internal averaging of 
measurement results on every half an hour while the 
GAMMA-SCOUT performs measurements on every 30 
seconds. In order to perform a proper comparison 
between results from both instruments the results 
from the GAMMA-SCOUT were averaged, in Matlab, 
on to a half an hour intervals after being extracted 
from device’s internal memory. 

Radiation results (ID) are displayed on Y-axis of  
24-hour timetable diagrams. 

Measurement results of the first day along with 
environmental temperature are shown in figure 3.  

 
a) 

 
b) 

Fig. 3 Results of the first day: a) radiation; b) temperature 

GAMMA-SCOUT is designed for reliable operation 
in temperature range between -20°C and +50°C. 
However, the sudden change of a temperature in a 
short period of time leads to operation instability and 

could cause erroneous measurements. Measurement 
errors caused by such temperature instability are 
highlighted in figure 3. 

Measurement results of the second day along with 
environmental temperature are shown in figure 4. 

 
a) 

 
b) 

Fig. 4 Results of the second day: a) radiation; b) temperature 

Measurement results of the third day along with 
environmental temperature are shown in figure 5.  

 
a) 

 
b) 

Fig. 5 Results of the third day: a) radiation; b) temperature 
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Measurement results of the fourth day along with 
environmental temperature are shown in figure 6.  

 
a)  

 
b)  

Fig. 6 Results of the fourth day: a) radiation; b) temperature 

During the fifth day of measurement there was a 
slight change in radiation intensity. In the highlighted 
6-hour area, shown in figure 7, both instruments have 
detected increase of natural background gamma 
radiation (up to 20%). Cause of this sudden increase 
was largely due to the Sun storm which took place 
during that time and slightly due to rain that fell. 

 
a)  

 
b)  

Fig. 7 Results of the fifth day: a) radiation; b) temperature 

Since rainfall intensity is also a relevant factor for 
measurement of natural background gamma radiation, 
intensities during the five days of measurements are 
shown in table 1 in form of averaged day results. 

Table 1 Rainfall intensity 

Day 20.1. 21.1. 22.1. 23.1. 24.1. 
Rainfall intensity 0.4 0.3 6.8 0 1.5 

During the short term testing and evaluation of the 
GAMMA-SCOUT under realistic conditions a 
measurement error was spotted. This error is related to 
the difference between measurements from the 
MFM 203 and the GAMMA-SCOUT and it is in range 
between +10% and +20%. Increased fluctuations of the 
measurement curves might be partially attributed to 
the adopted method of measurement data processing, 
without rejecting extreme measured values. The 
method of averaging and processing measurement 
results from the MFM 203 is currently unknown to the 
authors of this paper because the results were obtained 
in the form of Excel file. 

4. CONCLUSION 

The validation of GAMMA-SCOUT’s measurements 
compared to the referent system MFM 203 was 
presented in this paper. Short term validation during 
the 5-day period has shown that the measurement 
error never exceeds 20% which is acceptable 
considering the performance differences between both 
instruments as well as their GM tubes. One has to also 
include price differences between these instruments 
which is considerable. Several months long 
comparison between measurements of these 
instruments would enable more accurate evaluation of 
the GAMMA-SCOUT’s measurement error and its 
compensation, thus increasing the reliability of the 
GAMMA-SCOUT’s measurements. 
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Abstract. Functional indices of blood plasma and erythrocytes of white rats exposed to low intensity radio-frequency 
electromagnetic radiation (RF-EMR) were studied. Two modes of irradiation were used: a) 1-time action during 2 
hours, i.e. single 2-hour acute exposure; b) fractional exposure to RF-EMR during 4 consecutive days for 0.5 hour 
daily. Sham-treated rats served as a Norm. On days 1, 5, 10 and 20 after the last exposure 5 rats per observation day 
were sacrificed and blood samples were drawn to determine intensity of lipid peroxidation in blood plasma  and 
erythrocytes, integral antioxidant activity of water-soluble non-enzymatic antioxidants of rat blood plasma, 
erythrocyte membrane potential, K+ permeability across the erythrocytes membranes, and the  functional state of the 
Ca2+-activated K+-channels of erythrocytes. 
 According to data obtained, 900-MHz RF-EMR caused statistically significant changes in the studied parameters both 
in early and late observation periods. Hence, the character and the dynamics of changes depended on the mode of 
irradiation.  
Thus, a conclusion can be drawn that upon total influence on the organism low intensive EMR with 900 MHz 
facilitates development of long-lasting effect manifested as changes in functional characteristics of blood plasma and 
red blood cells. 
 

Key words: 900-MHz, blood plasma, erythrocytes, membrane 

1. INTRODUCTION  

Tremendous increase in the use of mobile phones 
brings forth growing concerns about the possible 
adverse effects of radio-frequency electromagnetic 
radiation (RF-EMR) emitted by these devices on 
human health. Numerous experimental and 
epidemiological data testify that the ever-growing 
exposure of living organisms to RF-EMR promote the 
occurrence of different disturbances in functional 
activity of cells and organs, which stimulate 
development of several sicknesses in humans [1, 2].  

At present, there is an established occurrence of 
common manifestations of cell reactivity in response to 
the action of various agents that is stipulated by the 
existence of unique physical and chemical system of 
cell metabolism regulation, as well as by the uniformity 
of changes in structural-functional state of cell 
membranes [3].  It is supposed that the majority of 
biological effects of low intensity EMR are manifested 
not as a result of a direct action of non-ionizing 
radiation, but are mediated through this system of 
regulation involving, among others, alterations of the 
organism antioxidant status [4-7]. 

This study was designed to investigate membrane 
and biochemical effects of rats total body exposure to 
low intensity RF-EMR with 900-MHz frequency. 

 

2. MATERIALS AND METHODS 

A total of 50 albino Wistar rats of 6 months age 
weighing between 180 and 200 g were acclimated to 
the vivarium for at least 5 days before experimental 
manipulations are conducted. Rats were housed in 
plastic cages per 5 on cage allowed free access to food 
and water before treatments.  

In order to perform irradiation rats of each 
experimental group were placed in well-ventilated 
plastic box (25 x 22 x 15 sm3) and exposed to whole 
body treatment with microwaves of 900-MHz 
frequency (7 μWt/cm2 power density). A generating 
unit of X1-42 panoramic measuring instrument 
emitting microwaves with frequencies in the range of 
0.1 – 1250 MHz and having 8-10 mWt output power 
served as a source of microwaves irradiation. Oscillator 
output was matched with 50-Ohmic cable. The 
generating unit was provided with output power 
regulator and had a capability with a high precision to 
establish the central frequency and the generation 
band in the entire range of frequency rearrangement in 
the digital display.  

A fractal type Minkowski compact antenna (size: 
11.7 x 12 sm2) of new generation with irradiation band 
within 850 – 960 MHz range served as an irradiator.  
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The resonance frequency of our antenna was 
designed so that the central frequency was equaled to 
900 MHz. Amplification coefficient of antenna was 5.5 
dB (~3.5-fold). At 3 dB level of the amplitude value the 
direction diagram was ±35°. Subsequently, irradiation 
spatial angle is ~70° that is corresponded to the 
irradiation area, i.e. to the object folding spatial angle. 
Since the antenna’s size is sufficiently small, conditions 
for the remote area are quite acceptable. 

Two modes of irradiation were used: a) 1-time 
action during 2 hours, i.e. single 2-hour acute 
exposure; b) fractional exposure to RF-EMR during 4 
consecutive days for 0.5 hour daily. Sham-treated rats 
served as Control.  

On days 1, 5, 10 and 20 after the last exposure 5 
rats per observation day were sacrificed under light 
anesthesia with ethyl ether and blood samples were 
drawn to determine intensity of lipid peroxidation in 
blood plasma (LPOpl) and erythrocytes (LPOer), 
integral antioxidant activity of water-soluble non-
enzymatic antioxidants (AOA WSNEAO) of rat blood 
plasma, erythrocyte membrane potential Em, K+ 
permeability across the erythrocytes membranes (PK), 
functional state of the Ca2+-activated K+-channels of 
erythrocytes (PCa-K).  

3. RESULTS 

 Erythrocytes are a reliable and easily obtainable 
model to detect membrane perturbations; their own 
very simple internal structure depleted of nucleus and 
organelles offers an ideal environment not affected by 
complex and renewable buffer system, in which any 
cause-effect relationship can be clearly shown. Due to 
the unique bioelectrochemical properties cell 
membranes are considered as the most likely acceptors 
of microwave radiation. Cell activity and viability 
depend on the state of the cell membrane.  

Membrane effects of total body exposure of rats to 
RF-EMR with 900-MHz frequency were evaluated 
analyzing the total permeability for K+ ions, including 
functional state of specific Ca2+-activated K+-channels 
of erythrocytes, as well as erythrocyte membrane 
potential as characteristic indices of erythrocyte 
membrane functional state. 

According to data obtained, 900-MHz RF-EMR 
caused statistically significant changes in the studied 
parameters both in early and late observation periods. 
Hence, the character and the dynamics of changes 
depended on the mode of irradiation.  

Thus, only on day 20 after fractional irradiation 
significant high levels of erythrocytes PK and PCa-K 
were obtained, while in other study periods there were 
no essential changes of these indices (Tables 1 and 2).  

Table 1 K+ permeability of erythrocytes on Days 1, 5, 10 
and 20 after whole body exposure of rats to RF-EMR 

with 900-MHz frequency (*- p<0.05)   

PK+, 
Control: 2.35±0.15 х 10-9 cm/sec 

Days 

Single 2-hour 
exposure to 900-

MHz RF-EMR 

Fractional exposure to 
900-MHz RF-EMR (4 

days, 0.5 h/day) 
1 2.30±0.35 2.18±0.14 
5 2.76±0.37 2.50±0.32 

10 5.66±0.78* 2.37±0.22 
20 3.75±0.54* 2.90±0.16* 

In case of single long-lasting exposure of animals to 
900-MHz EMR an enhanced total K+ outflow from 
erythrocytes was observed in the late periods that was 
maximally expressed on day 10. As to Ca2+-depended 
K+-channels of erythrocytes, the pronounced activity 
was observed on day 1 with certain attenuation on day 
5, while at later period a significant exhaustion of PCa-
K was noted. 

Table 2 Activity of Ca2+-depended K+-channels of erythrocytes 
on Days 1, 5, 10 and 20 after whole body exposure of rats to 
microwave irradiation with 900-MHz frequency(*- p<0.05)   

PCa-K, 
Control: 61.05±2.65  х10-9 cm/sec 

Days 

Single 2-hour 
exposure to 900-

MHz RF-EMR 

Fractional exposure to 
900-MHz RF-EMR (4 

days, 0.5 h/day) 
1 195.00±18.20* 71.92±7.49 
5 96.15±10.21* 82.12±9.71 
10 41.6±13.40* 65.49±7.24 
20 31.92±9.16* 80.30±6.49* 

 

On day 1 post the single 2-hour acute exposure and 
on days 10 and 20 after fractional irradiation a 
hyperpolarization of erythrocytes membranes with a 
significant increase of Em absolute value was recorded 
(Table 3). 

 Table 3 Membrane potential of erythrocytes on Days 1, 5, 10 
and 20 after whole body exposure of rats to to RF-EMR with 

900-MHz frequency (*- p<0.05)   

Em, 
Control: -7.62±0.61 mV 

Days 

Single 2-hour 
exposure to 900-

MHz RF-EMR 

Fractional exposure to 
900-MHz RF-EMR (4 

days, 0.5 h/day) 
1 -10.08±0.55* -6.92±0.23 
5 -6.09±0.35 -6.59±0.34 
10 -7.17±0.86 -11.89±0.90* 
20 -6.99±0.88 -9.57±0.77* 

 

Significant high indices of LPOer were registered in 
animals in all periods of investigation either after the 
single prolonged or fractional exposure to 900-MHz 
EMR (Table 4). 

Table 4 Lipid peroxidation intensity in erythrocytes on Days 1, 
5, 10 and 20 after whole body exposure of rats to RF-EMR 

with 900-MHz frequency (*- p<0.05)   

LPOer, 
Control: 32.44±0.70 nM MDA /mL er. 

Days 

Single 2-hour 
exposure to 900-

MHz RF-EMR 

Fractional exposure to 
900-MHz RF-EMR (4 

days, 0.5 h/day) 
1 57.01±2.05* 53.86±1.50* 
5 58.87±1.30* 51.14±0.70* 
10 52.56±0.45* 51.89±1.71* 
20 45.49±1.67* 40.73±3.08* 

 

On day 1 after 2-hour acute exposure an enhanced 
intensity of LPOpl was observed along with inhibited 
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AOA WSNEAO. However, on the other observation 
days a significant decrease of LPOpl was accompanied 
with the pronounced elevation on AOA WSNEAO 
(Table 5).  

Table 5 Lipid peroxidation intensity in plasma and integral 
antioxidant activity of water-soluble non-enzymatic 

antioxidants on Days 1, 5, 10 and 20 after 2-hour acute rats 
exposure of to RF-EMR with 900-MHz frequency (*- p<0.05) 

Single 2-hour exposure to 900-MHz RF-EMR Days 
LPOpl., 

Control: 0.34±0.12 
nM MDA /mL pl. 

AOA WSNEAO, 
Control: 1.189±0.208 

c.u. 
1 0.56±0.05* 0.645±0.222* 
5 0.19±0.03* 1.579±0.285* 
10 0.20±0.02* 1.941±0.233* 
20 0.25±0.09 2.372±0.201* 

 

In case of rats fractional exposure to RF-EMR very 
low values of LPOpl indices were obtained on days 1 
and 5 that was associated with the high AOA WSNEAO 
of blood plasma. (Table 6). 

Table 6 Lipid peroxidation intensity in plasma and integral 
antioxidant activity of water-soluble non-enzymatic 

antioxidants on Days 1, 5, 10 and 20 after fractional rats 
exposure to RF-EMR with 900-MHz frequency (*- p<0.05) 

Fractional exposure to 900-MHz RF-EMR (4 
days, 0.5 h/day) 

Days 

LPOpl., 
Control: 0.34±0.12 
nM MDA /mL pl. 

AOA WSNEAO, 
Control: 1.189±0.208 

c.u. 
1 0.013±0.002* 2.093±0.374* 
5 0.030±0.004* 1.583±0.422* 
10 0.52±0.03* 0.809±0.010* 
20 0.37±0.05 1.006±0.14 

 

Then, in the late periods an increase in LPOpl 
activity on day 10 and recovery of this parameter on 
day 20 were concurrent with the corresponding low 
level of AOA WSNEAO on day 10 and normalization of 
LPOpl on day 20. 

4. CONCLUSION 

A conclusion can be drawn that low intensive EMR 
with 900 MHz frequency possesses an apparent 
biological activity and upon total influence on the 
organism facilitates development of long-lasting effect 
manifested as changes in functional characteristics of 
blood plasma and red blood cells. 
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Abstract. The safe use of generators of non-ionizing radiation is becoming more relevant due to their intensive 
propagation in everyday life and because of the results of researches, which demonstrate their possible negative health 
effect. Microorganisms are convenient objects for studying the effect of various stress factors, including EMF. In the 
yeast Saccharomyces cerevisiae (the model organism for the studies of eukaryotic cells behavior), we showed changes 
of physiological, biochemical, cytological, morphological and genetic parameters under the influence of 
electromagnetic radiation of EHF, UHF, VHF and generated with video display terminals. Similar effects, in 
comparison with the yeast, were observed in animal tissue cultures (HEp, pig testicular cells, mice fibroblasts) during 
these experiments. Results obtained in our research were the basis for the development of the biosensor systems to 
visualize biological effects of non-ionizing electromagnetic radiation (Patent UA). The increasing of the luminescence 
value was detected in photobacteria after treatment with EHF and VHF. These results suggested that genetic 
structures containing lux-gene can be served as biomarkers to validate biological action of non-ionizing radiation. 
Studies using microorganisms are perspective not only for the detection of biological effects and mechanisms of action 
of non-ionizing electromagnetic radiation, but also have the great practical importance in environmental monitoring, 
normalization and standardization of EMFs exposure and for the testing of devices that should protect against the 
possible negative effects of EMFs and for the testing of devices. 

Key words: non-ionizing radiation, model organism, Saccharomyces cerevisiae, biosensor. 

1. INTRODUCTION 

Radiofrequency and microwave electromagnetic 
fields of anthropogenic origin are one of the most 
extensively propagating factors affecting environment. 
Their effects on biological processes and, in particular, 
on human health are of great interest and under 
discuss. Several theories were proposed attempting to 
explain mechanisms of biological effects of this factor 
[1, 2]; however, despite of a huge amount of researches 
and several special WHO research projects, the 
question is still open. More and more researchers point 
out that using of the multicellular complex organisms 
as a laboratory models in the experiments became one 
of the main omissions that did not let objectively 
evaluate the biological effects of the EMFs and 
understand the mechanisms of interaction between 
living matter and physical force. Nova days, 
“laboratory studies on cells aim to elucidate the 
fundamental underlying mechanisms that link 
electromagnetic field exposure to biological effects. 
They try to identify mechanisms based on molecular or 
cellular changes that are brought about by the 
electromagnetic field - such a change would provide 
clues to how a physical force is converted into a 
biological action ...” (cyted from WHO webpage “On 
Health Effects of EMFs”, 2011). Among different model 
systems are of great importance is backer yeast 
Saccharomyces cerevisiae. This yeast is the most well 
studied and widely used organism to study life 

processes of eukaryotic organisms at different levels 
from molecular and genetic to physiological and even 
social life [3]. A lot of similarities with other eukaryotic 
multicellular organisms and especially with the human 
cells suggested this yeast as a widely accepted model 
system for study eukaryotic organisms [4].  

In our researches we used Saccharomyces 
cerevisiae yeast to study effects of EMFs (VHF 
(40.68MHz), UHF (1800MHz) and EHF (37GGz)) and 
radiation emitted with video display terminals 
(computer monitors with cathode-ray tube and TFT). 
In the current manuscript we compare effects of the 
VHF and UHF EMFs only. We discuss impact of EMFs 
on the physiological, biochemical and genomic aspects 
of life processes of cells in dependence on the type of 
EMF. The effects were compared to other yeasts like 
Shizosaccharomyces pombe (a model organism for 
molecular and genetic studies) and several Candida 
species, among which are pathogenic and semi-
pathogenic ones and cause candidiasis in humans. The 
role of cell cycle phase, membrane integrity, 
dehydrogenase activity, polyphosphate metabolism 
and genome instability were evaluated as the potential 
sensors and/or steps of intracellular transformation of 
EMFs action.  

Comparative study of the effects of RF-EMFs onto 
the S. cerevisiae yeast and multicellular organisms 
(rats) let to use S. cerevisiae cells as an adequate 
sensing element in the biosensor devices.  
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2. PHYSIOLOGICAL AND BIOCHEMICAL IMPACT OF RF-
EMFS  

The main problem of physiological studies with 
whole multicellular organisms (such as rats, mouse, 
drosophila, so on) or their cell/tissue models is the 
complexity of the systems with a lot of unknown or 
difficult to establish variables and some problematic 
with their cultivation. In contrast to these models, 
yeast is more easily standardized and let researchers to 
vary different factors depending on the experimental 
needs.  

2.1. Yeast population growth and cell cycle effects 
of RF-EMFs 

We marked that effects of the VHF (40.68MHz, 
15W and 30W) and UHF (1800MHz with EFD of 10-
50 mkW/cm2, 100-200 mkW/cm2 and 
1000 mkW/cm2) EMFs depend on the treatment 
peculiarities and especially on the longevity of 
exposure. Short term exposure (from 5 min to 5 hours) 
of the non-synchronized yeast population resulted in 
stochastic effects onto the steichiometric and kinetic 
parameters of the yeast growth [5]. The cell cycle 
examination with flowcitometry after short EMF 
exposure established increasing of the portion of the 
cells in mitosis, but this effect disappeared after 4 
hours of cultivation without EMF treatment. These 
results indicated that EMFs action onto the yeast may 
specifically depend on the cell cycle phase.  

During long-term irradiation, each cell was exposed 
with EMF through the life span (in all cell cycle phases) 
and as a result the effects of EMF became obvious. 
Yeast treatment with EMFs of 1800MHz during 2 days 
and 6 weeks resulted in severe changes in the 
parameters of their growth: both the specific growth 
rate and metabolic coefficient increased, while 
economic coefficient left unaffected; the latter one 
indicates that yeast metabolic processes responsible 
for the growth and proliferation were enhanced. The 
long-term EMF effects did not return to the control 
rates even after 300 generations without irradiation. 

The level of general activity of dehydrogenases rose 
in irradiated cells in accordance with the EMFs (VHF 
and UHF) exposure and showed good relation to the 
growth parameters. Same way activities of some 
specific dehydrogenases of the glycolysis and citric acid 
cycle (glucose – 6 - phosphate dehydrogenase, alpha - 
ketoglutarate dehydrogenase, succinate 
dehydrogenase) increased in response to the action of 
the EMFs, indicating activation of the metabolic 
processes in the irradiated cells. However it should be 
noted that such effect of EMFs depended on the type of 
yeast: the same tests with other yeast S. pombe and 
Candida utilis showed similar result for the first one 
and showed decrease of enzymes activities for the 
second one.  

2.2. Membrane integrity under action of RF-EMFs 

Membrane and cell wall (in case of yeast) are two 
main barriers between environment and intracellular 
life processes. Both these structures may change in 
response to the action of environmental factors. 
Therefore a lot of researches indicated the role of 
specific components of the cell membranes, like Ca+- 
and other ion-channels, in the cell interaction with 

varied EMFs. We marked that treatment with VHF 
EMFs caused decrease of membrane permeability, 
while it dzeta-potential left unchanged. The same 
decrease in membrane permeability was marked for 
other yeast S. pombe and C. utilis and for the last one it 
was the biggest.  

Membrane fatty acid profiles left unchanged after 
treatment with VHF EMF, while sterol composition 
(and especially ergosterol content) changed 
significantly. Synthesis of ergosterol did not stopped in 
irradiated cells even under hypotonic conditions 
(Tab. 1), where it normally blocked, instead it amount 
increased on 30%. Ergosterol is the main structural 
element of yeast membranes that determine 
membrane stiffness. Therefore, marked decrease of the 
yeast membranes permeability can be due to the 
increased sterol production and, consequently, rise of 
ergosterol quantity within membranes.  

Table 1 Effect of EMFs of 40.68 MHz (30W, 60min) on the 
yeast S. cerevisiae Y-517 sterol (mkg/ml) composition under 

hypotonic conditions.  

After 60 min 
Sterol 

Initial 
concentra-

tion Control  UHF 

Lanosterol  18.6 47.6 19.4 

4,4-
dimethyl-
zymosterol  

1 12.8 1 

Zymosterol  11.6 1 13.2 

Fecosterol  1 1 1 

Episterol 14.7 8.3 18.8 

ergosta-5,7-
dien-3β-ol 

1 9.7 1 

Ergosterol 35.4 8.1 46.4 

Total 
amount 

83.3 88.5 100.8 

2.3. Phosphate metabolism impact on the RF-
EMFs biological effects 

Use of yeast strain S. cerevisiae CNX with two 
inactivated polyphosphatases PPN1 and PPX1 let to 
evaluate the role of these enzymes in the yeast 
sensitivity to the action of the VHF and UHF EMFs. 
Deficient strain showed different changes in 
comparison to it parental strain S. cerevisiae CRY or 
wild type diploid strain S. cerevisiae Y-517. Changes of 
the growth parameters were more drastic and opposite 
to those marked for the strains CRY and Y-517, while 
cell-to-cell interactions were affected slightly, and 
genome effects were lower. The results indicate that 
phosphate metabolism is significant for cell response 
to the EMFs action.  

3. GENOME EFFECTS OF RF-EMFS 

In our study we evaluated changes in S. cerevisiae 
genome that occurred under influence of VHF and 
UHF irradiation using ISSR-markers. Such types of 
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DNA-markers are widely used for molecular-genetic 
typing of yeast species [6]. It allows detection of 
variability of nucleotide repeats distribution among 
various strains and species.  

Results of PCR with primer to tetranucleotide 
repeat showed that size of amplification products 
varied from 350 to 1700 bp with common for all 
samples 700bp-amplicon. There were no differences 
observed between PCR-fragments sets of control 
untreated S. cerevisiae strains (Y-517 and CRY), 
although level of polymorphic bands among irradiated 
strains amounted up to 80%. Patterns of PCR-products 
obtained by amplification with primer (GACA)4 
showed differences between irradiated and non-
irradiated S. cerevisiae strains. All irradiated strains 
possessed 1000bp- and 1700bp-amplicons 
distinguishing them from non-irradiated strains.  

It supposes that irradiation affected genomic 
stability of S. cerevisiae and caused re-organization of 
genetic material that was reflected in differences of 
amplicon patterns. Possibly it could be consequences 
of recombination events during repair process. 

4. COMPARATIVE STUDY OF YEAST AND HIGHER 

EUKARIOTS (RATS) EFFECTS OF RF-EMFS 

Comparative study of the action of the VHF EMF 
1800 MHz during six weeks on the yeast cells and rats 
showed a lot of similar effects on both organisms (see 
Tab. 2). However, considering methodological 
peculiarities, the changes in the yeast cells were 
detectable several weeks earlier than in rats. And what 
was of special interest, yeast as a model let quite easily 
to prolong experiment to check reversion of the effects 
observed just after irradiation. 

Table 2 Comparison of the effects of UHF EMF (1800MHz) on 
the yeast S. cerevisiae and rats.  

Characteristics  Yeast  Rat 
Cyto-morphology changes yes  yes  
Metabolic activity changes  yes  yes  
Physiological changes yes  yes  
Behavioral changes n.d.  yes  

Genome changes  yes  
Possibly 

yes  
Effects reversion   Not entire  n.d.  

5. BIOSENSORS OF NON-IONIZING EMFS 

Considering high sensitivity of the yeast 
S. cerevisiae to the different types of EMFs they were 

found excellent as a sensor element for the 
development of biosensor device (Patent UA №62414 
from 25.08.2011) for the visualization of biological 
action of non-ionizing EMFs.  It was found that 
luminescence value of Photobacterium phosphoreum 
directly prorportional to power and duration of 
exposure with EHF and VHF. These results suggested 
that genetic structures containing lux-gene can be 
served as biomarkers to validate biological action of 
non-ionizing radiation. 
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Abstract:  It is necessary to know real values of field components that penetrated the tissue in order to study 
biological effects of electromagnetic radiation. The study of biological effects is  usually performed on experimental 
animals. The biological effects observed on experimental animals should be linked with penetrating field in the tissue. 
The penetrating electromagnetic field is almost impossible to measure and therefore modeling process must be carried 
out and components of the fields in models of experimental animals are calculated. This paper presents an approach to 
modeling penetration field and gives contribution to understanding of real effects of the fields and the sensitivity of 
tissues to electromagnetic radiation generated by mobile phone. 
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1. INTRODUCTION 

Application of numerical methods in 
electromagnetics is becoming necessary and, together 
with sophisticated software packages, it solves the 
problems of propagation of electromagnetic (EM) field 
in much shorter time than traditional methods of 
electromagnetics. Also, it enables the determination of 
electromagnetic fields for arbitrary geometries of the 
source with different material environment, which 
makes conventional methods less applied.  

The numerical calculations in electromagnetics are 
a combination of mathematical methods and a field 
theory. Before solving the problem, it is important to 
establish a correct mathematical model of the problem 
or its parts. Maxwell's equations and appropriate 
boundary conditions are necessary practical basis for 
the modeling of electromagnetic problems. Green's 
theorem and the method of equivalent sources are 
essential tools for numerical techniques. Using Stokes' 
theorem and the theorem of Gauss-Ostrogradskyog 
Maxwell equations can be transformed from the 
differential form of the integral form and vice versa. 

Methods for numerical modeling of continuous real 
environment can be divided into: the integral method, 
differential and variation method. 

Differential methods are: Finite Difference Method 
(FDM), Finite Difference Time Domain Method 
(FDTD) and Finite Element Method (FEM). 

Integral methods are: Charge Simulation Method 
(CSM), Surface Charge Simulation Method (SCSM), 
Boundary Integral Equation Method (BIEM), Method 

of Moments (MoM), Finite Integration Technique 
(FIT), Multiple Multipole Method (MMP) i Generalized 
Multiple Technique (GMT). 

In other methods can be classified: Transmission 
Line Method (TLM), Boundary Elements Method 
(BEM), Scalar Potential Finite Difference (SPFD), 
Three-Dimensional Impedance Method (3-D IM), etc. 

The methods are based on commercial software 
packages used in the modeling are the most common: 
Finite Difference Time Domain Method (FDTD), 
Method of Moments (MoM), Finite Elements Method 
(FEM), Three-dimensional Impedance Method (IM), 
Scalar-Potential-Finite-Difference (SPFD) method, etc. 

There are a number of software packages for 
simulation based on FDTD of which should be 
mentioned: XFDTD – Remcom, EMPIRE- IMST, 
SEMCAD X and FIDELITY. Examples of simulation 
software packages based on FEM methods are: OPERA 
3D-Vector Fields, HFSS and Multiphysics. Software 
packages for simulation-based on FIT are: CST 
MICROWAVE SUITE and MAFIA Software packages 
for simulation-based on other methods can mentioned: 
MEFiSTo-3D Pro, Micro-Stripes, QuickWave-3D, 
EMC2000-VF, etc. 

In order to determine the biological effects of 
electromagnetic radiation, it is necessary to study the 
effects on experimental animals. It is also significant to 
combine theoretical research on animal models with 
calculation absorbed electromagnetic energy and 
experimental studies on test animals under the same 
exposited condition. 
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2. THE METHOD OF INVESTIGATION OF 

BIOLOGICAL EFFECTS IN EXPERIMENTAL 

ANIMALS 

However, the analysis of the biological effects 
requires the knowledge of the field strength, absorbed 
energy and the SAR in rats’ bodies. Therefore, the 
electromagnetic simulation of field components in the 
body of test animals has been necessary [1].  

To obtain the numerical results of calculation of 
absorption of EM mobile phone radiation in 
experimental animals, it is necessary to define: model 
of the source (mobile phone) with the antenna pattern 
characteristic, the experimental animal model with the 
actual characteristics of tissues and under the 
conditions of the actual use (Fig. 1),[2,3], the model of 
wave propagation in half-conductive environment, i.e. 
the choice of numerical simulation methods (FDM, 
MoM, FDTD, FIT, etc.). 

 
Fig. 1 -  Experimental animals with a mobile test phone [3] 

 

2.1. Electromagnetic model of mobile phone 
 

As a source of electromagnetic radiation, a 
monoblock mobile phone with a dipole antenna has 
been used (half-wave dipole). It is possible to form 
another  EM model of mobile phone for other type [6]. 
Some of them are shown in Fig. 2.  
 

   
         a)                      b)                 c)        d)   

Fig. 2 –Type of mobile phones 

Three types of mobile phones are usually used 
(Fig.2): a mono-block phone with a with monopole 
antenna which is placed on the top of the mobile phone 
(a), a mono-block phone with a planar inverted-F 
antennas - PIFA (b and c) and a flip-down phone with 
a PIFA (d). 

 

2.2. Numerical Simulation Method - FDTD Method 
 

FDTD solves Maxwell’s equations in the time 
domain. This means that the calculation of the 
electromagnetic field values progresses at discrete 
steps in time. Main reason for using the FDTD 

approach is the excellent scaling performance of the 
method as the problem size grows. As the number of 
unknowns increases, the FDTD approach quickly 
outpaces other methods in efficiency. FDTD has also 
been identified as the preferred method for performing 
electromagnetic simulations for biological effects from 
wireless devices [3, 4, 7].  

In the FDTD approach, both space and time are 
divided into discrete segments. Space is segmented 
into box-shaped “cells”, which are small compared to 
the wavelength. The electric fields are located on the 
edges of the box and the magnetic fields are positioned 
on the faces as shown in Figure 1. This orientation of 
the fields is known as the Yee cell [7, 8] and is the basis 
for FDTD. Time is quantized into small steps where 
each step represents the time required for the field to 
travel from one cell to the next. Given the offset in 
space of the magnetic fields from the electric fields, the 
values of the field with respect to time are also offset. 
The electric and magnetic fields are updated using a 
leapfrog scheme where first the electric fields, then the 
magnetic are computed at each step in time. 

 
Fig. 3 – Electrical and magnetic field components in FDTD 

grid  

The electric fields at the other nine edges of the 
FDTD cell will belong to other, adjacent cells. Each cell 
will also have three magnetic fields originating on the 
faces of the cell adjacent to the common node of the 
electric fields as shown in Fig 3. 

Within the mesh, materials such as conductors or 
dielectrics can be added by changing the equations for 
computing the fields at given locations. Introducing 
other materials or other configurations is handled in a 
similar manner and each may be applied to either the 
electric or magnetic fields depending on the 
characteristics of the material.  

The cell size, the dimensions of the box, is the most 
important constraint in any FDTD simulation since it 
determines not only the step size in time, but also the 
upper frequency limit for the calculation. A general 
rule of thumb sets the minimum resolution, and thus 
the upper frequency limit, at ten cells per wavelength. 
In practice the cell size will often be set by dimensions 
and features of the structure to be simulated. 

An excitation may be applied to an FDTD 
simulation by applying a sampled waveform to the 
field update equation at one or several locations. At 
each step in time, the value of the waveform over that 
time period is added into the field value. The 
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surrounding fields will propagate the introduced 
waveform throughout the FDTD grid appropriately, 
depending on the characteristics of each cell. A 
calculation must continue until a state of convergence 
has been reached. This typically means that all field 
values have decayed to essentially zero (at least 60dB 
down from the peak) or a steady-state condition has 
been reached. 

Simulation program was carried out REMCOM 
XFDTD [8].  

 
2.3 Model of experimental animals  

These complimentary animal meshes are provided 
by The Radio Frequency Branch of the Human 
Effectiveness Division of the Air Force Research Lab at 
Brooks Air Force Base [11]. It is significant to known 
the real position of all tissues in animal body and their 
electromagnetic characteristics. 
 
Tab. 1 - EM characteristics for some biological tissue 
experimental animal – rats  [11] 

Biol. Material Conductivity 
(S/m) 

Relative 
Permittivity 

Density 
(kg/m3) 

Skin 0.693293 39.5868 1125 
ligaments 0.951258 46.7184 1220 
fat 0.0529249 4.78598 916 
blood 1.86817 55.4796 1058 
muscle 1.1975 60.7263 1046.9 
grey matter 1.0092 51.8029 1038 
white matter 2.42613 68.2932 1038 
eye sclera 1.68613 67.9 1026 
nerve spine 0.606129 33.3591 1038 
stomach 1.30105 71.7763 1050 
kidneys 1.349 53.898 1150 
testicles 1.34108 62.6033 1044 
eye lens 0.908172 51.4785 1530 
heart 1.722 55.744 1029.8 
pancreas 1.66 57.2 1045 
body fluid 2.899 67.24 1010 
liver 1.33 43.4 1030 

 

3. RESULTS OF SIMULATION 

 
The results for the component fields in free space 

have been compared with the values measured by Field 
meter AARONIA HF6080. In the simulation program 
used is a source of power 1W. The results matched have 
been satisfactory.  

The results of the calculated field components 
showed the distribution of components inside the body 
in two limiting cases when the antenna of the mobile 
phone is near the rat’s head (Case 1) and when it is in 
the vicinity of the rat’s stomach (Case 2). The values of 
electric and magnetic field and the SAR values for 
specific organs such as liver, brain and eyes (Tab 2, 
Tab. 3, Fig. 4 and Fig. 5) have also been calculated. 
Thus obtained results allow us to obtain the real and 
adequate data about the biological effects of 
electromagnetic radiation in experimental animals and 
their impact on certain organs. 

 
Tab. 2 -  Calculation Electrical field in some part of body in 
model of rat. 

Electrical field E(V/m) 
Position of the antenna Organ 

Next to the 
head (Case 1) 

Next to the trunk of 
the body (Case 2) 

Average 

liver 5.61 10.8 8.205 
brain 16.9 7.65 12.275 
eye 13.8 4.31 9.05 

 
Tab. 3 -  Calculation SAR in some part of body in model of 
rat. 

SAR(W/kg) 
Position of the antenna Organ 

Next to the head 
(Case 1) 

Next to the trunk of 
the body (Case 2) 

Average 

liver 0.0132 0.166 0.089 
brain 0.148 0.046 0.097 
eye 0.147 0.026 0.0865 

. 
 

 

 
 

 
 

a) b) c) d) 

Fig 4 – Calculation EM field in rat model: 
a) Positon of mobile phone and rat model (Case 1),  
b) Electric field in model of rat 
c) Distribution of SAR in head of model cross section of brain and eye tissue  
d) Distribution of SAR in trunk of model cross section liver 
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a) b) c) d) 

                                                                           Fig 5–Calculation EM field in rat model:  
a) Positon of mobile phone and rat model (Case2),  
b) Electric field in model of rat 
c) Distribution of SAR in head of model cross section of brain and eye tissue,  
d) Distribution of SAR in trunk of model cross section liver 

 

4. CONCLUSION 

 

The results of the field components in a free space 
show a satisfactory match with the values  measured 
by the meter boxes. The results of electric field 
distribution in the mice bodies suggest that there is 
an unequal distribution of the fields, which depends 
on the position of the sources and characteristics of 
each tissue. It is important to note that there are 
tissues which absorb 10 times higher amounts of 
energy the tissues adjacent to them. We should try 
to find the possible biological effects of radiation on 
these tissues. These effects were presented and 
discussed in various papers which analyzed  
biochemical indicators of the effects of 
electromagnetic fields. Such calculation enables us 
to develop the biological quantifiers of the effects of 
electromagnetic fields, which is studied by 
dosimetry. Thus obtained quantifiers could be 
applied on the human tissue. 
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DOSE-DEPENDENT AND REVERSIBLE ACTION OF ULTRA-LOW DOSE -RADIATION ON ZETA 
POTENTIAL OF HUMAN BLOOD CELLS IN VITRO 
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Abstract. Influence of imposed low rate radiation field on zeta potential of human blood erythrocytes, and neutrophils 
was investigated. It was shown that the dose rates in the range of 1.5 - 150 nGy·h-1 did not change zeta potential of human 
erythrocytes and neutrophils at 1-hour exposure. The further rise of the dose rate up to 15 Gy·h-1 induced increasing the 
cellular zeta potentials about 20%. Washing of the erythrocytes from 90Sr/90Y abolished the radiation effect. These 
findings demonstrate very high sensitivity of human blood cell zeta potential to ionizing radiation and denote 
undamaging mechanisms action of low rate radiation on cells. But for registration of such effects, there is a need to 
perform the measurement of cellular functional activity under the imposed radiation field. 

Key words: human Erythrocytes, ionizing radiation, human neutrophils, zeta potential 

1. INTRODUCTION 

Over the past 20 years there has been increasing 
evidence that cells exposed to very low doses of 
ionizing radiation can exhibit a wide range of 
delayed effects (adaptive responses, low dose 
hypersensitivity and other). These effects are 
inconsistent with the expected dose-response, when 
based on extrapolation of high dose data and cast 
doubt on the reliability of extrapolating from high 
dose data to predict low dose effects. However, there 
are very little data concerning influence of the low 
absorbed doses on instantaneous or non-delayed 
cellular activity. In our opinion, it is consequence of 
implementation of such investigations after removal 
of the radiation field. In other words, it is usually 
investigated residual effects of radiation, or the 
radiation persistence. In fact, we have previously 
shown that the low dose rate radiation effects (from 
1.0 to 100 µGy·h-1) are disclosed only at the 
measurement of the cellular functional activity 
under imposed radiation field. Thus, low dose rate 
beta radiation emitted by 14С or 90Sr stimulates 
leucocyte’s chemokinesis, and vascular ring 
constriction inhibits rosette formation, suppresses 
neutrophil phagocytosis, and increases zeta 
potential1 of blood cells [1-3]. In these works we 
have established that such effects are accompanied 

                                                           
1 In these works decreasing absolute value of zeta potential 
in the low radiation field was determined. It is a result of 
technical error related to measuring the difference between 
constant electroendoosmotic motion of water and proper 
zeta potential of cells. The findings obtained were faithful, 
but must be presented with opposite sign. Actually zeta 
potential is increased as it was confirmed by fluorescent 
probe data [9], and by data presented here. 

by the change of the responses to cellular membrane 
signal system modulators operating at different 
levels of signal transduction. The electrophoretic 
mobility is a measure of the surface charge 
associated with plasma membrane alterations, 
which are triggered by environmental stimuli. This 
method has proved suitable for analysing complex 
interactions between cells and exogenous factors, as 
well as for monitoring modifications of cell 
membranes [4, 5]. In this work the dependence of 
zeta potential of the human blood cells on dose rate 
and absorbed dose of imposed -radiation emitted 
by 90Sr is explored more detail.  

2. MATERIALS AND METHODS 

Erythrocytes were isolated from the whole donor 
blood by centrifugation at 2,000 x g for 10 min at 
room temperature. Polymorphonuclear leucocytes 
were isolated by centrifugation on discontinuous 
Ficoll-Hypaque gradient in accordance with 

standard procedure [6]. The electrophoretic 
mobility cells as indicator of their zeta potential was 
determined in the electrophoretic solution (КСl – 
2.5; NaCl – 5,6 mM; СаСl2– 2.0; glucose – 280.0; 
Tris-HСl – 10.0 mM, pH = 7.4) at room temperature 
using a cylindrical microelectrophoresis [7]. The 
zeta potential was calculated from the value of the 
electrophoretic mobility using the Helmholtz-
Smoluchowski equation (8). Irradiation was 
performed by supplement of 90Sr/90Y solution in 1-
cm sterile glass vials containing the cell suspensions 
(approximately 1106 cells/ml) in the range of 
activity concentrations from CSr = 44.4 to 4.44104 
Bql-1. Aassuming that the radionuclides are 
uniformly distributed throughout the cell 
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suspension, the dose rates were calculated as 
described previously [9]. The data are given as 
means ± SEM. Significant statistical differences 
between two groups were evaluated using the 
unpaired Student t test (p < 0.05). The zeta 
potential is presented here in terms of the absolute 
value.  

3. RESULTS 

The preliminary study revealed no influence of 
nonradioactive Sr on the zeta potential of human 
blood cells in concentration equivalent to maximal 
concentration of 90Sr in cell suspension (data are 
not presented). The molar concentration of the 
90Sr2+ in the incubation medium calculated for the 
maximal radionuclide activity concentration (44.4 
kBql-1) was by seven orders magnitude less than 
that for Ca2+, i.e. the 90Sr2+ cannot enter the cells in 
appreciable quantities. Therefore, radionuclides can 
be considered as external radiation source with 
respect to the cells. It is confirmed by our finding 
obtained with the red cells preincubated with 
maximal concentration of 90Sr for 2 hour, and then 
washed with the PBS (Fig. 1). It is seen that washing 
practically fully eliminates the effect -radiation on 
the erythrocyte zeta potential. 

It is shown that during 20 hours incubation 
there is a steady increase of the cell zeta potential 
within each dose rate except for the minimal and 
maximal dose rates. Thus, for dose rates of 15 
nGy·hr-1 - 15 Gy·hr-1 there are recurrent jumps in 
the zeta potential values registered for the same 
absorbed doses derived at dose rates differing on the 
order of magnitude (fig. 2). This paradoxical 
reaction specifies influence of exposure time on the 
zeta potential response to ionising radiation, i.e. 
indicates the presence of cumulative response.  

 

Fig. 1. The effect of washing on zeta potential of 
erythrocytes preincubated with 90Sr (4.44104 Bql-1).for 2 

hours. Error bars indicate the SEM for n=10. 

 

Fig. 2. Relative changes of erythrocyte zeta potential 
response to low dose rate radiation 

Figure 3 shows dependence of the zeta potential 
on exposure time (absorbed dose) for every dose 
rate in linear coordinates. Time-response 
relationships are well approximated by line plots. 
Slopes of the approximating plots in the range of 
dose rates 1.5 nGy·hr-1  Rt  1.5 Gy·hr-1 are 
approximately twice as many than plot slope for the 
dose rate of 1.5 Gy·hr-1. The latter is more than 5-
fold the average background of 270 nGy·hr-1 [10].  

The dose-response relationship for the cellular 
response to the -radiation at dose rate of 150 
nGy/hr was also studied for neutrophils (Fig. 4). It 
is also shown that in the range of absorbed doses 
from 0.3 to 0.9 Gy neutrophil zeta potential is 
maintained at the level of the nonirradiated control. 
Further increase of the absorbed dose caused a rise 
of zeta potential up to 75-80 % of the control value 
with reaching a plateau that probably indicates a 
saturation of mechanisms realizing this effect. 
Unlike red human cells, the control value (only 
background irradiation) of human neutrophil zeta 
potential did not change up to 20-hrs incubation 
period. 

 

Fig. 3. Lines fitting experimental data and fitted functions 
describing the dependence of zeta potential () on the 

exposure time for different dose rates. Each point 
represents results of 10 measurements 
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Fig. 4. The dose-response relationship between neutrophil 
zeta potential, and the exposure time to ultra-low dose -

radiation. The numerals placed about the points of the 
inferior plot display the absorbed doses. Error bars indicate 

the SEM for n=10 

4. DISCUSSION AND CONCLUSIONS 

Routine investigations of low dose radiation 
effects are usually executed after the removal of the 
radiation field. In other words, it is usually 
investigated residual effects of radiation or the 
persistence. However, if undamaging doses of 
ionizing radiation interact with cells by means 
reversible processes, removal of the operating factor 
(that is additional radiation to the background level) 
must eliminate the induced effect. 

Taken together, the above results indicate that 
the ionising radiation influences on cellular 
functional activity even at the small exceeding of 
background level. But for registration of such 
influence, the measurements of cellular functional 
activity must be performed under the imposed 
radiation field. In addition, the increase of the slope 
for the time exposure-response lines as a result of 
transition from dose rates that are below the 
background to the one that is essentially higher the 
background (Fig. 4) is straight confirmation of 
Parsons’ premise [11] that maximum of energy 
efficiency should occur at around background 
exposure.  

Genomic events are more durational processes 
in relative to functional cell response. Therefore, 
one can observe radiation persistence during some 
time after exposure to low dose ionizing radiation as 
it was shown by Hooker A. et al. [12]. They observed 
an induction of chromosomal endogenous 
inversions in pKZ1 mice exposed to single whole-
body X-radiation doses as low as 1 Gy. Moreover, 
Fujimori A. et al. determined that more than 200 
genes in normal human fibroblasts were up-
regulated transiently by 10 mGy of  X-rays during 
the 1-hour period after irradiation [13]. Goldberg Z. 
et al. have also shown that it is possible to detect 
transient postradiation responses in vivo in 
humans, and have identified eleven gene groups that 
demonstrate transient changes at absorbed dose of 
100 mGy [14]. This is additional evidence that low 
dose radiation induces cell reactions by reversible 

mechanisms. The effects caused by the ultra-low 
dose rate radiation must be substantially mediated 
by active oxygenic forms generated by -radiation in 
the whole cell suspension volume and by 
nonionizing radiation component inducing 
molecular excitation. All the radioisotopes also emit 
the complete range of optical spectrum including 
ultraviolet, visible, and near infrared radiations. At 
room temperature the most part of the -emission 
from 90Sr/90Y (approximately 84%) lies in 
ultraviolet range (up to 400 nm) [15]. Total 
radiation energy is absorbed by target molecules 
relevant to cellular signaling, and can directly 
activate cell surface receptors, kinases, and 
transcription factors [16, 17.]. In turn, in the range 
of physiological concentrations the active oxygenic 
forms regulate cellular functions via the cell signal 
systems [18] that suggest the reversible 
conformation rearrangement in membrane 
macromolecules [19]. Moreover, the possible 
contribution of direct chemical macromolecule 
modification by the gross radiation to zeta potential 
must be unessential, as there is a restoration of zeta 
potential (see Fig. 1), and vascular ring constriction 
[3] to the initial values after the removal of the 
radiation field. Together, these data provide strong 

support for the hypothesis that interaction of cells 
with the low dose radiation results in reversible 
structure membrane tuning [9], which appears as 
the reversible surface membrane potential change 
as well as in the form of response modifications of 
cell signal system components to their ligands [1, 2]. 
It is important that incubation of rat lymphocytes 
with a radioactive carbon (14C-leucine, absorbed 
doses of 20 Gy at dose rates of 10 Gy·hr-1) did not 
change antioxidant/prooxidant homeostasis of 
lymphocytes, as indicator of oxidative stress, i.e. the 
cellular reaction was physiological according to this 
criterion [1].  

The approach developed allows direct estimating 
prompt biological effects of low doses of ionizing 
radiation that are inaccessible at the study of 
radiation persistence. In addition, this approach is a 
powerful strategy to explore biological functions 

associated with very low levels of ionizing radiation. 
Of course, it does not abolish the necessity for study 
of residual effects of small radiation doses for 
estimation of stochastic effects, but allows 
immediate investigating the biological mechanisms 
action of the radiation doses inducing such effects.  

These findings also denote the necessity for 
monitoring of absorbed doses of ionizing radiation 
at the use of radionuclides in biochemical 
investigations especially with the functional 
tendency. 
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Abstract. Short Magnetic Resonance, through the use of imaging (Magnetic Resonance Imaging – MRI), is a 
widespread method in clinical practice, due to its high resolution of contrast, in the absence of ionizing radiation. The 
purpose of this study was to investigate with this technique the changes induced on the cervico-dorsal axial 
musculature by the use of an experimental mechanical device. The study was performed before and after a training 
period, which consisted of lifting a weight of 6-8 kg using a newly developed system of pulleys: 2 subjects, in a group of 
9 healthy volunteers (6 males and 3 females aged between 22 and 64 years), who participated in the study, were 
evaluated with MRI, at the beginning and at the end of the training period. In all the subjects was assessed the Surface 
Electromyography (SEMG), derived from muscles Upper Trapezius (UT), Lower Trapezius (LT) and Teres Major 
(TM), during 4 phases of the Motory Task: Rest position (1), Contraction during lifting (2), Return phase (3), Final 
phase of rest (4). The Motory Task was of 2 + 2 minutes of performance duration with a recovery interval of 2 minutes 
and it was performed daily (morning and evening) for 30 days. The EMG demonstrated in all the subjects a uniform 
percentage of activation, for LT and TM, in Phase 2 compared to Phase 1, associated to a corresponding de-contraction 
of the UT. In subjects undergoing MRI, after 30 days of physical training, the morphometric analysis showed a slight 
change of the deep muscles compared to that observed at the initial examination. These data, although obtained in a 
limited series, suggest the validity of the use of MRI in the study of the effects induced by physical training exercises 
performed by the proposed equipment. 

Key words: Nuclear Magnetic Resonance, Surface ElectroMyoGraphy, Upper Trapezius, Lower Trapezius, 
Experimental Mechanical Device

1. INTRODUCTION 

NMR is an investigation technique based on 
measurement of the precession of the spin of protons 
of hydrogen nuclei, or other nuclei with magnetic 
moment, when they are subjected to a magnetic field. 
In medicine, MRI provides different information than 
conventional radiological images. In fact, in NMR 
technique, the signal of intensity is due to the atomic 
characteristics of the examined element; while the 
radiographic density in X-Ray exams is mainly due to 
characteristics of resistance of the target organ, which 
depends on properties of electron orbitals of the atoms 
affected by X-rays. During Magnetic Resonance, the 
patient is immersed in a static magnetic field inside the 
gantry. Inside the gantry, additional varying magnetic 
fields are produced, and the signal is detected, of radio 
frequencies scale. The signal is generated by the 
interference of the varying magnetic fields with the 
static magnetic field, and the mathematical analysis of 
the signal allows to create a 2-D or 3-D image of the 
anatomic internal structures. MRI allows to investigate 
only the morphological stuctures, or in some cases to 
monitorate the functionality of the internal organs 
(Functional MRI). The main fields of use of MRI are 

Diagnostic and Research, mainly in Neurosciences. 
Due to its sensibility, with seriated examinations, in 
appreciating also little changes of the anatomic 
internal structures,  it seemed useful to propose the 
MRI as a method to highlight the effects on the axial 
dorsal muscolature, induced by the use of a new 
conception mechanical equipment. Moreover, the MRI 
technique uses non-ionizing radiations, so if it is 
necessary, many examinations of this type could be 
done also in a little period of time. The proposed 
mechanical apparatus acts mainly on the axial muscles 
of the cervico-dorsal rachis, so it could correct postural 
defects associated to dysfunction of the muscular 
system responsible for posture. Indeed, it is known, 
even among sportsmen, that, in the execution of 
movements involving the shoulder and the back, the 
predominant activity is carried out by the UT muscle, 
which in many cases this may be a risk factor for the 
integrity of the cervico-dorsal structures. Many people, 
including several categories of workers, have "postural 
defects" characterized mainly by altered distribution of 
muscle mass. All of this becomes a tendency to assume 
a crouched position forward, characterized by 
shoulders moved forward. Many people have the chin 
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raised and pushed forward so as to accentuate the 
curvature of the cervical spine, creating a continuous 
tension of the muscles of the neck: it follows that the 
neck is shortened and, in severe cases, that spinal 
nerves and vessels passing through the intervertebral 
foramen can be compressed. With this situation, 
normally, kyphosis, an accentuation of the curvature of 
the spine with the characteristic forward displacement 
of the shoulders and back, coexists. This can lead to 
reduction of amplitude of the rib cage with a 
consequent decrease in the respiratory capacity and 
sometimes with repercussions on the cardiovascular 
system. Thus, there was the need to use an apparatus 
that would involve synergistically the cervico-dorsal 
muscles, to reduce consequences of faulty posture 
emphasizing in particular the activities of the LT. To 
demonstrate the fact that all muscles are involved in 
the execution of the proposed motory task, we chose to 
evaluate the activity, with surface EMG (SEMG), of the 
UT, LT and of the TM, muscle readily available for its 
anatomical condition. This study aims to be an 
incentive to use the MRI, to know exactly, also in 
percentage, what are the effects induced by the use of 
individual mechanical equipment for physical training, 
currently available or experimental, in cases where it is 
not contraindicated. 

2. MATERIALS AND METHODS 

A group of 9 healthy volunteers (6 males and 3 
females aged between 22 and 64 years) participated to 
this study, and all the subjects have carried out a 
motory task using an experimental device (Fig.1). 

Fig.1: Schematic front view of the apparatus with the 
representation of the motory task respectively to the starting 

position (1a) and distension (1b); in 1c a lateral view of the 
used apparatus. The machinery, designed and built by Eng. 

Luca Valerio Messa, is suitably protected by legal 
documentation, and its aim is the distension of the cervical-

dorsal spine, with contemporary rehabilitation of the shoulder 
joint position in its natural seat, rather than rotated forward. 
Apparently similar to many other devices currently available 

and used, this apparatus is unique, by mode of motory 
execution and for the specific anatomical-musculature 

purposes. 

The execution of the task is outlined in Figures 1a and 
1b: starting from a seated position (1a) each of the 
participants were required to extend the arms (1b), 
keeping elbows at shoulder height, to lift a weight 
through the cables of the equipment. Regardless of 
gender, age, level of training, the weight was lifted 
within a range between 6 and 8 kilograms. The Motory 
Task was of 2 + 2 minutes of performance duration 
with a recovery interval of 2 minutes. The 2 subjects 
(males, 56 and 64 years), who underwent MRI, 
performed the motory task daily (morning and 
evening) for 30 days. To study the muscles involved in 
the exercise, a SEMG of the muscles UT, LT and TM, 
was performed in all subjects, using the 
electromyograph MEDELEC SAPPHYRE 1P, during 
the 4 phases of  the Motory Task: Rest position (1), 
Contraction during lifting (2), Return phase (3), Final 
phase of rest (4). For each phase of the motory task, 
the track was recorded on paper, with analysis time of 1 
sec; then its amplitude maximum peak to peak, 
expressed in mV, was calculated manually. At the 
beginning and at the end of the 30 days provided by 
the study, 2 subjects (males, 56 and 64 years), were 
analyzed with an investigation based on morphological 
MRI of the cervico-dorsal spine.  Sequences were 
performed in the three spatial planes of the 
paravertebral muscles, with T1 and T2 weighted, with 
2D and 3D technique. An high-field MR apparatus has 
been used (Avanto 1,5 T; A.G. SIEMENS, Erlangen, 
Germany), using spin echo sequences and turbo spin 
echo T1-weighted and T2-weighted, oriented in the 
planes coronal, sagittal and axial. The measurements 
were performed with the software built into the MR 
system (Syngo 8.4 version, A.G. SIEMENS, Erlangen, 
Germany). 
 

3. RESULTS 

 
Table 1 summarizes, in mV, the mean and the SD of the 
maximum amplitudes of EMG on each muscle, during 
the 4 phases of the task. Figure 2 shows the variation of 
the three muscles activity, expressed in mV, during the 
4 phases.  
 
 

Table 1: mV values of the maximum amplitudes of the EMG 
tracings during the 4 phases of the motory task (n=9; 
Means + SD). 

 

   
         1a                                                   1b 

                1c  

Muscles 
1 2 3 4 

Upper  
Trapezius  

0,961 
± 

0,253 

0,308 
± 

0,102 

0,719 
± 

0,316 

1,028 
± 

0,288 
Lower  
Trapezius 

0,472 
± 

0,205 

1,131 
± 

0,285 

0,511 
± 

0,190 

0,517 
± 

0,198 
Teres  
Major 

0,394 
± 

0,087 

1,148 
± 

0,301 

0,433 
± 

0,092 

0,423 
± 

0,061 
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Fig.2: Variation of the three muscles activity during the 4 
phases of the motory task. 

Tables 2 and 3 summarize respectively the mean 
and SD of the maximum amplitude of the EMG 
tracings, for each muscle, expressed as percentage 
change and the relative values of F test. A statistically 
significant difference using the percentages, in phase 2 
(Contraction during lifting), was found.  

 

Table 2: Percentages change of the EMG, during the 4 phases, 
considering phase 1=0 (n=9, Means + SD). 
 

 
 
Table 3: F test: Comparison between groups. ***=p<0,001. 
 

 
  
 
 
 
 
 

 
The following MRI results are relative to the subject 2. 

 

(a) 

(b) 

Fig.3: Pre-exercise (a) and Post-exercise (b) (sagittal T2 
weighted fast spin echo images ; TR/TE - 4000/105). 

(a) 

(b) 

Fig.4: Pre-exercise (a) and Post-exercise (b) (sagittal T2 
weighted fast spin echo images ; TR/TE - 4000/105). 

 

Muscles 1 2 3 4 

Upper  
Trapezius 

0 -66,972 
± 

10,725 

-29,043 
± 

41,706 

8,991 
± 

26,089 
Lower  
Trapezius 

0 166,316 
± 

95,178 

22,029 
± 

49,092 

21,544 
± 

52,566 
Teres  
Major 

0 192,616 
± 

60,774 

20,647 
± 

60,774 

13,959 
± 

60,774 

F test  1  2 3  4 

UT vs LT 0 1,679*** 0,656  0,064 

UT vs TM 0 5,413*** 0,678 0,824 

LT vs TM 0 0,226 0,392 0,040 
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(a) 

(b) 

Fig.5: Pre-exercise (a) and Post-exercise (b) (axial T2 weighted 
fast spin echo images ; TR/TE - 4000/105). 

4. CONCLUSIONS 

Figures 3 and 4 show a realignment of the cervico-
dorsal column, due to a variation of  a few degrees in 
its curvatures. In particular, in Figure 3 we have a 
variation of about 3 degrees, instead in Figure 4 we 
have a variation of about 1,5 degrees. This data is 
important, considering the fact that the training period 
was of 30 days of duration, relatively short period of 
time. Furthermore, the data suggests that increasing 
the training period, we can achieve further 
improvements. Figure 5 shows the area measurement 
of a hypothetical triangle built following the axial 
section of the Lower Trapezius (Muscular Dorsal Axial 
Area - MDAA). While the height of the triangle remains 
unchanged, the base is reduced of about 1 cm 
compared to the Pre-exercise. This suggests an 
increase of muscle tone in its section, and also an 
increase of tone in deep musculature. However, the 
concept of MDAA will also be shown in further studies. 
Figure 2 shows that the activity of the Upper Trapezius 
is nearly specular to that of the Lower Trapezius. In 
particular, during Phase 2, to a sharp contraction of the 
Lower Trapezius corresponds a large relaxation of the 
Upper Trapezius. This is important because it allows us 
to think about being the first to propose a physical 
performance, performed with the proposed apparatus, 
that allows contracting significantly the Lower 
Trapezius, inducing at the same time a relaxation of 
the Upper Trapezius, whereas available equipment 
always make to contract the Upper Trapezius so higher 
than the Lower Trapezius. Moreover, the fact that, 
regardless of gender, age, level of training, the weight 
was lifted within a range between 6 and 8 kilograms, is 
indicative that the stimulated muscles in this 
performance by the proposed apparatus, have almost 
the same degree of training in all persons, because 
even the best trained people of the group could not lift 
a greater weight in the appointed time. This data, 

although obtained in a limited series, suggest the use of 
the proposed equipment to correct postural defects, as 
also kyphosis, of the cervico-dorsal column and also 
suggest the validity of the use of MRI in the study of 
the effects induced by physical training exercises 
performed by the proposed equipment. The results 
confirm the validity of the proposed MRI for an 
extended research on the function evaluation of the 
new generation mechanical devices for physical 
training order to achieve security that their use does 
not produce, to the musculoskeletal apparatus, 
damages which, in some cases, could be higher than 
expected benefits. 
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210PO ACTIVITY CONCENTRATION OF BLOOD SAMPLES  
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Abstract. One of the most effective treatments of asthmatic and other respiratory tract illnesses is the cave therapy. 
The hospital cave in Tapolca (Hungary) has been used for treatments of patients suffering from asthma since decades. 
In summer 222Rn concentration may even reach 20 kBq/m3 (17 times higher than winter), the role of radon in the 
treatment of asthma is still not clarified. During the cave therapy the inbreathing air with high radon-content causes 
the significant radiation dose to the patients. Daughter elements of 222Rn (210Pb; 210Po) with longer half-lives may 
accumulate in blood increasing the radiation dose of human body. The change of 210Po concentration in blood samples 
taken from the patients were examined in winter and summer months. 210Po concentration of blood samples was 
measured with semi-conductor detector α-spectrometer. The samples were solved with HNO3, HCl and sources were 
prepared by spontaneous deposition on stainless steel. To increase measurement accuracy 209Po tracer was added to 
the samples. In 63 samples the measured 210Po activity concentrations were between 0.035 – 0.800 mBq/g. Compare 
the concentrations of the blood samples taken before and after the treatment it was found that they increased in each 
cases. Based on this result it was possible to calculate the absorbed dose of the patient during the treatment.  

Key words: cave therapy, radon and daughters, dose 

1. INTRODUCTION 

In case of caves, which are surrounded on all sides 
by rocks, high radon concentration can be expected. In 
caves formed in karst rocks (limestone, dolomite etc.) 
the radioactive element of the natural uranium decay 
series can enrich and migrate away. Large surface and 
small volume of air is typical in the fissure of this type 
of caves, which can occur high radon concentration in 
the cracks [1, 2]. 

Environmental studies have revealed that a strong 
spatial variability of radon concentrations in a cave is 
often found [3] and the values measured in individual 
caves can differ significantly from each other [4]. In, 
and diurnal variations were observed [5]. Further 
feature of the radon levels in caves is the high 
sensitivity of the changes of meteorological parameters 
(temperature, pressure, humidity etc) [6]. 

The radon and its daughters are responsible for the 
half of the natural radiation dose [7]. 

The mechanism of the effect of the radon daughters 
has already been proven, i.e. the absorbed dose of the 
tissues is not caused by the inhaled radon but the 
short-lived daughters [8]. 

The cave hospital in Tapolca has been used for the 
treatment of asthmatic patients for a long time. The 
medical treatments started in 1972, since 1982 the cave 
is officially therapeutic cave. This is the only 

therapeutic cave in Hungary where the hospital and 
the medical care is situated directly the cave. 

The mean yearly temperature in the cave is 13.9 °C 
(13.2- 14.8) and the pressure is 1004 kPa (997-1014), 
which is considered to be very stable.  

The monthly and daily change of the 222Rn 
concentration of the hospital cave has been examined 
with tracer detector method for several years [9]. Fig. 
1. shows the radon concentration changes of the 
hospital cave in Tapolca, as a function of months. It 
can clearly be seen that the average radon 
concentration in winter months changes around 
1000 Bq/m3, while in the summer months it exceeds 
10 000 Bq/m3. 
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Fig. 1 Monthly average radon activity concentration in the 
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cave in the period of 7 years 

During the cave therapy treatment the patients 
inbreathing the air with high radon content are under 
significant radiation dose. 210Pb and 210Po daughter 
elements with longer half-life period may accumulate 
in human blood increasing the radiation dose of the 
human body [10].  

A treatment generally lasts for 1-3 weeks, and the 
patients spend 3 hours per day in the cave. During this 
study, the 210Po concentration of the blood samples 
taken from the patients before and after the treatment 
was determined. The main aim of this study is to 
examine the changes in the 210Po concentration of the 
blood samples.  

The present examination is a part of a greater 
sequence of experiments, during which the effect of 
radon on the human body is examined. 

2. MATERIALS AND METHODS 

2.1. Sampling  

A total of 92 blood samples were obtained from the 
cave hospital in Tapolca. Blood (10 cm3 per sample) 
was taken from the patients before and after the 
treatment. 

2.2 Sample preparation 

During the sample preparation 0.5 cm3 209Po tracer 
of known quantity was added to approximately 10 g 
blood sample, then the sample was evaporated till near 
dryness with 3x20-30 cm3 cc. HNO3 and cc. HCl by 
continuous and intensive stirring. In order to fully 
digest the possible existing organic residues a few 
drops of H2O2 were added to the solution carefully. 
Following the last evaporation with hydrochloric acid 
the sample was also evaporated with 3x20-30 cm3 
distilled water in order to reduce its hydrochloric acid 
content. From the resulting sample 100 cm3 base 
solution with a concentration of 0.5 mol/dm3 HCL was 
prepared [11]. 

2.3 Source preparation 

Measurements of 210Po were realized through its 
5.30 MeV alpha particle emission, by semiconductor 
alpha-spectrometer after spontaneous-deposition with 
209Po yield tracer onto a stainless steel disc, the method 
is well described [11]. The sources were made from 
50 cm3 sample. Before to begin the spontaneous 
deposition 50-100 mg ascorbic acid was added in order 
to reduce the concentration of Fe3+ ions present in the 
sample. Finally, the solution was continuously stirred 
in the deposition cell at 80 °C for 3 h. After the 
deposition the disc was rinse with Millipore Q water 
and it was left to dry. 

2.4 α-spectrometric measurements 

Measurement was carried out in vacuum (0.2 torr) 
with a semi-conductor PIPS detector (Eurisys 19 kev 
resulution) alpha-spectrometer (Canberra 7401 alpha 
chamber, Silena 9302 multichanel analizator).  

The spectrum analysis was carried out by EMCA 
2000 software. The calibrations were made by certified 
239Pu, 241Am, 244Cm source.  

The measurement time was set to 240 000 s.  

The detection limit of the measurements – by 95% 
confidence level – altered between 0.034 mBq. 

2.5 Dose calculation 

The absorbed dose of the blood tissue could be 
calculated using the available data. 

During the calculation, we took into consideration 
that the α-particle generated during the decay of the 
210Po isotope gives all of its energy to the blood tissue 
(based on LET calculation [12]). 

D = E(α).K.C (1) 

Where D is the absorbed dose (J/kg), E is the α 
particle energy (5.3.106 eV), K is the coefficient 
(1.6.10-19 J), C is the 210Po concentration (Bq/kg). 

3. RESULTS AND DISCUSSION 

3.1 Samples taken in winter 

The Table 1 and the Fig 2 are shown the results 
taken in winter period. In the table the result of male 
and female patient are summarized separately. On the 
basis of the results it can be seen, that no significant 
difference can be found between the male (0.03-
0.33 mBq/g) and the female patient (0.04-
0.38 mBq/g), the 210Po concentration of blood samples 
was higher after treatment in every case (the difference 
was M: 0.01-0.12 mBq/g; F: 0.02-0.27 mBq/g). 

Table 1. The arithmetic mean of the samples taken is winter 

210Po act. conc.(mBq/g)  

before tr. after tr. difference 

Male  

mean 0.09 0.13 0.05 

deviation 0.06 0.07 0.04 

Female  

mean 0.06 0.14 0.09 

deviation 0.03 0.09 0.08 
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Fig 2. The 210Po concentration of blood samples taken in winter time (M: male, F: female patient) 

 
3.2 Samples taken in summer 

The Table 2 and the Fig 3 are shown the results 
taken in winter period. The results are presented in the 
same form then results of samples from winter time. 

On the basis of the results in case of summer 
samples it can be seen as well, that no significant 
difference can be found between the male (0.04-
0.8 mBq/g) and the female patient (0.04-0.61 mBq/g), 
the 210Po concentration of blood samples was higher 
after treatment in every case (the difference was M: 
0.01-0.69 mBq/g; F: 0.01-0.57 mBq/g). 

But as the results show in case of the treatment in 
summer with higher cave-radon concentration, nearly 
two times higher difference was observed between the 
210Po concentration before and after the treatment. 

Table 2. The arithmetic mean of the samples taken is summer 

210Po act. conc. (mBq/g)  

before tr. after tr. difference 

Male  

mean 0.11 0.29 0.18 

deviation 0.06 0.24 0.22 

Female  

mean 0.08 0.22 0.15 

deviation 0.06 0.14 0.13 
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Fig 3. The 210Po concentration of blood samples taken in summer time (M: male, F: female patient
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3.2 Dose calculation 
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Fig 4. The calculated absorbed dose values

As the Fig 4. shows the absorbed dose was 
between 4.24.10-16 and 5.85.10-13 J/kg, the average 
was 1.38.10-13 J/kg in summer and 5.88.10-14 J/kg in 
winter. 

SUMMARY 

Investigating the mechanism of the radon effect 
on the human body in the aspect of endocrinology 
the radon progeny concentration in the blood is 
important to know. This information can provide 
evidence that the radon is got into the body and able 
to cause any effects. The investigations show that 
the 210Po concentration increased in every case in 
the blood of patients cured in the Hospital cave of 
Tapolca. This effect was detectable even in the 
winter period when the radon concentrations are 
significantly lower in the cave air compare to the 
concentrations during the summer months. No 
significant difference was found between the male 
and female patient. 

The absorbed dose of the blood tissue was 
calculated from the increase of the 210Po 
concentration, which was minimal even in the 
summer months. 
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JUSTIFICATION OF COMPUTERIZED TOMOGRAPHY EXAMINATIONS AND RADIATION RISKS IN 
EVERYDAY RADIOLOGICAL PRACTICE 
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Abstract. Objective. To discuss the justification of computerized tomography (CT) examinations, as well as the 
consequent risk of radiation in everyday radiological practice. Method. A review of the most recent literature 
regarding uncritical CT overuse and insufficient use of alternative non-ionizing diagnostic modalities is 
presented.Procedure analysis. The number of CT examinations has dramatically increased, mainly for the new clinical 
applications which technically improved CT scanners and made it widely available. Abdominal and pelvic CT 
examinations are two major contributors for increase in population radiation exposure. These examinations are 
associated with the greatest radiation burden among all types of CT procedures. The study on radiation exposure of 
patients undergone standard CT examinations has been conducted in our institution. The purpose of the study is the 
introduction of patients radiation records in everyday practice. This is particularly important in patients suffering 
from malignant or hematologic diseases, for whom periodic follow-up CT scan is required. Radiation doses received by 
patients during examinations by multidetector CT scanners (for head CT 2mSv, thorax CT 8 mSv, abdomen and pelvic 
CT 10 mSv, and whole body CT 26 mSv) have a tendency to increase, hence it is necessary for radiological community 
to develop and adapt appropriate criteria for routine multidetector CT examinations. For the assessment of radiation 
risk and comparison of different procedures, it is necessary to determine the effective dose value. It is also essential to 
optimize CT protocols according to indications, as well as dosimetric parameters of exposure and the region of 
interest. Application of bismuth shields on radiosensitive body regions can significantly reduce the dose. Conclusion. 
By informing and educating the clinicians and radiologists primarily on the risk of radiation and strategies to 
minimize it during a CT exam, we can justify the examination itself and the patient radiation risk. 

Key words: computerized tomography, radiation, radiation risk 

1. BACKGROUND 

Rapid technical developments and an expanding 
list of applications that have supplanted less accurate 
or more invasive diagnostic tests have led to a dramatic 
increase in the use of body CT in medical practice since 
its introduction in 1975 (1). The number of CT 
examinations has dramatically increased, mainly for 
the new clinical applications which technically 
improved CT scanners and made it widely available 
(2). Conservative estimates are that more than 60 
million CT examinations are done yearly in the United 
States, representing an estimated 70% of all medical X-
ray exposure (3,4). Along with the increase in the 
number of examinations, there has also been a 
substantial increase in the population’s cumulativeonly 
exposure to ionizing radiation from CT (2). 
Publications suggest that ionizing radiation from CT 
causes a substantial number of cancers and that CT 
radiation doses are unnecessarily high and variable (5). 
Therefore, it is necessary to determine justification of 
these examination, as well as to apply optimisation and 
limitation in the field of CT overuse. 

2. PROCEDURE ANALYSIS 

A review of the most recent literature regarding 
uncritical CT overuse and insufficient use of alternative 
non-ionizing diagnostic modalities is presented. 

The popularity of CT imaging is high for many 
reasons, ranging from its speed and ease of use, to 
development of new imaging techniques, and finally to 
a growing body of evidence showing its images to be 
reliable for diagnosis, and the practice of defensive 
medicine, resulting in unnecessary scans to minimize 
the threat of a lawsuit resulting from a missed 
diagnosis. CT is increasingly being used among healthy 
individuals, in whom the risk of potential 
carcinogenesis from CT could outweigh its diagnostic 
value (3). Abdominal and pelvic CT examinations are 
two major contributors to this increase in population 
radiation exposure because they are associated with 
the greatest radiation burden among all types of CT 
procedures (2). Average scan parameters and dose 
values of 18 types of CT examinations performed in 
nationwide survey in Germany in 2002 are presented 
in table 1. 
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Table 1 Definition of 14 standard and four special examinations frequently carried out on MSCT scanners along with 
the corresponding average scan parameters and dose values, as determined in a nationwide survey performed in 

Germany in 2002 

 
R. Bruening , A Kuettner, Th. Flor.Protocols for multislice CT, Second Ed. 2006, p.37 

 

In Serbia, there are often uncritically indicated 
control abdominal and pelvic CT examinations, for 
example to monitor the size of pseudocyst in patients 
with acute pancreatitis rather than to use ultrasound 
exam. Numerous multiphase CT examinations are 
performed often as unnecessary, as well as the 

radiation dose the patient receives on that occasion. 
Even though appendicitis is mainly clinical diagnosis 
and should be confirmed by ultrasound if needed, 
some clinicians are still of the opinion that appendicitis 
is diagnostic indication for CT abdomen exam (6). 
Patinets dose levels in Serbia are presented in table 2.

Table 2 Patient dose levels in Serbia 

Procedure Dose (mSv) Chest radiography equivalent 
Chest PA 0.05 1 

Pelvis 0.6 12 
Lumbar spine AP 0.8 16 

Lumbar spine LAT 0.3 6 
Urinary tract 0.4 8 

Ba enema 4.8 96 
CT chest 2.1 42 

CT abdomen 8 160 
CT pelvis 7 140 

Coronary angiography 10 200 

Courtesy of Professor Sanja Stojanovic (Personal Communications) 

 

Radiation doses received by patients during 
examinations by multidetector CT scanners according 
to the recent literature (for head CT 2mSv, thorax CT 8 
mSv, abdomen and pelvic CT 10 mSv, and whole body 
CT 26 mSv) have  a tendency to increase, hence it is 
necessary for radiological community to develop and 
adapt appropriate criteria for routine multidetector CT 
examinations. 

The study on radiation exposure of patients 
undergone standard CT examinations has been 
conducted in our institution. The purpose of the study 
is the introduction of patients radiation records in 

everyday practice. This is particularly important in 
patients suffering from malignant or hematologic 
diseases, for whom periodic follow-up CT scan is 
required. In our institution there were 5200 CT 
examinations performed during the period of 6 
months. The preliminary data on patients’ radiation 
doses obtained from these exams comply with the  
mentioned values from the literature except for the 
abdominal and pelvic CT exam (for head CT 2,4 mSv, 
thorax 6,1 mSv, abdomen and pelvic CT 20 mSv), 
which is at the upper limit of allowed values. 

At the field of radiation protection there are three 
guiding principles to minimize the radiation dose 
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levels: justification, optimization and limitation. This 
means that the examination must be medically 
indicated and it must use doses that are as low as 
reasonably achievable (ALARA) without compromising 
the diagnostic task. Medical justification includes a 
consideration of evidence-based recommendations for 
relevant clinical cases and an understanding of the risk 
of disease for each patient (1). 

If patient doses are higher than the expected level, 
but not high enough to produce obvious signs of 
radiation injury, the problem may go undetected and 
unreported, putting patients at increased risk for long-
term radiation effects (6). 

Increased benefits from higher tube currents 
(higher radiation dose) are justified when they permit 
diagnostic-quality images to be obtained (e.g., in 
morbidly obese patients). Low-dose techniques are 
justified when the patient is asymptomatic or when 
image quality does not require discrimination between 
structures with soft-tissue attenuation (e.g., CT 
colonography [CTC], repeat CT for renal stone 
disease). Unjustified exams include those for which CT 
is not indicated (e.g., defensive medicine), for which 
alternative imaging would be more appropriate (e.g., 
MRI for perianal fistulas), or for which unnecessary 
series are acquired (e.g., routine delayed images in the 
absence of liver/renal masses) (1). 

Justification should also take into account potential 
alternatives—such as ultrasound, MRI, or optical 
imaging—as well as urgency and clinical availability. 
Once the determination is made that an appropriate 
CT examination can benefit the patient, CT parameters 
should be optimized and dose reduction techniques 
used to perform the diagnostic task at the lowest 
appropriate level of radiation dose (1). 

For the assessment of radiation risk and 
comparison of different procedures, it is necessary to 
determine the effective dose value. It is also essential 
to optimize CT protocols according to indications, as 
well as dosimetric parameters of exposure and the 
region of interest. 

The shielding of superficial radiosensitive tissues 
and the optimum selection of settings are some of the 
technical possibilities. Manufacturers of CT scanners 
are capable of significant contributions in the 
development of low dose technology. The evaluation of 
acceptability of low dose techniques from a clinical 
perspective remains a potential challenge. Therefore, 
most modifications have inherent disadvantages and 
barriers to implementation (7). 

CT scans are now used as a screening procedure. 
The full body CT scan though restricted to those can 
afford it has a wide appeal. The commercial potential 
of full body CT screening makes it an attractive 
commodity, but the long term benefits and risks are 
not clear at this time (7). 

3. CONCLUSION 

By informing and educating the clinicians and 
radiologists primarily on the risk of radiation and 
strategies to minimize it during a CT exam, we can 
justify the examination itself and the patient radiation 
risk. Therefore, it is necessary to limit the exam to the 
region of clinical interest by which better quality would 
be achieved as well as significantly reduced patient’s 
dose. 
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Abstract: The accuracy requirements and the medical consequences in radiotherapy need a dedicated QA 
programme. Except internal QA procedures, external comparison with an independent dosimetry laboratory is useful, 
in order to check physical parameters such as reference beam output, depth dose data, beam output variation etc. The 
ESTRO QUALity Assurance network (EQUAL) is established with the purpose to perform the comparison in different 
beam parameters in clinical practice. The measurements of dose delivered on axis in reference and non-reference 
conditions for external radiotherapy presented below, are compared in the frame of the ESTRO-EQUAL project for 
high energy photon beam. Thermoluminescent Dosimeters (TLDs) with lithium fluoride powder (LiF) are used. TLDs 
are placed at a given depth in the water phantom.  The irradiation should be performed at the usual reference SSD 
with a vertical beam of 10 x 10 cm field size. The number of monitor units required for 2Gy at 10 cm depth, are 
calculated by the local treatment planning system in use in clinical practice. Two dosimeters (TLDs) are irradiated for 
each energy one by one at given depth (5 cm). The purpose of this TLD audit is to check the dose delivered by 
radiotherapy unit. EQUAL-ESTRO laboratory provides an independent and trustworthy verification of dose delivery. 
The external audits also allow detecting dosimetric errors. The levels of deviation between measured and stated 
quantities (Qm/Qs) and the corresponding EQUAL actions are specified as follows: optimal level when the deviation 
Qm/Qs is less than 3%; within tolerance level when the deviation is between 3% and 5%; outside tolerance level when 
the deviation is between 5% and 10%, and emergency level when the deviation is bigger than 10%. The results from ML 
show that the relative deviation Qm/Qs for these analyzed 6MV and 15MV photon beams, do not exceed 3%. As a 
conclusion, the presented results in the paper belong to the optimal level according to the acceptability criteria in the 
project. 

Key words: QA programme 1, thermoluminiscent 2, photon beam 3, beam output 4, irradiation 5, source-scin-distance 

1. INTRODUCTION 

The accuracy requirements and the medical 
consequences in radiotherapy need a dedicated Quality 
Assurance (QA) programme. According to The Joint 
Commission on the Accreditation of Health Care 
Organizations (JCAHO), the QA programme should be 
comprehensive in that it covers the quality of all 
aspects of patient care: services (such as taking patient 
data, making appointments, diagnosis, treatment 
planning, treatment, and follow-up), products e.g., 
customized beam blocks, immobilization devices, 
individualized compensators), equipment used 
(accelerators, simulators), psychological well being and 
the records of all aspects of diagnosis, planning, 
treatment, and follow-up. [1,2]  

Except internal QA procedures, external 
comparison with an independent dosimetry laboratory 
is useful, in order to check physical parameters such as 
reference beam output, depth dose data, beam output 
variation etc. The ESTRO QUALity Assurance network 
(EQUAL) is established with the purpose to perform 
the comparison in different beam parameters in 
clinical practice. The measurements of dose delivered 

on axis in reference and non-reference conditions for 
external radiotherapy presented below, are compared 
in the frame of the ESTRO-EQUAL project for high 
energy photon beam. Since 2005 our radiotherapy 
department participates in this ESTRO-EQUAL 
project.  

The purpose of this TLD audit is to check the dose 
delivered by radiotherapy unit. EQUAL-ESTRO 
laboratory provides an independent and trustworthy 
verification of dose delivery. The external audits also 
allow detecting dosimetric errors. 

2. MATERIALS AND METHODS 

Thermoluminescent Dosimeters (TLDs) with 
lithium fluoride powder (LiF) are used for this 
purpose. For high energy photon beams used in 
radiotherapy, LiF does not perturb significantly photon 
and electron fluencies. The Physics Department of the 
Institut Gustave-Roussy (IGR, Villejuif, France) has 
been elected as the measuring laboratory (ML) in the 
frame of the EQUAL programme.  

The TLDs are mailed to the participant together 
with a TLD holder to be irradiated. The irradiation 
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should be performed at the usual reference source- 
skin distance (SSD) with a vertical beam of 10 x 10 cm 
field size at the reference distance. Geometrical set-up 
of the measurements is shown below (Fig. 1). TLD is 
placed at referent depth in the phantom.  

  
Fig. 1 Geometry set-up for the TLD  irradiation. Two 

dosimeters (TLDs) are irradiated with 2 Gy for each energy 
one by one at 10 cm depth.  

The number of monitor units (MU) required for 
2Gy at referent depth, are calculated by the local 
treatment planning system (TPS) in use in clinical 
practice. According the TPS used for this purpose, 
299MU and 259 MU should be delivered for 6MV and 
15MV photons respectively. The absorbed dose to 
water at the position of the TLD should be measured 
additionally with ionization chamber, according to the 
internal dosimetry protocol. The beam output is 
checked in the conditions used as reference conditions.  

3. RESULTS  AND DISCUSSIONS 

The TLD capsules (two per beam) are irradiated 
according to the project instruction and sent back to 
the measuring laboratory (ML). The absorbed dose to 
water to the position of the TLD is measured 
additionally using ionization chamber. This measuring 
presents the difference between TPS calculated and 
real dose.  The results of these measurements shown 
below (Table 1), present that the discrepancies between 
TPS and ionization chamber reading are negligible for 
both photon energies. 

Table 1 Calculated and measured dose differences 

beam (MV) Dcalc (Gy) Dm (Gy)  (%) 
6 2.000 2.004 0.4 
15 2.000 1.999 0.1 

The levels of deviation between measured and 
stated quantities (Qm/Qs) and the corresponding 
EQUAL actions are specified as follows [3]: 

- optimal level when the deviation Qm/Qs is less 
than 3%;  

- a level outside optimal and within tolerance level 
when the deviation is between 3% and 5%;  

- a level outside tolerance level when the deviation 
is between 5% and 10%, and  

- an emergency level when the deviation is bigger 
than 10%. 

For the results outside tolerance level, the TPS and 
dose calibration should be checked. Based on 
irradiated TLDs, we obtained results from measuring 
laboratory that show deviations for used high energy 
photon beams. They are up to 2.8% for 6MV photon 
beams and up to 1.8% for 15MV photon beams.  

Table 2 Deviation for high energy photon beams 

beam (MV) δmin (%) δmax (%) 

6 0.4 2.8 

15 0.3 1.8 

 
Fig. 2 ML results for dose deviation for both photon beams 

These deviations presented above on Fig.2 and 
Table 2. The results from ML show that the relative 
deviation Qm/Qs for these analyzed 6MV and 15MV 
photon beams, do not exceed 3%.  

As a conclusion, the presented results in the paper 
belong to the optimal level according to the 
acceptability criteria in the project. The purpose of this 
TLD audit is to check the dose delivered by 
radiotherapy unit, so this independent and trustworthy 
verification of dose delivery improve internal QA and 
help to detect some dosimetric errors. [4,5]. 

Acknowledgement: The authors would like to thank to 
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Abstract. The aim of this study was to examine patient doses and image quality for PET/CT hybrid imaging 
modality, with automatic exposure control (AEC) scanning protocols. Patient doses and image quality are evaluated 
for patients examined in a period of one month. There are five brain and 20 whole body PET/CT exams. PET and CT 
patient doses were estimated according to the ICRP recommendations. Image quality was assessed according to five 
point scale. For brain PET/CT exams average effective patient dose was 5.5±2.04 mSv (max 7.92 mSv, min 3.8 mSv) 
and all CT images were  rated with maximal score (5). For whole body PET/CT average patient dose was 10.48±1.98 
mSv) (max 15.66 mSv, min 6,85 mSv). CT image quality for whole body PET/CT exams was rated as acceptable (mean 
rate 3,8±0.8) in all except one patient. 

Key words : PET/CT, patient dose, image quality, AEC  

1. INTRODUCTION 

In the least decade, multimodality imaging options 
increased the number of nuclear medicine exams 
significantly. Hybrid PET/CT imaging modality is 
highly valuated in clinical practice due to the 
possibility to (quasi) simultaneously obtains 
anatomical (CT) and functional data (PET). PET/CT 
provide intrinsically coregistered images of the two 
modalities and hardware fusion concept offers another 
important possibility of CT-based attenuation 
correction of the emission scans instead of using noisy 
transmission data measured separately [1]. 

Clinical applications of PET/CT have been 
increased, mainly in oncologic diagnosis, follow-up 
exams and management of oncologic patients, as well 
as for other clinical indications, leading to the 
increasing demand for PET/CT studies and more and 
more hybrid PET/CT scanners being installed in 
hospitals and clinics worldwide [2]. 

On the other hand PET/CT examinations, 
especially if there are a need for diagnostic CT quality, 
increased patient radiation exposure compared to 
stand-alone CT or PET examinations. Patient doses in 
hybrid PET/CT is combination of the dose from PET 
and the dose from CT. Considering the patient dose in 
hybrid PET/CT imaging there are two sources of 
radiation: internal dose from radiopharmaceutical 
(PET) and external from X-ray (CT).  

Both CT and PET as stand alone imaging modality 
are generally considered as a high dose medical 
procedure and their combination as PET/CT raised 
questions about patient doses, as well as possibilities of 

dose reduction whit out compromise of exams 
diagnostic validity  

In this study we evaluated effective patient doses 
and CT image quality for PET/CT examinations for a 
period of one month at Diagnostic Imaging Centre, 
Oncology Institute of Vojvodina in Sremska Kamenica, 
Serbia.  

2. MATERIALS AND METHODS  

Four male and one male patient (mean age 
44,8±8,2, range 35-55y) underwent head 18F-FDG 
([fluorine -18]-fluoro-2-deoxy-D-glucose) PET/CT 
examination. Five female and 15 male patient (mean 
age 52,45±12,07; range 30-73y) underwent whole body 
PET/CT examination at Biograph 64 (Siemens, 
Erlangen, Germany) PET/CT scanner. In both head 
and whole body exams emission scan was obtained 1h 
after injection of 18F-FDG.  

For head, segmented scan was acquired for 10min 
per bed position. For whole body, segmented scan were 
acquired for 3 min per bed position. For head scan 
there were 1 bed position and for whole body scan 6-8 
bed positions.  

For head CT scan, low dose spiral CT protocols 
were used with tube voltage 120kV, slice width 3mm, 
pitch 1.2 and tube rotation of 1s. The tube current-time 
was varying using the automatic exposure control 
(AEC) technique. Total acquisition time for brain 
examination was about 11 min per patient.  

Whole body CT scans are also performed according 
to low dose spiral scanning protocols with tube voltage 
120kV, slice width5mm, pitch factor 1.2, rotation time 
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0.5 and AEC. Acquisition time for the whole body 
PET/CT scan was about 30 min per patient.  

Internal dose was calculated according to the 
International Commission on Radiological Protection 
(ICRP) recommendations. Absorbed doses DT to a 
tissue organ T resulting from intravenous 
administration of an activity A of 18F-FDG were 
calculated by means of dose coefficients ГTFDG provided 
by ICRP in its Publication 103 [3], for variety of organs 
and tissues according to equation: 

FDG
T

PET
T AD   (1) 

The overall internal effective dose EDPET was 
calculated as a sum of organ doses considering tissue 
weighting factor (WT): 


T

T
PET
TPET WDED  (2) 

External dose was calculated from DLP (Dose 
Length Product) according to method proposed by 
Huda et al. [4]. According to this effective patient’s 
dose due to the CT scan (EDCT) could be estimated 
using DLP and appropriate conversion factor: 

SCT DLPED   (3) 

where KS is conversion coefficients for given CT exam 
(head, neck, body…). For head and whole body scan 
Huda et al. proposed KH of 2,2μSv/mGy cm and KB of 
19 μSv/mGy cm, thus for estimation of external patient 
dose DLP and appropriate conversion factor was used.  

Overall patient’s effective dose was calculated 
according to:  

CTPET EDEDED   (4) 

CT image quality was assessed by radiologist with 
ten years of experience in the field, according to five 
point scale: 1 – unacceptable, 2 – substandard, 3 – 
acceptable, 4 – above average, and 5 superior. [5] 

3. RESULTS  

Internal effective patient dose for head exams was 
4.11±2.03 mSv (Table 1). Minimal internal dose for 
head examination was 2.42 mSv and maximal 6.54 
mSv. For whole body exams average patient dose was 
7.14±1.59 mSv (Table 1). Minimal internal patient dose 
in this group was 4.64mSv and maximal 10.78mSv.  

External effective patient dose for head exams was 
1.38mSv uniformly for all patients. For whole body 
exams external patient dose was 3.26 ±0.81 mSv (Table 
1). Maximal external patient dose for whole body exam 
was 4.97 mSv and minimal 2.20 mSv.  

Overall effective patient dose for head PET/CT 
exams was 5.49±2.04 (Table 1). Maximal overall 
patient dose in this group was 7.92mSv and minimal 
3.81mSv. Overall average effective patient dose for 
whole body exams was 10.48±1.91 (Table 1). Minimal 
effective patient dose in this group was 6.85mSv, and 
maximal 15.67mSv.  

CT image quality was rated with maximal score (5) 
for all head exams. For whole body exams, all CT 
images were rated as acceptable, above average or 

superior (mean rate 3.8±0.8) in all except one case of 
oversized patient who was unable to hold arms above 
head during examination. 

Table 1 Internal, external and overall effective patient dose for 
PET/CT hybrid imaging   

exam 
internal 

dose [mSv] 
external 

dose[mSv] 
PET/CT 

dose[mSv] 
head 4.11±2.03 1.38 5.49±2.04 
whole body 7.14±1.59 3.26 ±0,81 10.48±1.91 

4. DISCUSSION 

Important aspect in evaluating all medical 
procedure with ionizing radiation is potential risk from 
radiation exposure. Quantification and full 
understanding of potential risks is essential in 
assessment of risk-benefit ratios in any of this 
procedure. Many studies revealed that cancer risk is 
induced from radiation [6], and medical imaging with 
ionizing radiation is no exception [7]. PET/CT is a 
relatively new imaging modality and the aim of this 
study was to clarify some aspects of this complex 
diagnostic procedure regarding effective patient dose 
and image quality.  

PET/CT offers variety of imaging options which 
could lead to different effective patient doses. It has 
bean reported that combined dose for PET/CT exams 
could be up to 32 mSv [1]. Our study shows that low 
dose CT protocols reduces effective patient doses 
significantly with out compromising CT image quality 
in majority of the PET/CT exams. Minimal patient 
dose in our survey was only 1.5 times greater than 
worldwide effective dose from background radiation 
over 1 year, which is estimated to be about 2.4mSV [8]. 
Automatic exposure control in CT imaging, fail to meat 
criteria of diagnostically acceptable image quality only 
in extreme case of obese patient who was not able to 
hold his arm above head.  

It has been reported that external dose compromise 
50-81% of overall effective patient dose in PET/CT 
whole body exams. Our study shows that contribution 
of external dose could be reduced to ~30% using 
automatic exposure control CT protocols in whole body 
PET/CT exams. For head PET/CT exams, patient dose, 
was lower than for whole body exams, but contribution 
of external dose was in similar range (~25%).  

Internal dose depends mainly on administered 
radiopharmaceutical activity which is related to patient 
body parameter (weight, height or body mass) and 
possibilities of internal dose optimization for given 
PET modality are relatively small, and mainly 
dependent on hardware as well as software 
improvements of PET components. On the other hand 
CT offer wide variety of imaging options and 
optimizations of CT protocols considering image 
quality and patient dose provide a good basis for 
patient dose reduction in PET/CT imaging. Our results 
shows that CT low dose protocols with automatic 
exposure controls provide a good basis for 
optimization of PET/CT procedure regarding effective 
patient dose and image quality. For head exams overall 
patient dose, was on the lower limit of published 
effective patient dose for PET/CT imaging in our 
knowledge while image quality was rated as superior.  
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Clinical demands for PET/CT diagnostics are 
increased, especially for non oncological patients. On 
the other hand PET/CT scanning is accompanied by 
substantial radiation dose and as a consequence 
potential cancer risk. It is general recommendations 
that any PET/CT examinations should be carefully 
justified prior to any study especially in younger 
patient.  

It is important to fully understood sources of 
patient doses in PET/CT imaging and to clarify various 
possibilities of dose reduction in order to rich full 
diagnostic potential of this complex imaging modality.  
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 EVALUATION OF THE HOLOGIC SELENIA FFDM SYSTEM WITH TUNGSTEN TUBE 
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Abstract. The Full Field Digital Mammography (FFDM) system HOLOGIC Selenia with W target and Rh and Ag 
filters was introduced to the market in 2008. Those target/filter combinations are different from  those, commonly 
used for the mammography systems.  Such a FFDM system was recently installed in Republic of Macedonia and 
testing was performed using the Barracuda cabinet and Multi Propose Detector (MPD) with appropriate calibration.   
To determine the relationship between the detector and the radiation output, the variables Pixel Value (PV) and Air 
Kerma were calculated from the measurements of the detector response function for each target/filter combination. 
The results of the measurements showed a gradient value of 4.88, an offset value 60,99 and linearity of squared Signal 
Noise Ratio (SNR2) equal to 1.0. In order to assess weather the detector flat fielding correction has been correctly 
applied by the manufacturer or by the local service, the detector uniformity was assessed. For the W/Rh spectrum the 
maximum PV deviation was calculated to be 1,2%  and for SNR was 9.3%.  Furthermore, for the W/Ag combination, 
the maximum PV value deviation was 2,7% and  SNR was 7,9%, which  suggested that the detector flat fielding 
correction has been correctly applied.  The degree of possible persistence of a signal from one image into the 
subsequent was <0,01, which means  that there are no residual artifacts at the image from the previous exposure.  The 
results from the Automatic Exposure Control (AEC) consistency tests showed that the detection device responds 
properly and that the maximum deviation of SNR is below the EUREF limits. From the AEC evaluation, corresponding 
to 2 to 7 cm range of the PMMA-breast thickness, a maximum deviation of 5% for the PV and 3%  for  SNR  was 
calculated. The Mean Glandular Dose (MGD) was calculated for different phantom thicknesses exposed in fully 
automated mode (AUTOFILTER).  Due to the higher penetration of the radiation from W/Rh and W/Ag compared to 
the commonly used Mo/Mo or Mo/Rh combinations, the calculated MGD was found to be considerably lower than 
European limit.  Image quality assessment was done using a Contrast Detail Mammography Phantom (CDMAM) and 
a TOR MAX phantom. The evaluated Contrast to Noise Ratio (CNR) values (equivalent to 6,0 cm breast thickness) met 
the EUREF criteria. The highest transmitted spatial frequency calculated from the Modulation Transfer Function 
(MTF) was found to be 14 lp/mm. The fall of the MTF to 0.5 (50 %) in our case was found to occur at spatial frequency 
equal to 8 lines per mm. 

Key words: mammography, detector performances, MGD, contrast detail curve, MTF 

1. INTRODUCTION 

Several major manufactures of full field digital 
mammography systems (FFDM) have introduced new 
models which incorporate X-Ray tubes with tungsten 
rather than molybdenum anodes. The main motive for 
using tungsten to reduce the dose to the breast while 
maintaining the same image quality [1]. It was found 
that for an a-Se detector, the W/Rh target/filter 
combination is the best choice for all the breast 
thicknesses and composition and for the detection of 
both micro calcifications and tumors [2]. Other studies 
[3,4,] confirmed advantages of W/Rh spectra for breast 
thickness of 4 to 6 cm. The first FFDM system with 
W/Rh and W/Ag combination installed in the R. of 
Macedonia was the HOLOGIC Selenia. This paper 
presents results of evaluation of that system.  

2. MATERIALS AND METHODS 

The measurements were made on a new design of 
the Hologic Selenia digital mammography system 
which is fitted with an x-ray tube with a tungsten (W) 
target material. The tests were conducted at the 
Remedika private general hospital in Skopje, 
Macedonia. The system is equipped with a choice of 
either rhodium (Rh) or silver (Ag) filtration. The 
radiation output and beam quality measurements were 
done for a broad and fine focus, and for both 
target/filter combination W/Rh and W/Ag using a 
Barracuda cabinet with appropriate calibration of 
Multi Purpose detector (MPD) for both spectra.  To 
determine the relationship between detector output 
variable (Pixel Value) and air Kerma at the image 
receptor (the a-Se detector), a detector response 
function was found. A Plexiglas phantom (PMMA) with 
a total thickness of 45 mm was positioned at the tube 
exit port and exposed by X-rays from the two available 
target/filter combinations (W/Rh and W/Ag) at fixed 
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tube voltage and different current-time products 
(mAs). A flat field calibration was chosen to remove the 
structural noise from the image.  The MPD was 
positioned at the surface of the breast support table 
(covered by a lead plate) for air KERMA measuring. 
The lead plate and the MPD were then removed, and 
the phantom was exposed at a fixed tube voltage and 
six different mAs values throughout the typical clinical 
range, again for both the target/filter combinations. 
The image receptor dose values for the corresponding 
mAs were calculated from the previous measured air 
KERMA values, corrected for the focus – detector 
distance (FDD). In order to assess whether the detector 
flat fielding correction has been correctly applied by 
the manufacture or the local service, the detector 
uniformity and the detector ghosting were assessed for 
both the energy spectra following the testing protocol.  

In order to check the consistency of the Automatic 
Exposure Control (AEC), a phantom was exposed (at 
fixed 28 kV and AEC set on zero dose settings) and 
variation of PV and Signal to Noise Ratio (SNR) was 
calculated. The AEC response to changes with the 
phantom thickness in terms of PV and SNR variation 
was tested, as well as the Contrast to Noise Ratio 
(CNR) changes with the thickness.  In this case SNR 
and CNR were calculated according to the equations 1 
and 2 a for a thickness range from 2 to 7 cm, using the 
AUTOFILTER mode. 
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Mean Glandular Dose (MGD) was calculated using 
exposure parameters (kV, mAs, anode /filter) for 4.5 
cm phantom. Additionally, MGD was calculated for 
different phantom thicknesses exposed in fully 
automated mode (AUTOFILTER) from   

scgKMGD   (3), 

where K is the entrance surface air Kerma (ESAK), and  
g, c and  s are conversion factors for x-ray beam and 
breast characteristics. For the W/Ag combination, a 
value of 1,063 for the s-factor was used from the recent 
publication by Dance and Young [4]. 

 Image quality assessment was done by 
performing the contrast – detail measuring, using a 
Contrast Detail Mammography Phantom (CDMAM) 
and the automatic software ARTINIS for image 
evaluation. Contrast-detail performance of the a-Se 
detector depends on the detective quantum efficiency 
(DQE) of the detector i.e.  the absorption efficiency of  
the primary X-ray converter and the noise added by 
the detector during the detection process [5]. For 
evaluation of the high contrast resolution of the 
system, a TOR MAX phantom, equipped with high 
resolution patterns distributed in two directions, was 
placed directly on the breast support plate and exposed 
at 26 kV and 20 mAs.  

 The resolution of the direct conversion detection 
system was calculated by means of Modulation 
Transfer Function (MTF). The MTF is an objective 

measurement of the ability of the detection system to 
transmit a signal spread over a range of spatial 
frequencies. The evaluation of the MTF started with 
the evaluation of the Line Spread Function (LSF) by 
the method of narrow slit, described by H. Fujita et al. 
[6]. The MTF was then estimated from the Fourier 
transform of the LSF as follows: 
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The Fourier transformation converts the spatial 
coordinates into spatial frequencies (lp/mm).  

3. RESULTS 

3.1. Radiation output and beam quality 

For W/Rh combination and 28 kV, a radiation 
output was calculated to be 100.9 Gy/mAs at 50 cm 
focus –measuring detector distance. The Half Value 
Layer (HVL) at 28 kV was determined to be 0.547 
mm for W/Rh and 0.600 mm for W/Ag spectra. 

3.2. Detector response function 

From Figure 1 it was established that there is a 
linear dependence of the a-Se detector output variable 
– PV and the Air Kerma. The detector response 
gradient value, offset and SNR2 linearity (R2) are 
calculated to be 4.88, 60.99  and 1.0 respectively. For 
these values, a reference air Kerma of 98.9 Gy was 
calculated as an average of 548.3 PV.    

 
Fig. 1 a-Se detector signal (PV) vs Dose/Image 

3.3. Detector uniformity and ghosting 

It is also evident that for W/Rh the maximum PV 
deviation is 1.2% and maximum SNR deviation is 9.3%, 
while as for W/Ag, the maximum PV deviation is 2.7% 
and maximum SNR deviation is 7.9%. According to 
EUREF protocol, the limitation values are 15% for PV 
and 10% for SNR deviation. These findings suggest 
that the detector flat fielding correction has been 
correctly applied. 

The calculated value of the ghost factor was 0.01 
(EUREF limit <0.3), which means that there are no 
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residual artifacts at the image from the previous 
exposure.   

3.4. Automatic Exposure Control (AEC) 

The results from AEC consistency tests (Tab.1) show 
that the device responds properly and maximum 
deviation of the SNR is below the EUREF limits. 

Table 1 AEC consistency 

mAs Avg PV SNR 
62.7 512.6 57.0 
64.5 547.5 59.8 
65.5 554.1 60.3 

Set 28 kV, 4 cm PMMA, 
Dose settings=0, AEC 
region 2 

66.7 561.2 61.1 
average 64.9 543.8 59.6 

max deviation 3.3% 5.8% 4.3% 
EUREF limits   < 5.0% 

 
From the evaluation of the AEC consistency tested with 
2 to 7 cm range of PMMA thickness, a maximum 
deviation of 3% for the SNR parameter was found 
(Tab.2).  

Table 2.  Signal to Noise Ratio variation    

PMMA 
(cm) 

kV 
ind. 

Target/
Filter 

mAs 
Avg PV SNR 

2 25 W/Rh 32.2 514 58.0 
3 26 W/Rh 48.7 520 58.3 
4 28 W/Rh 64.5 530 58.5 
5 28 W/Rh 110.9 507 56.9 
6 30 W/Rh 134.6 503 55.3 
7 28 W/Ag 177.1 547 55.7 

average 520.0 57.1 
max deviation 5% 3% 

 
The results of the contrast and the CNR 

measurements are shown in Table 3. The CNR value is 
required to meet the minimum acceptable image 
quality (IQ) standards at the 6.0 cm breast thickness 
(equivalent to 5.0 cm PMMA), and was therefore 
calculated. The EU-limiting values for the CNR, 
according to the European protocol, are also shown in 
the table, for comparison matters.  

Table 3  Relative CNR to 5.0 cm PMMA    

PMMA 
(cm) 

kV 
ind. 

Target 
/Filter 

mAs 
Relative
CNR5.0 

EU limits 

2 25 W/Rh 32,2 122 >115 
3 26 W/Rh 48,7 113 >110 
4 28 W/Rh 64,5 105 >105 

4,5 28 W/Rh 84,3 104 >103 
5 28 W/Rh 110,9 100 >100 
6 30 W/Rh 134,6 89 >95 
7 28 W/Ag 177,1 79 >90 

3.5. Mean Glandular Dose 

Table 4 shows the calculated MGD for equivalent 
breast thickness to PMMA plates.  

 
Fig. 2 Mean Glandular Dose dependence on the brest 

thickness.   

Due to the higher penetration of the W/Rh and W/Ag 
spectra, compared to the more common Mo/Mo or 
Mo/Rh spectra, the calculated MGD was found to be 
considerably below the acceptable European limits. 

3.6. Image quality 

3.6.1  Contrast detectability 

A CDMAM phantom was exposed at 30 kV and an 
average of 84.7 mAs, using the AUTOFILTER mode 
and the AEC at a standard dose. The average indicated 
dose value was 5.67 mGy. From the  Contrast-detail 
curve, presented on the Fig. 2, it was found that the 
detection rate was 72.8%.   

 

 
Fig. 3 Contrast detail curve 

3.6.2  Evaluations of  the MTF 

The MTF dependence on the spatial frequency in 
both detector area directions (horizontal and vertical) 
is presented on Fig. 4 with a W/Rh combination. The 
images of the line test objects from the TOR MAX 
phantom image (exposed at 26 keV and 20 mAs) were 
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used for the calculations. The theoretical fitting curve, 
sinc(x), is also presented. 

 From the theoretical fitting curve 
ax

ax
axc

sin)(sin  , 

where a is the pixel size (70 microns), one could see 
that the highest transmitted spatial frequency is 
approximately 14 lp/mm. The results are similar to 
those reported by other authors for the Siemens 
mammography direct conversion system at similar 
conditions (23 keV) [7], who reported the same value 
of the highest transmitted frequency (somewhat 
greater then 14 lp/mm). The fall of the MTF to 0.5 (50 
%) in our case (Hologic) was found to occur at the 
spatial frequency of 8 lines per mm, while as for the 
other latest direct converion model by Siemens [7] it 
was reported to be at 7 lines per mm.   

4.  CONCLUSION 

By comparing the obtained results with the results 
from the literature, it can be concluded that the 
HOLOGIC Selenia system with W/Rh target/filter 
combination is superior to the systems with Mo/Mo or 
Mo/Rh combination in terms of ratio image 
quality/patient dose. 

  
Figure 4. Modulation transfer function (MTF)  
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TWO FIELD BREAST PLAN VS. OPTIMIZED CONFORMAL BREAST PLAN:  
COMPARISON OF PLAN PARAMETERS 
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Abstract. Basic radiotherapy plan for breast irradiation assumes two tangential fields, but for the purpose of dose-
volume coverage improvement, additional small fields can be added (optimized conformal plan) with small doses 
applied. Small field sizes were adjusted to obtain the optimal breast dose-volume coverage and to optimize the sparing 
effect to the lung and heart. Dose volume histograms (DVHs) of the breast, and organs at risk (OARs) for both plans 
were calculated and compared for 10 patients. Small fields and small doses on these fields (5-10% of prescribed dose) 
resulted in much better dose homogeneity to target volume and in smaller number of monitor units (MU) overall in 
some cases as under-dosed and over-dosed regions were avoided in this manner. Stability and reproducibility of 
accelerator output was verified for this purpose. 

Key words: radiotherapy, dose-volume histogram (DVH), accelerator, breast irradiation 

1. INTRODUCTION 

Breast cancer external beam radiotherapy 
treatment involves different techniques, which depend 
on available technical resources in the medical 
institution and the stage of disease [1]. This study 
compares optimized conformal plan (with additional 
small fields) with basic two field tangential breast plan. 
Basic plan for breast irradiation assumes only two 
tangential fields and there are several reasons for that 
particular geometry. The first reason is to spare organs 
at risk (OARs) that might be crossed by irradiation 
beams, lungs and heart primarily [2]. Radiation 
damage may affect pericardium (and cause 
pericarditis), myocardium (myocardial infarction) and 
other cardiac dysfunctions short term and long term 
thus irradiated volume of heart is of great importance 
when  studying DVH (Dose-Volume Histograms) and 
verifying the plan [3]. Tangential fields minimize dose 
on these organs at risk.  Other reasons include 
avoiding late contralateral breast cancer and late lung 
cancer. On the other hand, adding small fields to basic 
breast plan can considerably improve dose-volume 
coverage and avoid under-dosage and over-dosage of 
target volume. Dosimetric verification of small number 
of MU (monitor units) per field was also presented for 
this purpose thus proving the stability and 
reproducibility of linear accelerator dose output. 

2. MATERIALS AND METHODS  

Computed tomography (CT) scans of 10 patients 
were obtained and imported into treatment planning 
system (TPS). Patients were delineated according to 

the institutional protocol, and stage of disease. Apart 
from target volumes, heart, spinal cord and both lungs 
(OARs) were separately delineated. Patients were 
treated according to the protocol which includes 
certain restrictions. An optimized basic breast plan 
assumes that 95-107 % of the prescribed dose is 
delivered to at least 95% of the relevant target volume 
[4, 5].  In many cases this standard can not be achieved 
due to different patient anatomies. Another plan with 
additional small fields was created for the purpose of 
comparison. Basic plan assumes two tangential fields 
with EDW (Enhanced Dynamic Wedges) that 
compensate air gaps created due to patient curvature 
(Fig.1) [1]. For the purpose of dose-volume coverage 
improvement, additional small fields were added 
(Fig.2) with small doses applied. Geometry of these 
small fields is such that they are applied on places that 
do not satisfy the minimum of 95% of prescribed dose 
to the target volume. Analyzing the CT slices and 
isodose curves presented in TPS, under-dosed regions 
are easily found and additional fields are put and 
shaped using multileaf collimator system installed in 
gantry of the linear accelerator. Doses associated to 
these small fields are 5-10% of prescribed dose thus 
improving target volume dose coverage. Small field 
sizes were adjusted to obtain the optimal breast dose-
volume coverage and also to optimize the sparing effect 
to the lung and heart. Dose volume histograms (DVHs) 
of the breast, and OARs for both plans were calculated 
and compared for 10 patients and one example of 
compared DVHs is shown on Fig.3 and Fig.4. Small 
fields and small doses on these fields (5-10 % of 
prescribed dose) resulted in smaller number of MU 
overall in some cases as hot and cold spots were 
avoided in this manner. Applying different weighting 
factors, weight points, wedge angles, multileaf 
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collimator and jaw positions, optimal conformal plans 
were created with much greater dose homogeneity and 
conformity [2]. 

Stability and reproducibility of accelerator output 
was also verified for this purpose that included 
dosimetric verification of small number of monitor 
units. For that purpose standard calibrated Farmer 
ionization chamber was used with standard 
electrometer. Absolute charge created in ionization 
chamber was measured in standard conditions for 
linear medical accelerator. [6] Results of dosimetric 
verification are presented for the 10 x 10 cm2 filed size, 
SSD (Source-to-skin distance) of 100 cm and energy of 
6MV (accelerator type: Varian 600 DBX). 100 MU in 
steps of (20 x 5 MU) and (10 x 10 MU) were compared 
to the calibrated output (absolute charge produced in 
Farmer ionization chamber) in same conditions for (1 x 
100 MU). Note that 400 MU equals 1 minute time of 
irradiation. 

 

Fig.1 Basic plan: two tangential fields 

 

Fig.2 Tangential fields with two additional small fields 

 

Fig.3 DVH for basic plan (78.13% volume of CTV irradiated 
with 95% dose) 

 

Fig.4 DVH for plan with additional fields (97.18% volume of 
CTV irradiated with 95% dose) 

3. RESULTS: 

Comparing DVHs of optimized conformal plan with 
additional fields and basic two field tangential plan 
showed that the optimized plan allowed much better 
dose-volume coverage than two field plan (7-10%) thus 
providing much better  dose homogeneity in target 
volume. A reduction in total number of MU for 
optimize plan (20%) can be achieved in some cases in 
comparison to basic two tangential field plan.  

Dosimetric verification has shown that there were 
no significant differences in output for small fields and 
small number of MU, in comparison to standard 
machine calibration output as shown in Table 1. 

Table 1: Measured absolute charge for 100 MU insteps of 20 x 
5; 10 x 10 and 1 x 100 MU. Results of dosimetric verification 

are presented for the 10 x 10 cm2 field, SSD=100 cm and 
energy of 6MV for linear accelerator type Varian 600DBX. 

Measurement 
No. (N) 

Q [nC]  for 
(N x 5 MU) 

Q [nC]  
for (N x 10 

MU) 

Q [nC]  
for (N x 

100 MU) 
1. 0.709 1.412 14.040 
2. 1.419 2.821 
3. 2.132 4.230 
4. 2.844 5.639 
5. 3.556 7.049 
6. 4.268 8.458 
7. 4.979 9.866 
8. 5.690 11.271 
9. 6.401 12.680 
10. 7.113 14.090 
11. 7.823 
12. 8.535 
13. 9.245 
14. 9.956 
15. 10.670 
16. 11.381 
17. 12.090 
18. 12.800 
19. 13.511 
20. 14.220 
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14.220 14.090 14.040 
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It has been calculated the mean value of absolute 
charge produced in Farmer ionization chamber in 
dosimetric verification for 100 MU overall in these 
three cases: 

nCQU 117.14  (1) 

According to equation 1, relative deviation of 
absolute charge has been calculated for each of the 
three cases and presented in Table 2: 

%100



U

iU
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Table 2: Relative deviation of absolute charge according to 
equation 2 

 

1UQ [%] 
2UQ [%] 3UQ [%] 

0.7 0.2 0.5 

According to equation 2, the mean relative deviation is 
calculated: 

%5.01
1
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4. CONCLUSION 

Study suggests that for the breast cancer external 
beam radiotherapy treatment, optimized plan has an 
advantage over basic two tangential field plan (dose 
reduction to organs at risk, increased target dose 
conformity, reduction of total number of MU in some 
cases and total body scatter radiation). It must be 
noted that additional fields are applied only if there are 
under-dosed regions in target volume that can not be 
irradiated when applying the basic two tangential field 
plans.  

It has been calculated that mean relative deviation 
of overall absolute charge measured in standard 
conditions for medical linear accelerator is less than 
1% thus stability and reproducibility of accelerator 
dose output has been verified for this purpose. 
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Abstract. The air-kerma area product (PKA) is a dosimetric quantity used in diagnostic radiology, in particular in 
fluoroscopic examinations, which is used for evaluation of radiation risk to patients. PKA is measured using 
transmission parallel plate ionizing chambers i.e. Air Kerma Area product meters (KAP meters). These devices should 
be calibrated in a proper manner at a Secondary Standard Dosimetry Laboratory (SSDL). Calibration procedures for 
this purpose are defined in IAEA document - an international code of practice (TRS 457).  This paper presents the 
calibration procedures and their application for measurements performed under international wide scale comparison 
of calibration procedures of KAP meters initiated by IAEA and the European Association of National Metrology 
Institutes (EURAMET). 
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1. INTRODUCTION 

The air-kerma area product (PKA) is a dosimetric 
quantity used in diagnostic radiology, in particular 
in fluoroscopic examinations. PKA is integral of air 
kerma over the x-ray beam area and it is invariant of 
distance from the focus. The PKA value reflects not 
only the dose within the radiation field but also the 
irradiated area and it is a good measure of the total 
energy imparted [1]. This implies that PKA is related 
to effective dose and overall radiation risk to 
patients. PKA is measured using transmission plane-
parallel ionizing chambers i.e. Air Kerma Area 
product meters (KAP meters) in any plane 
orthogonal to x-ray beam axis. Installation of built 
in devices to measure PKA in x-ray units used for 
interventional procedures is a regulatory 
requirement and consequently, most of the modern 
units have KAP meters [2].  

KAP meters are mounted on the x-ray tube  
housing and covering the entire x-ray beam, in both 
over-and under-couch tube geometry. Their 
sensitive air volume is only partly irradiated during 
measurements. Ideally, the walls of a KAP meter are 
so thin that they do not attenuate incident photon 
beam and they allow electronic equilibrium to be 
established in the sensitive air volume. In practice, 
this can never be fulfilled. Plates of a KAP meter are 
typically made out of Polymethyl methacrylate 
(PMMA) or similar material of thickness 1-2 mm, 
and they are covered with a thin conductive layer, 
usually made of tin doped indium oxide (In2O3:Sn), 
which is transparent to light. It is common that 
indium coated KAP meters have strong energy 

dependence of response. Walls of KAP meter can be 
coated with graphite, but only if the KAP is intended 
for use in under-couch installations. The signal from 
this type of KAP chambers has smaller energy 
depen3ence [2]. 

To get a reliable measurement of patient dose, it 
is essential that KAP meters are calibrated in a 
proper manner, either in the laboratory or in the 
clinical environment [1,4]. Due to energy 
dependence of the calibration coefficient, it is 
preferable to calibrate KAP meters in situ, in the 
radiation quality in which it is normally used. One of 
the methods for the filed calibration of built-in KAP 
devices is based on use of reference KAP meters 
which should be calibrated in the Secondary 
Standard Dosimetry Laboratory (SSDL). Both, the 
field calibration procedures and calibration 
procedures for reference KAP meters implemented 
at the SSDL of Vinca Institute of Nuclear Sciences 
are based on International Atomic Energy Agency 
(IAEA) International code of practice IAEA TRS 
457[4]. Majority of KAP meters are manufactured so 
that they are supposed to be calibrated in terms of 
the PKA on the outgoing side of the KAP chamber, 
i.e. for the transmitted radiation [5]. On the other 
hand, the reference KAP meter has to be calibrated 
in terms of the PKA on the incoming side of the KAP 
chamber, i.e. for the incident radiation [4]. The 
difference between these two calibration factors is 
the transmission factor of the KAP chamber, and 
care must be taken on of which one should be used 
in which situation, so that the systematic error 
wouldn’t be introduced in the measurement [6]. The 
calibration certificate of the KAP meter should 
contain both of these calibration factors. 
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2. METHOD AND MATERIALS 

The SSDL of the Vinca Institute was 
participating in the international comparison of 
KAP meter calibration procedures in October of 
2011, under supervision of IAEA and EURAMET. 
Two KAP meters (IBA KermaX and Radcal PDC) 
were circulating between comparison participating 
laboratories for calibration in various standard and 
non-standard beam qualities. Calibration was 
requested for the following standard beam qualities: 
RQR 3 (50 kV), RQR 5 (70 kV), RQR 6 (80 kV), 
RQR 8 (100 kV) and RQR 9 (120 kV) [7].  
Optionally, calibration coefficients for some of the 
non-standard beam qualities were produced, in 
order to simulate conditions in the clinical 
environment in terms of beam qualities used.  The 
non–standard beam qualities were generated using 
tube voltages and aluminum and copper filtration 
typical in interventional procedures. Half value layer 
of non-standard qualities was obtained in 
accordance with IEC 61267 standard [7]. A 
diagnostic radiology chamber Extradin Magna 
A650, calibrated in terms of air kerma in GAEC, 
Greece, was used as a secondary standard. The x-ray 
system used for calibration was Philips MG320. Sets 
of high purity aluminum and copper filters were 
used for establishing beam qualities. 

Typical calibration of reference KAP meters, 
according to TRS 457 [4], is beam area method 
which consists of determination of reference air 
kerma and beam irradiation area. Reference kerma 
is measured with secondary standard in non-
attenuated beam and beam attenuated with KAP 
meter that is to be calibrated. The value of the 
reference PKA is obtained by multiplying reference 
air kerma with beam area in the plane of 
measurement. Calibration coefficients are found as 
the ratio of reference PKA for incident and, if 
possible, transmitted radiation and the PKA obtained 
by the user KAP. Defined in this manner, calibration 
coefficients are dimensionless, i.e. they formally 
have dimension Gy*cm2/Gy*cm2.  

 
Fig. 1 Scheme of KAP calibration procedure  

As shown on the Fig. 1, the user KAP is in 
position I when the reference air kerma for 
transmitted radiation is measured. In this position it 
is not necessary to electrically connect KAP chamber 
with its electrometer, because KAP chamber is there 
only for attenuation of the beam. When it is in 
position II, the user KAP is behind lead aperture of a 

known diameter. This aperture enables partial 
irradiation of the KAP sensitive volume and since its 
diameter and all distances in setup are known, 
irradiation area is easily calculated. 

Calibration of IBA KermaX (further referred as 
user KAP) in the terms of kerma area product was 
performed according to the IAEA TRS 457. Circular 
lead aperture with a diameter of 60 mm was used to 
collimate the field in front of the user KAP chamber. 
FDD was set at 100 cm, as it is proposed by the Code 
of Practice. Focus – aperture distance was 95 cm, 
i.e. aperture – detector distance was 5 cm. Lead 
aperture is about 5 mm thick and it has conical 
shape i.e. it has slope edges. It is important to note 
that the aperture with slope edges allows more 
accurate determination of the irradiated area in the 
plane of measurement, since there is less photon 
scattering at the edges. The field size in the plane of 
measurement was calculated using Thales’ theorem 
and then used for beam area calculation. This 
simple method for determination of the beam area 
is justified under the assumption of low scatter 
contribution; other methods would include some 
form of visual evaluation of the irradiated area using 
photosensitive films. The primary aperture with a 
diameter of 3 cm was placed on 26.5 cm from the 
focus. Five one-minute measurements were taken 
with the user KAP chamber. Reference value of PKA 
was calculated by multiplying nominal field area 
with the reference air kerma which was measured 
with secondary standard. Reference air kerma was 
calculated from 5 one-minute measurements, for 
both – the incident and the transmitted radiation. 
In the case of the transmitted radiation 
measurements, the user KAP was placed in the 
beam at the distance of about 40 cm from the focus.  
This distance can be chosen freely between primary 
aperture and secondary standard, keeping in mind 
minimizing of scattering.  Since the diameter of 
secondary standard is smaller than field size in the 
plane of measurement, the aperture was kept 5 cm 
in front of the reference chamber in order to 
reproduce the same conditions of scattering as in 
measurements with KAP chamber, although this is 
not necessary. Monitor chamber was used for 
stability control. 

 
Fig. 2 KermaX calibration setup 

The calibration procedure for the RADCAL 
Patient Dose Calibrator in the terms of kerma area 
product was the same as for the KermaX, only the 
setup distances were different. Because of the size of 
PDC’s minimal irradiated area, which is at least 10 
cm in diameter, PKA measurements were taken at 
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the distance of 200 cm from the focus, and the lead 
aperture (the same as in the previous paragraph) 
was positioned at 100 cm from the focus. This setup 
deviates from the one proposed by TRS 457, but it is 
appropriate with respect to this KAP meter design. 
Reference air kerma was measured at 200 cm FDD. 
Again, monitor chamber was used for stability 
control. Shutter was used to stop the x-ray beam. 
This type of KAP meter can be calibrated only for 
incident radiation. 

The beam area calibration method at the SSDL 
can be used not only for reference KAP meters, but 
also for any portable KAP meter. The main 
disadvantage of laboratory calibration is that 
radiation quality in calibration is different from the 
one in actual use even when the tube voltage and 
filtration are right, due to the unit specific extra 
focal and stray radiation [8]. Calibration should at 
least be done for all used filtrations and some 
chosen tube voltages. Sometimes, calibration 
coefficient for a specific quality can be obtained by 
interpolation, but this is not simple to do with 
regard to strong energy dependence of response of 
some KAP meters. If clinical radiation qualities 
differ  from  those used  in the  calibration, the  HVL  
cannot alone  be used  for  the  interpolation. 

3. RESULTS 

To demonstrate the implementation of above 
described methodology, calibration results for two 
KAP meters are given in Table 1 and Table 2. It 
should be noted that Radcal PDC couldn’t be 
calibrated for transmitted radiation, hence in Table 
2 there are only coefficients for incident beam. 
Beam code 4AL02CU refers to series of beam 
qualities that are accomplished with combination of 
filters 4 mm Al and 0.2 mm Cu. These are non-
standard qualities that reflect interventional 
procedures. Other optional non-standard series 
were proposed by comparison protocol, but the time 
for completing the measurements was limited.  

  Table 1 Results of IBA KermaX calibration 

Beam code HVL 
[mm 
Al] 

Tube 
voltage 

[kV] 

Inc. or 
Transm.

(I/T) 

Calibration 
coefficient 

[Gycm2/Gycm2] 

RQR3 1.99 50 I 1.92 
RQR5 1.17 70 I 1.17 
RQR6 1.12 80 I 1.12 
RQR8 1.13 100 I 1.13 
RQR9 1.17 120 I 1.17 
RQR3* 1.99 50 T 1.69 
RQR5 1.17 70 T 1.04 
RQR6 1.12 80 T 1.01 
RQR8 1.13 100 T 1.02 
RQR9 1.17 120 T 1.07 

4AL02CU 3.31 50 I 6.9 
4AL02CU 5.61 80 I 1.62 
4AL02CU 6.99 100 I 1.24 
4AL02CU 8.03 120 I 1.31 
4AL02CU 3.31 50 T 6.26 
4AL02CU 5.61 80 T 1.5 
4AL02CU 6.99 100 T 1.15 
4AL02CU 8.03 120 T 1.22 

It is important to note that the RQR3 standard 
quality was not fully accomplished on the SSDL’s x-
ray equipment and it should be regarded as 
radiation quality with known tube potential and half 
value layer and not as standard quality.  

Table 2 Results of Radcal PDC calibration 

Beam code HVL 
[mm 
Al] 

Tube 
voltage 

[kV] 

Inc. or 
Transm.

(I/T) 

Calibration 
coefficient 

[Gycm2/Gycm2] 

RQR3 1.99 50 I 1.12 
RQR5 1.17 70 I 1.1 
RQR6 1.12 80 I 1.08 
RQR8 1.13 100 I 1.06 
RQR9 1.17 120 I 1.05 

4AL02CU 3.31 50 I 1.32 
4AL02CU 5.61 80 I 1.06 
4AL02CU 6.99 100 I 1.01 
4AL02CU 8.03 120 I 1 

4. UNCERTAINTY OF CALIBRATION COEFFICIENT 

The uncertainty accompanying calibration 
coefficients is evaluated to be 12 % with coverage 
factor k=2. The budget of measurement uncertainty 
consists of uncertainties related to secondary 
standard, user KAP chamber and calibration setup. 
Secondary standard introduces uncertainties 
coupled with calibration coefficient of a secondary 
standard, repeatability, scale reading, 
recombination loss and leakage. The last two 
components of uncertainty are usually negligible. 
Additional uncertainty component introduced by 
reference chamber is uncertainty of interpolation of 
its calibration coefficients for non-standard beam 
qualities. Magna A650 has small energy dependence 
of response, so interpolation and even extrapolation 
of calibration coefficients was justified. User KAP 
raises total uncertainty through repeatability, scale 
reading, leakage, recombination loss and variation 
of sensitivity with position [4,9]. Calibration setup 
gives uncertainties related to influence of extra focal 
radiation, field homogeneity, positioning, field size, 
difference in beam quality with regard to standard 
beam quality, air density due to uncertainties of 
pressure and temperature measurements, scattered 
radiation and variation of tube potential. Given the 
available equipment for positioning and x-ray 
generation, achieved measurement uncertainty 
budget is satisfactory, although there is room for 
further reduction of total measurement uncertainty 
through the development of operator skills and 
acquisition of modern equipment. The goal of the 
laboratory is measurement uncertainty below 7% for 
this type of calibration. 

5. CONCLUSION 

The presented results are part of the 
international intercomparioson in the field of 
diagnostic radiology, that is an important 
contribution towards improved reliability and 
accuracy and reliability of patient dose monitoring 
in diagnostic and interventional procedures 
involving exposure to  x-rays.  
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INCREASE OF ANIMAL SURVIVAL BY PRE-TREATMENT OF X-RAY IRRADIATED RATS  
WITH MANGANNESE (II) AMINO ACID SCHIFF BASE COMPLEX 

Margarita Malakyan 

Scientific Centre of Radiation Medicine and Burns, Yerevan, Armenia 

Abstract. Short In white rats exposed to X-ray irradiation at 8.7 Gy and 6.0 Gy dose levels with 1.98 Gy dose rate the 
Mn(II)(Nicotinyl-L-Tyrosinate) chelate complex was studied as radioprotector. These radioprotective studies included 
single subcutaneous or oral pre-treatment of animals with 10 mg/kg or 20 mg/kg Mn(II)(Nicotinyl-L-Tyrosinate) at 
times of 24, 3 or 1 hr prior to radiation exposure. 
According to the results obtained, pre-treatment with Mn(II)(Nicotinyl-L-Tyrosinate) was reflected in essential 
improvement of survival indices in the irradiated animals. Thus, in case of irradiation at 8.7 Gy (LD100/30) either 
oral or subcutaneous mode of administration facilitated the increase of 30-day survival indices in rats up to 30-50%. 
Survival of animals subcutaneously treated with Mn(II) chelate 1 and 3 hours prior to radiation exposure at 6.0 Gy 
amounted 100% vs. 45%-55% in Control groups. On oral administration of the mentioned compound to the organism 
the less expressed radioprotective effect was produced: survival in 30 days after exposure made only 70%-80%. 

Key words: radioprotector, survival, rat, metallocomplex 

1. INTRODUCTION 

Since the discovery of deleterious effects of 
radiation the efforts were directed to protect or 
mitigate radiation-induced normal tissue damages [1]. 
However, despite a substantial amount of research 
carried out in the field of chemical radioprotection, no 
safe and ideal synthetic radioprotectors are available to 
date and not a single compound has emerged so far as 
an effective non-toxic radioprotector for practical 
purposes [2-3]. Drug toxicity, limited times of 
protection, and unfavorable routes of administration, 
all serve to limit the utility of the known 
radioprotectors in non-clinical settings. 

A number of experimental findings demonstrate 
that treatment with essential metalloelement chelates 
provides radiation protection and facilitates tissue 
repair processes required for recovery from radiation 
injury, including survival of lethally irradiated animals 
[4-8]. It is notable that in comparison with inorganic 
forms of metalloelements, organometallic complexes  
are less acutely toxic, and irritation is avoided when 
the compound is administrated into the organism [8].   

Manganese (Mn) is essential to living organisms 
being a major constituent of several hormones, 
proteins, and metalloenzymes. Manganese occurs in 
the active sites of several enzymes that participate in 
the chemistry of reactive oxygen species, such as Mn 
catalase [9], Mn superoxidase dismutase [10], Mn 
ribonucleotide reductase [11], Mn peroxidase [12] that 
protect cells against the oxidative stress implicated in 
pathogenesis of radiation damage [13-14].  

Manganese complexes with Schiff base derivatives 
are one of the most versatile and interesting synthetic 
systems. Some of these type complexes were found to 
be artificial mimics of the biological enzymes cited 
above [15-17]. Taking into account the important role 
of this metalloelement in mammalian metabolism, the 
study of Mn(II) complexes with Schiff bases derived 
from aromatic amino acids and aromatic aldehydes is 
considered worthwhile for screening new effective 
radioprotectors. In this work we present the results of 
studies on radioprotective properties of 
Mn(II)(Nicotinyl-L-Tyrosinate) metallocomplex.  

2. MATERIALS AND METHODS 

The specified for radioprotective studies 
Manganese(II) complex with Schiff base ligand (L) 
derived from Nicotinaldehyde and L-Tyrosine amino 
acid, Mn(II)(Nicotinyl-L-Tyrosinate) - Mn(II)-L, was 
synthesized at the Scientific Centre of Radiation 
Medicine and Burns (Yerevan, Armenia) and 
characterized by IR, NMR and elemental analysis.  

White rats weighing 180-200 g were exposed to X-
ray whole-body irradiation on RUM-17 facility at 8.7 
Gy and 6.0 Gy radiation dose level (1.98 Gy/min dose 
rate).  

Radioprotective studies included single 
subcutaneous or per oral pre-treatment of animals 
with 20 mg/kg Mn(II)-L 24, 3 or 1 hr prior to radiation 
exposure at 8.7 Gy, and 10 mg/kg or 20 mg/kg Mn(II)-
L 3 or 1 hr before irradiation at 6.0 Gy. The mixture of 
1.4% polyvinyl alcohol and 4% propylene glycol in 
Saline was used as a Vehicle for the metallochelate 
administration. The use of this pharmaceutically 
accepted non-ionic suspending agent as a Vehicle was 
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aimed to avoid irritation after the treatment with 
metallochelate and ligand exchange interactions 
between this chelate and the suspending agent. For 
reference, 2 Control groups were used: 1) animals 
exposed to irradiation without any treatment; 2) 
animals irradiated on the background of preliminary 
treatment with the Vehicle. 

3. RESULTS  AND DISCUSSION 

According to the results obtained, animal pre-
treatment with 20 mg/kg Mn(II)-L using both 
subcutaneous or per oral routes of metallochelate 
administration into the organism before irradiation at 
8.7 Gy dose facilitated increasing the 30-day animal 
survival indices. So, if in 30 days post irradiation in 
both Control groups the indices of animal survival were 
0% - 10%, the survival of rats subcutaneously 
administered Mn(II) chelate 1, 3, and 24 hours prior to 
exposure was 30%, 50%, and 50%, respectively (Fig.1). 

 

Fig. 1 Dynamics of animal lethality in a period of 30 days after 
irradiation at 8.7 Gy performed on the background of 

preliminary subcutaneous administration of 20 mg/kg 
Mn(II)(Nicotinyl-L-Tyrosinate), Mn(II)-L, 1, 3, and 24 hours 

prior to irradiation 

In case of the same time-window, but using the oral 
mode of preventive treatment, animal survival in 30 
days after irradiation made 50%, 40%, and 30%, 
correspondingly (Figure 2). 

 

 Fig. 2 Dynamics of animal lethality in a period of 30 days 
after irradiation at 8.7 Gy performed on the background of 

preliminary per oral administration of 20 mg/kg 
Mn(II)(Nicotinyl-L-Tyrosinate), Mn(II)-L, 1, 3, and 24 hours 

prior to irradiation. 

Under irradiation at 6.0 Gy subcutaneous 
administration of 10 mg/kg or 20 mg/kg Mn(II)-L 
prior to exposure significantly increased rats survival 
at 30 days (Figure 3). The effect was highest for both 

doses of Mn(II) chelate treatment using 1 hour time-
window before irradiation and 3 hours for 10 mg/kg 
dose level: indices of survival in these cases made 100 
%  vs. ~ 50% in control irradiated groups. 

 

Fig. 3. Dynamics of animal lethality in a period of 30 days 
after irradiation at 6.0 Gy performed on the background of 

preliminary subcutaneous administration of 10 mg/kg and 20 
mg/kg Mn(II)(Nicotinyl-L-Tyrosinate), Mn(II)-L,  1 and 3 

hours prior to irradiation 

Radioprotective effects of Mn(II) chelate 
administered orally to rats prior to irradiation were 
less expressed: indices of animal survival in 30 days 
after exposure amounted 70%-80% (Figure 4). 

 

Fig. 4 Survival curves of rats during 30 days after 6.0 Gy 
whole-body X-irradiation with preliminary per oral 

administration of 10 mg/kg and 20 mg/kg Mn(II)(Nicotinyl-
L-Tyrosinate), Mn(II)-L,  1, and 3 hours prior to irradiation 

Thus, experimental findings have demonstrated 
that Mn(II)(Nicotinyl-L-Tyrosinate) chelate complex 
possesses radioprotective properties upon application 
of various mode and time treatment schedules of 
administration to the rat organism prior to X-ray 
irradiation:  in groups of animals treated with Mn(II) 
chelate there was a remarkable increase in the indices 
of survival in a 30-day period post exposure compared 
to the control irradiated rats.  

Proceeding from data obtained, Mn(II)(Nicotinyl-
L-Tyrosinate) chelate complex can be considered as a 
promising compound for the use in chemical 
protection of the organism under irradiation. 
According to [4-6], de novo syntheses of 
metalloelement-dependent enzymes required for 
oxygen utilization and prevention of oxygen 
superoxide accumulation, as well as for tissue repair 
processes are key points to the hypothesis that 
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considers the role of essential metalloelement small 
molecular mass chelates to be significant in reducing 
the pathological effects of radiation 
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Abstract. This work is concerned with methods and configurations which were applied when dose output of the X-ray 
therapy unit XSTRAHL 3300, manufactured by Gulmay Medical Ltd., UK was measured. The unit is in clinical use 
from April 2011 at The Radiotherapy department of Military Medical Academy, Beograd. According to the IAEA 
convention, its nine different energy qualities cover the low and the middle part of the whole energy range used in 
clinical radiotherapy today. During the measurements we were faced with the fact that no common tolerances of dose 
output constancy could be found over the entire range of applicable energies. The work gives the results of testing the 
two methods of acquiring the depth profile set for the most of beam energy-beam (profile) size combinations.. 

Key words: PDD, graph, applicator, measuring, dose, calibration 

1. UNIT DESCRIPTION AND BEAMS SPECIFICATION 

Basic components of the installation are as follows: 
command console with single board computer; high-
voltage generator; heat dissipation system based on oil 
circulation; ceiling mounted, moveable tube head 
support system; tube assembly designed in metal-
ceramic technology with anode and cathode driven to 
high voltages (of opposite polarity) when the beam is 
on. Beside of that, two sets of applicators are available: 
the first one is presented with 6 circular applicators 
differing in diameter but with common FSD (Focus 
Skin Distance) of 30 cm, while the other set is 
consisted of 5 square- and 3 rectangular- applicators 
all sharing FSD of 50 cm. 

The beam qualities delivered by the unit are specified 
in Table 1, while the available beam limiting devices, 
i.e. applicators are given in Table 2.  

1.1. Internal Exposure Measuring 

 Special regard is to be given to the unit dosimetric 
system by means of which is the radiation output 
internally measured and thereby patient dose precisely 
and continually controlled. The heart of the system is 
an ionization chamber incorporated at the X-ray tube 
mouth. Accompanied by corresponding counting 
electronics it measures exposure rate at this very 
position of the beam propagation path.  Software 
calibration utility is provided for referencing the 
internally measured exposure rate (in air) to the value 
of rate at which is the dose delivered somewhere 
downstream the beam. So, when the output calibration 
is complete, a relation between the exposure rate value 
[counts/sec ] and the local dose rate value [cGy/sec ] 

has been set. For this purpose an integral exposure 
monitoring unit (MU) is servrd so that, following a 
dose output calibration, the integral exposure of 1 MU 
will bear that number of counts that would correspond 
to the absorbed dose of 1 cGy at reference depth in 
medium.  

Table 1 Nine beam qualities delivered by the 
otrthovoltage unit XSTRAHL 3300 

Filter 
Number 

Generating 
Potential 
[kV]  

Tube 
Current  
[mA] 

HVL 
[mm] 

1 60 25 1.5 Al 
2 80 30 2.5 Al 
3 100 30 3.0 Al 
4 120 25 5.0 Al 
5 150 20 6.0 Al 
6 180 16 0.5 Cu 
7 200 15 1.0 Cu 
8 250 12 2.0 Cu 
9 300 10 3.0 Cu 

Table 2 Diversity of beam (profile) size modifiers 
(applicators) supplied with the unit  

Square (rectangle), 
FSD=50cm 

size [cm X cm] 

Circle, 
FSD=30cm   

diameter [cm] 

4X4, 6X4, 7X5, 10X5, 
8X8, 10X10, 15X15, 

20X20 

 2,  2.5,  3,  4 

 5,  10  



 184 

2. MEASUREMENT SETTINGS  

Available beam energies as well as beam (profile) 
size modifiers or applicators are presented in Table 1 
and Table 2, respectively. Reference and relative 
measurements pertaining to the central beam axis 
were conducted. That means the depth profiles in a 
form of percent depth doses were measured for most of 
the beam energy-beam (profile) size combinations. 
Circular and square types of applicator are available. 
Regarding the fact that focus surface distance (FSD) of 
circular applicators is smaller  than that of the square 
applicators they are chosen to be used for radiation 
treatments of skin surface and shallow depth 
localizations while the square applicators are allowed 
for irradiation of deeper depth indications. According 
to that, there has been made a division of the  
applicators be the range of energies delivered by the 
unit in a way that circular applicators are assigned to 
the lower and square to the the upper energy range.  

 Measurements were conducted by using two 
different measuring settings. First one was with 
Farmer chamber type, NE 2571 in a water phantom, 
while the other was with plan-parallel chamber type, 
PTW 23343 in PMMA as a medium. A need of 
finding an alternative setting emerged when the initial 
setting with FARMER chamber in water showed poor 
constancy of the depth profiles acquired for the beams 
of low penetrability. Reason for this was a steep slope 
of these depth profiles and a large diameter of 
FARMER chamber cavity what had as a consequence a 
loss of dose homogeneity across the cavity. The beams 
referenced by filter numbers 1 through 5 were here 
considered as the beams of low penetrability since they 
had shown inconstancy of their depth profiles with 
initial measuring setting. Fig. 1 demonstrates the 
extent of beam instability where the two depth profiles 
taken in a time period of 20 days of the beam specified 
by filter number 5 and applicator 10X10 are shown.  
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Fig. 1 Two depth profiles of the filter number 5 taken in  a time 
period of 20 days  

On the other hand, the same measuring setting 
applied at the beam with filter number 6 gave 
seemingly better alignment of the two PDD curves as it 
is shown in Fig. 2. 
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Fig. 2  Two depth profiles of the filter number 6 taken in a 
time period of about four months 

In order to overcome the problem of the dose 
output instability especially characteristic of the low 
energy beams, a measuring setting with plan-parallel 
chamber in PMMA as a medium was introduced. 

3. BEAM CALIBRATION AND REFERENCE DOSIMETRY 

A reference dosimetry is initially done to the 
purpose of beam output calibration. However, it 
should be practiced on regular basis thereafter in order 
to indicate a necessity of recalibration in case the beam 
dose output has departed inappropriately from its 
reference. Therefore, a criterion on beam output 
constancy has to be specified during the acceptance 
test measurements. 

However, the problem appeared when it had 
become clear that different filter–applicator 
combinations behave in a different manner as the 
beam output constancy is concerned. The reason of 
such an inconsistency was a measuring uncertainty of 
the surface dose measuring setting, because on that 
occasion the chamber was immersed in water only by 
half of its diameter thereby being exposed to the strong 
fluency of photon scatter from the applicator. Beside 
that, due to a sharp transition in strength of the dose 
field at the boundary between the two media, the 
equilibrium condition within the cavity volume could 
barely be realized. The solution was sought in 
avoidance of measuring the surface dose by means of 
using the extrapolation value like it has been described 
in [1, 22]. Applying this new method to the PDD curves 
which were already acquired by a direct measuring of 
the surface dose, another set of PDD curves was 
obtained. Each of these two PDD sets was separately 
tried for dose output stability. A measure of dose 
output stability is defined as maximum percent 
deviation of the dose locally delivered at depth in a 
medium for a given filter-applicator combination. 
Hereby, the reference dose value for given filter-
applicator combination was that obtained on instance 
of dose output calibration. Therefore, two data sets 
aimed at evaluation of the output stability were 
acquired, one for the “direct measuring” method and 
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the other for the extrapolation method. The two 
methods will be here marked Met1 and Met2, 
respectively. 

Table 3 Maximal percent deviation of the local dose 
where the beams of the upper energy range are 

squarely profiled  

SQUARE(FSD=50 cm) 
  8X8 15x15 20X20 7X5 10X5 

F
IL

T
E

R
 

N
O

. 
 

M
et1 

M
et2

 

M
et1 

M
et2

 

M
et1 

M
et2

 

M
et1 

M
et2

 

M
et1 

M
et2

 

7. 4
.3

 

3.1 

4
.2 

4
.7 

4
.9

 

7.6
 

7.3
 

4
.4

 

6
.6

 

4
.9

 

8. 1.2 

2
.3

 

3.4
 

4
.3

 

3.7 

4
.3

 

6
.4

 

1.7 

5
.5

 

3.9
 

9. 2.0
 

3
.2

 

4
.4

 

3.8
 

3.7 

5
.7 

9
.7 

3.9
 

6
.5

 

0
.4

 

 

Table 4 Maximal percent deviation of the local dose 
where the beams of the low energy range are circularly 

profiled  
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4. RESULTS AND CONCLUSION 

Data on output stability for each of the two 
methods are presented in respective columns of Table 
3 and Table 4. In Table 3 are stored the data for the 
upper filter number-square beam modifier 
combinations while the data in Table 4 evaluate the 
output stability of the lower filter number-circular 
modifier applicator combinations. 

From Table 3 it can be concluded that the 
extrapolation method did not make any improvement 
as the dose constancy of the regular square fields is 
concerned. The benefit of the extrapolation method is 
seen for the irregular square (rectangular) fields (Table 
3) as well as for almost all of the circular fields (Table 
4). On the other hand, the method of direct surface 
dose measuring should be retained for the square fields 
and should only be superseded by the extrapolation 
method in case of the rectangular fields.  

In short, the proposed partial inclusion of the new 
method into the PDD curve set acquisition could bring 
a better accuracy and precision in measuring and 
calibration of the X-ray therapy unit dose output. 
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EXTRA ABSORBED DOSE ASSESSMENT OF CARDIAC AND OTHER TISSUES AROUND THE CARDIAC 
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Abstract. Photon attenuation in cardiac single photon emission computed tomography (SPECT) is a well recognized 
problem, leading to artifacts and inaccuracies in reconstructed images therefore the attenuation correction in SPECT 
images is necessary. Most of the attenuation correction methods are available in clinics use attenuation map which 
obtained with different transmission scanning sources. Using transmission source in this correction method increases 
the received dose by cardiac and other tissues around it. The object of this study is to assess the extra absorbed dose of 
cardiac and other tissues around it during the Transmission Attenuation Correction (TAC) of cardiac SPECT imaging. 
So using Monte Carlo method the cardiac and torso were simulated in cylindrical coordinate then the extra absorbed 
dose of cardiac and its surrounding tissues during TAC were calculated. The results showed cardiac, its surrounding 
tissues and skin have absorbed non-considerable extra absorbed dose which are much lower than the reported limits 
by ICRP103. 

Key words: TAC, SPECT, Monte Carlo 

1. INTRODUCTION 

Single photon emission computed tomography 
(SPECT) is used extensively in diagnostic nuclear 
medicine for assessing radiopharmaceutical 
distributions. In this imaging technique a 
radiopharmaceutical material (such as Tc99m, Tl201 and 
so on) is injected into patient. Depend on chemical 
formula of this materials, it is absorbed to the tissue 
under diagnosis more than the other tissues, and 
radiates gamma rays. Since cardiac disease is one of 
the most important causes of death in the world, in this 
project is focused on limitation of cardiac SPECT 
imaging. The most important limitation of these 
images is the photon attenuation, which occurs when 
the gamma rays are emitted from cardiac, they interact 
with other tissues in its path (such as ribs and soft 
tissues) and they are absorbed or scattered so that only 
about ten percent (10%) of photons are detected by 
detectors. To overcome this problem, attenuation 
correction is needed. The most common techniques for 
attenuation correction have used transmission source 
and by using this technique the absorbed dose of the 
body organs increased. Some studies have been done 
to calculate the absorbed dose that was produced by 
emission source whereas the aim of this research was 
to calculate the extra absorbed dose which has been 
produced by transmission source. In this study the 
absorbed dose rate of two radioisotopes (Tc99m and 
Gd153) that are used commonly as external sources was 
calculated and the results of each source was compared 
with the another one. 

2. MATERIALS AND METHODS 

The Monte Carlo simulation program was 
employed in this research to calculate the absorbed 
dose of cardiac and other tissues around it. A line 
source was used as transmission source. Activity of this 
line source was considered about 10mCi [1]. The length 
of line source was considered 10 cm which is at 5 cm 
far from the body surface. Two different Simulations 
were done: 

1. Global simulation 

2. Organ dependent simulation 

2.1. Global simulation 

In the first simulation the torso was divided into a 
large number of bins and the absorbed dose of these 
bins were calculated. Torso was simulated in 
cylindrical coordinate. It was considered as a cylinder 
with the dimensions of 20 cm in diameter and 70 cm in 
length. This kind of simulation was useful to calculate 
the radial dose of whole torso from specific center 
(such as source, cardiac and skin surface). In this 
research the center was considered as source surface 
and the radial dose was calculated from this center. In 
this case the absorbed dose of a transverse section of 
torso was calculated. This transverse section was under 
the transmission source accurately. By this method, it 
was possible to calculate the absorbed dose rate of each 
arbitrary point in torso and finding the points with 
maximum and minimum dose rate values. 
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2.2. Organ Dependent Simulation 

In the second simulation, the geometry of favorite 
organs (cardiac, lung, spine and skin surface) were 
simulated separately and only the dose of this organs 
were calculated. Torso was simulated as the first 
simulation. Cardiac was simulated by two nested 
cylinders with the dimensions of 3.5cm and 5cm in 
radius and 10cm in length, left and right lungs were 
considered as two spheres with the dimensions of 5cm 
in radius, the spine was considered as a cylinder with 
the dimensions of 1cm in radius and 60 cm in length 
[2]. In many studies for convenience of simulation it is 
common method that all part of the body is considered 
as water, ”Water Based Simulation”(WBS) but in this 
simulation to obtain accurate results, the original 
atomic structure of all organs was used, means ”Actual 
Structure Based Simulation”(ASBS). It means, the type 
and number of each atom was selected reality. To 
clarify the importance of this mentioned issue (Actual 
Structure Based Simulation) a comparison between the 
results of absorbed dose rates by simulation of all 
organs with water and the results of absorbed dose 
rates when each organ has been simulated by actual 
atomic structure was done. 

3. RESULTS 

In this research 2 simulation methods were used 
that their results have been shown in the following. 

3.1. Global Simulation Results 

In this case a comparative study between the 
absorbed dose rates of Tc99m and Gd153 was done and 
the absorbed dose rates of a transverse section of torso 
that is accurately under the transmission source for 
these two radioisotopes were compared (figure 1). 

 
Fig. 1 Dose rates Comparison of Tc99m and Gd153 

Fig.1 shows that the dose rate value of each point in 
the torso is strongly depend on the distance of this 
point from the source surface. For example skin 
surface had less distance to source than other organs, 
so it had greater absorbed dose rate than cardiac which 
is far from source. Furthermore figure 1 shows that 
using Tc99m makes the absorbed dose rate increased in 
comparison with using Gd153. 

3.2. Organ Dependent Simulation Results 

The organ dependent results were categorized in 
two groups: 

1. Material based results 

2. Radioisotopes based results 

In material based results a comparison between 
two simulation methods (WBS and ASBS) was done. It 
means, for each radioisotope (Tc99m and Gd153) the 
absorbed dose rate related to WBS method and ASBS 
method were compared separately. Whereas in 
radioisotope based results the absorbed dose rate in 
ASBS mode for two radioisotopes was compared. 

3.2.1. Material based results 

Absorbed dose rate result of Gd153 for water based 
simulation method (WBS) and Actual structure based 
simulation method (ASBS) has been shown in figure 2. 

 
Fig. 2 Absorbed Dose Rate of Gd153 

Figure 2 shows the greatest difference between 
WBS result and ASBS result is about 0.002 µSv/sec. 
Maximum error rate for WBS results in this case is 
about nine percent (9.1 %). 

In figure 3 the absorbed dose rate of Tc99m for two 
simulation methods (WBS and ASBS) has been shown. 
Fig.3 indicates the difference between results of two 
simulation methods is very low (0.0001 µSv/sec) in 
comparison with previous simulation (0.002 µSv/sec). 
Also in this case the maximum error rate of WBS 
results was about nine percent (9.3 %). Small 
difference between density value of water and organs 
such as cardiac (0.06 gr/cm3) makes the absorbed dose 
rate of these organs in two simulation methods (WBS 
and ASBS) show a little difference. In contrary organs 
such as bone and lungs because of their density have 
large difference with the density value of water. So the 
difference between absorbed dose rate of these organs 
in two simulation methods (WBS and ASBS) is 
considerable. In ASBS method because the number of 
atoms in atomic structure of tissue is more than WBS 
method it will be expected that the measured absorbed 
dose of this method will be higher than the measured 
absorbed dose of WBS method. 
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Fig. 3 Absorbed Dose Rate of Tc99m 

Figure 4 shows the comparison between the 
absorbed dose rate of two radioisotopes means Tc99m 
and Gd153 in ASBS method. 

 
Fig. 4 Absorbed dose Comparison in ASBS method for 

Tc99m and Gd153 

Figure 4 indicates that in this method the absorbed 
dose values of Tc99m is higher than Gd153 so that the 
absorbed dose when using Tc99m is 33 % more than 
using Gd153. 

A comparison between ICRP 103 reports [3] and 
the results of this research has been shown in figure 5. 
It is clear that the difference between the reported dose 
limits in ICRP 103 reports and results of this research 
are high, so that for some organs the absorbed dose 
rate was 0.02 % of its dose limit. It should be 
mentioned that the results of this study were calculated 
for one scan and for more number of scans the risk rate 
would be increased. 

 
Fig. 5 Comparison of results and ICRP dose limits 

4. CONCLUSION 

In this research two types of comparative studies 
were done. Comparison between radioisotopes which 
used in transmission source and comparison between 
materials which used for simulated geometry.  

Resulting absorbed dose rates of WBS method were 
approximately same as ASBS method so that the 
difference between result values for lung and bone 
were 0.0008 µSv/sec and 0.001 µSv/sec respectively. 
The difference between these results was made by two 
factors: first the difference between tissue density 
value and water density value and second the 
difference between atomic structure of tissue and 
atomic structure of water.  

In case of using external source (for example in 
transmission attenuation correction method) because 
the skin surface has lower distance to source than 
other organs it absorbs greater dose.  

Using Gd153 in transmission source makes lower 
dose rate than using Tc99m and also the half life of Gd153 
is about 960 times more than half life of Tc99m so that 
Gd153 can be used approximately 2 years but Tc99m can 
be used only one day in transmission source but it is 
considerable point that the production cost of Gd153 is 
more than production cost of Tc99m and many 
countries doesn’t have manufacturing technology of 
this radioisotope. 
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REDUCTION OF PATIENT RADIATION DOSE IN THE CASE OF X-RAY MEDICAL IMAGING 
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Abstract. Compound semiconductors with wide gap and high atomic number Z proved to be suitable for high 
resolution detectors operating at room temperature. In this paper, we consider GaAs, InP, CdTe, HgI2 and CsI and 
taking into account their physical properties we calculate patient radiation dose in range of 20-120 keV. Finally, 
considering good image quality and lower radiation dose, we propose the best detector material for specific area of 
medical imaging from mammography to bone radiography. 
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1. INTRODUCTION 

Medical radiography deals with the problem of 
acquiring an image of some part of the body that was 
shortly exposed to x-rays. In recent years, there is a 
campaign whose aim is to introduce digital 
radiographic methods. These methods have many 
advantages over conventional methods. Procedures of 
acquiring images are much simpler. An image can be 
obtained and analyzed immediately, quality of the 
image is high and it can be digitally processed and 
easily archived. The most important benefit for the 
patient is early detection of potential diseases with 
decreased radiation doses. 

In this paper, we focused on the problem of 
choosing the best material for medical imaging in the 
energy range between 20- 120 keV. We developed a 
model of a planar pixellated detector and calculated 
the size of the smallest object that can be detected with 
different semiconductor materials for the energies that 
are usually used in mammography, dental radiography 
and lung radiography.  We also calculated radiation 
doses which are necessary for the detection of the same 
size objects with different materials. Based on these 
calculations, we made comparison between the 
materials that are currently in use (CsI, CdTe) and the 
materials that are potentially interesting (GaAs, InP, 
HgI2) for medical planar detectors.  

2. MATERIAL SELECTION 

Materials which can be used for the detection of x-
rays at room temperatures need to fulfill many criteria. 
One of them is that the material has a gap that is 
relatively wide in order to reduce electronic noise, but 
at the same time not too wide in order to maximize the 
number of electron-hole pairs per X-photon. The 
selected material should have high atomic number Z in 

order to provide the large efficiency of photon 
absorption. The mobility of the carriers and their 
lifetime should be high so they could be collected on 
the contacts more efficiently. It is expected that the 
chosen material has the small number of defects, 
uniform electric properties,  good spatial resolution 
and that it can be produced using standard 
technologies. 

The most developed production technology is for 
elementary semiconductors Ge and Si [1], [2], but both 
of them show high resolution only while cooled. They 
are suitable for detection of the low energy radiation, 
but not at the room temperatures. Consequently, 
compound semiconductors that have wider gap and 
higher atomic number Z have been studied as good 
candidates for the high-resolution detectors operating 
at room temperatures.  Beside detection efficiency, the 
quality of retrieved image is also considered. The 
fluorescence that degrades spatial resolution and 
contrast should also be taken into account. The yield 
and energy of fluorescence photons increase with 
atomic number Z [3], so when choosing suitable 
semiconductor for detector construction, a 
compromise should be made between absorption 
efficiency (high Z) and decrease of Z in order to obtain 
good contrast and spatial resolution.  

CdTe is a dominant material for compound 
radiation detectors. It is still not available in large 
areas and its production is limited to a small number of 
companies. [4]. InP and HgI2 seem to be good 
candidates for high quality imaging detectors because 
of their atomic number and energy gap. GaAs and InP 
offer photon attenuation coefficients between those of 
Si and CdTe and are being developed principally for X-
ray imaging applications. CsI has been the most used 
material in medical radiography till now. 
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3. MAMMOGRAPHY 

As the aim of medical imaging is detection of early 
changes inside the tissue, i.e. detection of objects as 
small as possible, we calculated minimum object size 
that could be detected in conditions of mammographic 
imaging, in order to choose the best material for 
detector construction. During mammographic imaging, 
a problem is to differentiate tumorous tissue from 
surrounding tissue because of very similar absorption 
coefficients. According to Rose model [5], human eye is 
able to differentiate these changes if signal-to-noise 
ratio, SNR, is equal to 5. 

We took this into account and used the following 
parameters to calculate minimum size of visible 
carcinoma in conditions typical for mammography: 
energy of x-rays E=20keV, linear absorption coefficient 
of tumorous tissue [6] (carcinoma) αc=0,85cm-1, linear 
absorption coefficient of surrounding tissue of 
thickness 5cm [6]  αt=0,5 cm-1, pixel size 150μm and 
incident photon flux  5·107 photons/cm2. Our 
results are presented in table 1. 

 Table 1 Minimum size of visible objects in case of 
mammography 

Material GaAs InP CdTe HgI2 CsI 

object (μm) 73 75 116 128 - 

 

The results show that the smallest object can be 
detected with GaAs and it can’t be detected at all with 
CsI. Comparison between considered materials is 
presented in Figure 1. 

 

 Fig. 1 Normalized object size vs. atomic number in case of 
mammography 

From the Figure 1 it can be seen that the smallest 
object is detected with GaAs and InP for the radiation 
energy of 20keV and other specified parameters. For 
the same parameters, the object that is 1,6 and 1,8 
times bigger can be detected with CdTe  and HgI2, 

respectively.  

That means that the radiation dose must be 
increased for other materials in order to detect the 
same size carcinoma as with GaAs. 

The radiation dose can be calculated from the 
following formula [7]:  

       8
0D 1.833 10 E ( / )      

  
              (1)     

where: is incident photon flux, E is the radiation 
energy, μ is the mass energy-absorption coefficient and 
ρ is the density of the material.  

Using this formula, we calculated the radiation 
dose for GaAs needed to detect the object whose size is 
73 μm. This value corresponds to the minimum value 
of SNR which is sufficient for human eye to 
differentiate tumorous tissue from surrounding tissue.  

We have also calculated the value of radiation dose 
for other considered materials which is required to 
detect the object of the same size as with GaAs . These 
results are presented in table 2. 

Table 2 Radiation doses in case of mammography 

Mat. GaAs InP CdTe CsI HgI2 

D 
(μGy) 

101 105 252 3834 303 

 

Figure 2 represents normalized radiation dose vs. 
atomic number for the considered compound 
semiconductors. The radiation dose for GaAs (101 μGy) 
is taken as the referent dose.  

 

   Fig. 2 Normalized radiation dose vs. atomic number in case 
of mammography 

Figure 2 shows that there is no significant 
differences between GaAs and InP and that almost the 
same radiation dose is required to detect the object. 
The radiation dose must be 2,5 times increased for 
CdTe, 3 times for HgI2 and even 38 times increased for 
CsI in comparison with GaAs. 

4. DENTAL RADIOGRAPHY 

We have also considered the problem of 
differentiating carious tissue from the normal tissue of 
the teeth. For this case, we took typically dental 
imaging energy of 40 keV, incident photon flux  
106 photons/cm2, linear absorption coefficient of 
carious tissue [8] αc =0,45cm-1, linear absorption 
coefficient of surrounding tissue of thickness 1cm [8]  
αt =1,65 cm-1 and pixel size 150 μm. Calculated results 
are presented in Table 3. 
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Table 3 Minimum size of visible objects in case of dental 
radiography 

Material GaAs InP CdTe CsI HgI2 

object (μm) 71 68 84 - 134 

 

The results show that the smallest object (68μm) 
can be detected with InP, but for the chosen 
parameters, objects smaller than pixel size cannot be 
detected with CsI. For the same radiation dose, 1,2 
times smaller carious tissue can be detected with InP 
than with CdTe and almost 2 times smaller than with 
HgI2. 

As in the previous case, we calculated the radiation 
doses required for the other materials to detect the 
object of the same size as with the most sensitive 
material, in our case InP. The calculated results are 
presented in Table 4. 

Table 4 Radiation doses in case of dental radiography 

Mat. GaAs InP CdTe CsI HgI2 

D 
(µGy) 

10 9 15 139 32 

 

Comparison of these materials (Figure 3) shows 
that there are no significant differences in results 
between GaAs and InP. The radiation dose must be 1,7 
times increased for CdTe, 3,6 times for HgI2 and 15,5 
times for CsI  in order to detect the object whose size is 
68μm. 

  

Fig. 3 Normalized radiation dose vs. atomic number in case of 
dental radiography 

5. LUNG RADIOGRAPHY 

As in the case of mammography, we have also 
considered the problem of differentiating tumorous 
tissue from surrounding tissue in lung radiography. 
The kilovoltage of an x-ray beam used for chest 
imaging is typically 120 kVp, yielding a mean beam 
energy of 60 keV after passing through the thorax [9]. 
Other parameters that we used to calculate the 
minimum size of visible pulmonary nodule in 
conditions typical for lungs are: linear absorption 
coefficient of tumorous tissue [6] αc = 0,2 cm-1, linear 
absorption coefficient of surrounding lung tissue of 
thickness 3 cm [6]  αt = 0,05 cm-1, pixel size 150 μm 
and incident photon flux ·106 photons/cm2. The 
calculated results are presented in Table 5. 

Table 5 Minimum size of visible objects in case of lung 
radiography 

Material GaAs InP CdTe CsI HgI2 

object (μm) 88 85 106 - - 

The results show that the smallest object can be 
detected with InP, The size of the object that can be 
detected with GaS isn’t significantly different. In this 
case, the object smaller than pixel cannot be detected 
neither with CsI or HgI2. 

As in the previous cases, we calculated radiation 
doses needed for other materials to detect the object of 
the same size as with the most sensitive material (InP). 
These values are presented in table 6. 

Table 6 Radiation doses in case of lung radiography 

Mat. GaAs InP CdTe CsI HgI2 

D 
(µGy) 

2,2 2,1 3,4 33 8 

The comparison between materials presented in 
table 6 can be seen in Figure 4. The radiation dose for  
InP (2,1 µGy) is taken as the referent dose. 

 

   Fig. 4 Normalized radiation dose vs. atomic number in case 
of lung radiography 

Figure 4 shows that in the case of lung radiography, 
there are no significant differences between GaAs and 
InP concerning the value of the radiation dose. In this 
case the radiation dose must be 1,6 times increased for 
CdTe, 3,8 times for HgI2 and 15,7 times for CsI in order 
to detect the object of the size 85μm. 

6. CONCLUSION 

In this paper we considered several compound 
semiconductors which are good candidates for the 
construction of planar detectors for medical imaging. 
We compared GaAs, InP, CdTe, CsI and HgI2. Our 
conclusions are based on the calculations of the 
smallest object that can be detected with these 
materials for the specified radiation energy and of the 
smallest amount of the radiation dose required for 
detection of the same size object. The calculations are 
made for the conditions that are typical in the cases of 
mammography, dental and lung radiography. 

On the basis of our calculations, we can conclude 
that for medical applications (energies of x-rays in the 
range of 20keV-120 keV) the best materials at room 
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temperatures, in the group of considered materials, are 
GaAs and InP. GaAs showed somewhat better results 
for detection in the low energy range (20-30) keV and 
InP was a little better in the range (40-120) keV. We 
show that the dose necessary to detect minimum object 
size in case of mammography can be 38 times smaller 
for GaAs detectors than for digital imaging detectors 
based on CsI scintillators.  In the case of dental 
radiography usage of InP detectors can reduce patient 
dose 15,5 times compared to CsI detectors. 
Unfortunately, detectors based on InP, which is a very 
soft material, are limited with production technology. 
Future improvements in InP detector performance 
depend on the development of the rectifying contacts. 
GaAs in particular has relatively mature contact 
technologies, and in recent years, there has been some 
progress in production of epitaxial large-area GaAs 
[10] with uniform electric properties and lowered 
defect concentration.  

We can conclude that in the group of considered 
materials, GaAs seems to be the best choice for 
obtaining good response to X-ray radiation of energies 
20-30 keV and InP of energies 40-120 keV, good 
contrast and lower radiation dose.  
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COMMISSIONING OF COMPUTERIZED TREATMENT PLANNING SYSTEMS  
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Abstract. Radiotherapy is used for cancer treatment.  It uses ionising radiation to destroy DNA inside cancer cells. 
The aim of radiotherapy is to deliver an accurate dose to a target volume and irradiate as little normal tissue as 
possible. Quality Assurance (QA) in radiotherapy is crucial to reduce uncertainties and errors in dose delivery to the 
patient. Computerized treatment planning systems (RTPSs) are used to generate dose distributions and beam shapes. 
Commissioning is one of the most important parts of the QA programme for RTPSs and it includes testing system 
functions and verifying the ability of the dose calculation algorithms to reproduce dose values determined by 
measurement. Commissioning of the RTPS “Precise Plan” has been done following IAEA Protocol TECDOC-1583 which 
consists of eight dosimetric tests. Each test covers the check of several different parameters. The measurements were 
performed on LINAC SL 20 ELECTA for two photon energies 6 and 18 MeV at the Clinical Center University of 
Sarajevo, using ionization chamber PTW 30013 0, 6 cm, electrometer PTW UNIDOSE T 10009-90344 and 
anthropomorphic phantom CIRS Thorax Model 002LFC.  The differences between measured and calculated dose 
values were compared with agreement criteria for each test and the obtained results were discussed. The results of the 
clinical commissioning test can be used for the periodic QA programme of RTPS. 

Key words: Radiotherapy, Quality Assurance, Computerized Treatment Planning System, Commissioning 

1. INTRODUCTION  

The aim of radiotherapy is to deliver an accurate 
dose to a target volume and irradiate as little normal 
tissue as possible. Quality Assurance (QA) in 
radiotherapy is crucial to reduce uncertainties and 
errors in dose delivery to the patient. Computerized 
treatment planning systems (RTPSs) are used to 
generate dose distributions and beam shapes. 
Commissioning is one important part of the QA 
programme for RTPSs, and it includes testing system 
functions and verifying the ability of the dose 
calculation algorithms to reproduce dose values 
determined by measurement [1]. Many radiotherapy 
institutions do not have the capability to do complete 
characterization, algorithm validation and software 
testing of the dose calculation algorithm used in RTPS 
following the IAEA Technical Report 430 that consists 
of many tests and procedures [2]. Due to these 
difficulties, a group of experts organized by IAEA, 
developed a set of practical tests named IAEA-
TECDOC-1583, which can be performed in almost 
every radiotherapy institution. Performing these tests 
should decrease the number of errors in the treatment 
planning process [3]. 

Commissioning of the RTPS “Precise Plan” has 
been done following IAEA Protocol TECDOC-1583 and 
the obtained results are presented in this paper. 

2. MATERIALS AND METHODS  

Clinical commissioning tests cover many typical 
clinical treatment techniques.  

 

Fig. 1 CIRS Thorax phantom model 002LFC3 

It is recommended to use the CIRS Thorax 
Anthropomorphic Phantom Model 002LFC (Fig. 1) for 
clinical commissioning testing. This phantom is 
commercially available. It has elliptical shape and 
represents an average human torso in proportions, 
density and two-dimensional structure [3]. The 
phantom consists of tissue equivalent materials 
(plastic water, bone and lung sections) with holes for 
inserts which are rod shaped.  
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The ionization chambers can be placed into the 
inserts which is crucial for measuring delivered doses 
in the most critical areas of the thorax (Fig. 2). 

 

Fig. 2 Labelling of holes: Plug 1-water equivalent, plug 2-
muscle substitute, plug 3-syringefilled with water, plug 4-
adipose substitute, plug 5-water equivalent, plug 6-lung 

substitute, plug 7-should be empty to represent air, plugs 8 
and 9 –lung substitutes, plug 10-bone substitutes [3] 

The IAEA Protocol TECDOC-1583 consists of eight 
dosimetric tests. Each test covers the check of several 
different parameters. Each test has its own specific 
purpose. Dose distributions for single beams, standard 
and complex multiple field techniques are checked 
respectively.  

Test 1: Testing for reference condition based on CT 
data 

The verification of the calculation for the reference 
field (field size 10 cm x 10 cm, gantry angle of 0° and 
collimator angle of 0°) is the purpose of test 1. The 
middle of holes 1, 3, 5, 9 and 10 are defined as 
measurement points. The reference point is the middle 
of hole 3 [3].  

Test 2: Oblique incidence, lack of scattering and 
tangential fields 

The verification of the calculation in the case of lack 
of scattering for the tangential field (field size 15 cm x 
10 cm, gantry angle of 90° and collimator angle 
depending of on the wedge orientation) is the purpose 
of test 2. The middle of hole 1 is defined as 
measurement and reference point [3]. 

Test 3: Significant blocking of the field corners 

The verification of the calculation for blocked field 
(field size 14 cm x 14 cm with a collimator angle of 45° 
blocked to a 10 cm x 10 cm field with standard blocks 
of multi leaf collimator) is the purpose of test 3. The 
middle of hole 3 is defined as measurement and 
reference point [3]. 

Test 4: Four field box 

The verification of the calculation of the dose 
delivered with an individual beam and the total dose 
from four field techniques is the purpose of test 4. 
Field sizes 15 cm x 10 cm, 15 cm x 10 cm, 15 cm x 8 cm, 
15 cm x 8 cm and angles of gantry 0°, 180°, 270°, 90° 
are used respectively. The middle of holes 5, 6 and 10 
are defined as measurement points. The reference 
point is the middle of hole 5 [3]. 

Test 5: Automatic expansion and customized 
blocking 

The verification of the auto-aperture function of 
RTPS and customized blocking as well as the 
calculations for lung heterogeneity is the purpose of 

test 5. A cylinder of 8 cm in diameter and 8 cm long 
centred in point 2 should be expanded with a margin of 
1 cm in all directions using the expansion tools 
available. A multi-leaf collimator or block to conform 
to expand volume should be applied. The middle of 
holes 2 and 7 are defined as measurement points. The 
reference point is the middle of hole 2 [3]. 

Test 6: Oblique incidence with an irregular field 
blocking the centre of the field 

The verification of the calculations for irregular 
fields (field size 10 cm x 20 cm, gantry angle of 45 ° 
and collimator angle of 90 °) with the blocking of the 
centre of the field is the purpose of test 6. The middle 
of holes 3, 7 and 10 are defined as measurement 
points. The reference point is the middle of hole 3 [3]. 

Test 7: Three fields, two wedge-paired, 
asymmetric collimation 

The verification of the calculations for wedge-
paired fields (field size 10 cm x 12 cm, gantry angle of 
0°, 90° and 270°, and collimator angle of 0°) and 
asymmetric   collimation is the purpose of test 7. The 
middle of hole 5 is defined as measurement and 
reference point [3]. 

Test 8: Non coplanar beams with couch and 
collimator rotation 

The verification of the calculations for couch and 
collimator rotation is the purpose of test 8. Three fields 
(field sizes 4 cm x 16 cm and 4 cm x 4 cm) with 
different angles (gantry angles of 90° and 270° and 
collimator angles of 330° and 30°)are used. The 
middle of hole 5 is defined as measurement and 
reference point [3]. 

Before measurement it is required to calibrate an 
ionization chamber, because the calibration factor for 
the ionization chamber is only correct for the reference 
conditions (generally 101,3 kPa and 20 °C) which apply 
to the calibration. Also, the polarity effect and the ion 
recombination on a chamber reading should be 
considered [4].   

The measurements were performed on LINAC SL 
20 ELECTA for two photon energies 6 and 18 MeV at 
the Clinical Center University of Sarajevo, using 
ionization chamber PTW 30013 0, 6 cm, electrometer 
PTW UNIDOSE T 10009-90344 and anthropomorphic 
phantom CIRS Thorax Model 002LFC. 

3. RESULTS 

The correction factors for temperature and 
pressure (kT,P), polarity effect (kpol), ion recombination 
(krec), and quality of beam (kQ) for the used ionization 
chamber, measured following IAEA protocol 398, are 
given in Table 1.  

Table 1 Corrections factors 

Photon 
energy 
(MeV) 

6 18 

kT,P 1.077 1.077 
kpol 1.000510 1.00087 
krec 1.0021 1.0025 
kQ 0.990 0.9694 

Ktotal 0.9927 0.9728 



 197 

The obtained factors are used for correction of 
measured doses during the clinical commissioning 
testing. 

Firstly, the phantom was scanned with all plugs 
inserted into the corresponding holes. The summary of 
clinical commissioning results is given in Table 2. 

 Table 2 Summary of clinical commissioning results 
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3* 2 -1.8 -2.1 
5 2 -0.2 -2.3 
9 4 

+32 
+205.

4 

1. 

10 3 +2.2 +2.4 
2 1* 3 -1.3 -1.6 
3 3* 3 -1.5 -3.6 

F1:0° 2 -0.5 -1.8 
F2:90° 3 +0.5 +0.4 

F3:270° 3 +0.5 +0.5 
F4:180° 3 +0.4 -1.3 

5* 

∑  +0.3 +0.73 
F1:0° 4 +3.9 +36 

F2:90° 3 -1.1 -5.6 
F3:270° 3 -6.7 -10.8 
F4:180° 4 +28 +221.

5 

6 

∑  -7.2 -4.9 
F1:0° 3 +1.6 +2.4 

F2:90° 4 -4.9 -11.8 
F3:270° 4 -6.7 -15.1 
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F2:90° 3 +2.3 +0.2 
F3:270° 3 +2.8 +0.9 

8 5* 
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The difference (%) has been calculated using the 
equation given by 

meas

meascal

D

DD
Error

)(
*100(%)


   (1) 

where Dmeas is the measured and Dcal is RTPS 
calculated values. 

The differences between measured and calculated 
doses in reference points, points inside or behind the 
bone and behind the lung satisfy the requirements 
defined by agreement criteria for photon energy 6 
MeV, except test 7. The difference between measured 
and calculated doses for an asymmetric field in test 7 
and points inside the lungs is greater than required, 
but the difference between measured and calculated 
dose delivered by three fields satisfies the requirement.  
For the points inside the lungs but outside the 
radiation field (test 1, measurement point 9 and test 4, 
measurement point 6, gantry angle 180°), there are 
significantly differences between measured and 
calculated doses. It is important to note that the dose 
in the region outside the radiation field is generally 
low, and those deviations do not have important 
clinical effects in general. 

The differences between calculated and measured 
doses for reference points don't satisfy the 
requirements defined by agreement criteria for photon 
energy 18 MeV (tests 1,3 and 6). Also there are 
deviations in defined agreement criteria for reference 
conditions (test 1, measurement points 1, 3 and 5). 
Other results are very similar with results for photon 
energy 6 MeV. 

4. CONCLUSIONS 

It can be concluded by analyzing obtained results of 
clinical commissioning testing that: 

- The RTPS “Precision Plan” can be used for 
planning radiation therapy treatment for photon 
energy 6 MeV, but it should be taken into 
consideration that calculated doses to lung, as a 
radiosensitive organ, are less than the measured doses.  

- The RTPS “Precision Plan” cannot be used for 
planning radiation therapy treatment for photon 
energy 18 MeV. It could be used after correction of the 
beam symmetry and performing acceptance and 
commissioning tests.   

The results of the clinical commissioning test can 
be used for the periodic QA programme of RTPS. 
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VALIDITY OF USING THE FIRST FRACTION DWELL TIMES FOR THE REMAINING FRACTIONS  
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Abstract. Purpose: The aim of this study is to explore the possibility of delivering the same dwell 
times for all three fractions while conducting brachytherapy treatment of carcinoma of the uterine 
cervix.  
Methods: Brachytherapy treatment of cervix uteri cancer is performed with Varian tandem and 
ring applicators. Points A (left and right) are chosen for delivering the prescribed dose, while 
constraints are the nearest points of the rectum and the bladder. These points are obtained after the 
reconstruction from orthogonal simulation images. By using the geometry of the reconstruction with 
the help of TPS the dwell times for the radioactive Ir-192 source are obtained. Orthogonal simulation 
images are obtained for the second and third fraction too, and these images are compared visually 
with the images of the first fraction. If the positions of the rectum and the bladder are similar to the 
positions in the first fraction a plan is made in which we apply the dwell times from the first 
fraction. These plans are used to compare the doses in recorded points with the doses in respective 
points in the first plan and to draw a conclusion about whether such a mechanistic usage of dwell 
times is dosimetrically justified. For this study 34 consecutively treated patients were chosen. We 
recorded the doses in the bladder, the maximum dose in the rectum, the doses in the left and right 
point A and the volume occupied by the 100% isodose curve. The presumption is that the same dwell 
times will yield very similar isodose distributions and very close dose values in recorded points.  
Results: The means of doses of considered points in the second and third fraction were compared 
with the means of the same points in the first fraction. The t test showed that only the point A did not 
belong to the same population, i.e. the means were significantly different from the means in the first 
fraction. All other doses to the other points (bladder, rectum and 100% isodose curve volume) 
appear to be drawn from the same population within 95% confidence interval. Standard deviations 
for all compared points, except the bladder point, in fractions 2 and 3 were significantly different 
(larger) than the standard deviations for the first fraction. For the bladder point the standard 
deviation in the first fraction was bigger than the one in the fractions 2 and 3.  
Conclusions: Despite the fact that the mean values of doses to point A for fractions 2 and 3 were very 
close to the mean value for the first fraction, the standard deviations were far greater for fractions 2 
and 3 than that the standard deviation for the first fraction. This implies that it is not safe to take the 
dwell time from the first fraction to the other fractions. 

Key words: dwell times, brachytherapy orthogonal reconstruction, isodose distribution 

1. INTRODUCTION 

Brachytherapy plays a prominent role in the 
treatment of cancer of the uterine cervix. In our 
institution with brachytherapy treatment, most 
often used after external beam radiotherapy, we 
deliver 21 Gy in point A in three fractions separated 
one week from each other. Point A is defined as in 
Manchester protocol. The simplest imaging 
modality of visualizing applicators and critical 
structures is by taking orthogonal x-ray pictures. 
The critical structures considered are rectum and 
bladder as defined in ICRU report 38 [3]. In this 
article an attempt will be made to demonstrate a use 
of these images to facilitate the treatment using the 
same source dwell times. The aim is to make 

assessment of the dose differences in various points 
of critical structures which are essential during the 
planning process and isodose distribution 
sculpturing.  

2. METHODS 

Brachytherapy treatment of cancer of uterine 
cervix is performed with Varian tandem and ring 
applicators. After insertion of the applicators two 
orthogonal pictures (AP and lateral) for simulation 
purposes are taken with a mobile C-arm [1]. These 
images serve as a source for reconstruction of 
spatial position of the applicators and of the critical 
normal tissue structures (bladder and rectum). 
Before the simulation, special markers are put into 
the tandem and ring applicators for the visualization 
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of the positions of the radioactive source (Ir-192) 
[2]. The bladder is visualized with the help of Foley 
catheter and a contrast medium. On the bladder 
shape a point visually closest to the system of 
applicators is chosen (denoted B) [3]. A marker for 
visualization is put into the rectum and several (3-5) 
points are chosen on this marker which will 
represent the most radiation endangered part of the 
rectum. The point which receives the highest dose is 
chosen as a representative point (denoted R_max). 

The two points A (left denoted A_l and right 
denoted A_r) are positioned 2 cm above the ring 
and 2 cm laterally, left or right. Another important 
parameter for our study is the volume encompassed 
by the 100% isodose curve. This volume is denoted 
V_100. 

For the purpose of this study the first 34 
consecutive patients, which pass the visual test for 
similarity of applications, were chosen. For all 
patients the used tandem was 6 cm long with an 
angle of 600. For these patients the source dwell 
times of the first fraction are inserted in the plans 
for the second and the third fraction. After that the 
dose values for the chosen points and volume data 
are recorded. As an illustration of visual 
comparison, on the figure 1 it can be seen the lateral 

image in the first fraction (a) and in the second 
fraction (b). Taking into account the positions of the 
bladder and the rectum in both pictures, we assume 
that the doses to the respective points would be 
similar.  

3. RESULTS 

The means of the doses of the considered points 
in the second and the third fraction taken together 
were compared with the means of the same points 
in the first fraction. The t test showed that only the 
point A did not belong to the same population, i.e. 
the means of doses in point A for the second and the 
third fraction were significantly different from the 
means of doses in point A in the first fraction. All 
other doses to the other points (bladder and rectum) 
and V_100 appear to be drawn from the same 
population within 95% confidence interval. 
Standard deviations for all compared points, except 
the bladder point, in fractions 2 and 3 were 
significantly different (larger) than the standard 
deviations for the first fraction. For the bladder 
point the standard deviation in the first fraction was 
bigger than the one in the fractions 2 and 3. 

On figure 2 isodose surfaces representing 
volume encompassed by 7 Gy isodose surface 
(V_100) in the first and the second fraction can be 

seen. The left images show volume in the first 
fraction, the upper image visualizes AP position 
while the bottom image visualizes lateral view of the 
volume. The right images show the 7 Gy volumes in 
the second fraction utilizing dwell times from the 
first fraction. 

Table 1 p values for means and standard deviations for the 
considered points 

 B R_max A_r A_l V_100 

p(mean) 0.716 0.998 0.023 0.058 0.793 

p(std) 0.712 0.801 0.000 0.000 0.872 

Fig. 1 Lateral image for the first fraction (a) and 
second fraction (b) 

a 

b 

Fig. 2 Volumes encompassed by the 100% isodose in two 
fractions; first fraction left pictures, second fraction right 

pictures 
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In order to include redundancy in our research, 
we compared the means of considered points and 
V_100 parameter for the all three fractions 
separately. In table 1 the results of p values drawn 
from one-way analysis of variance tests of respective 
points are shown. It can be seen that for the right 
point A we can conclude that these points from all 
three fractions do not belong to the same 
population. Regarding standard deviations both 
right point A and left point A have p values equal to 
zero and the difference is between the first fraction 
from one side and the second and the third fraction 
from the other side. Taking into consideration the 
means, the dose values in the critical organs are 
pretty close to each other and the standard 
deviations of these dose values are also close 
indicating that these doses have been drawn from 
the same population.   

4. CONCLUSIONS 

High dose rate brachytherapy treatments of 
cancer of uterine cervix consist of several 
applications usually separated from each other 
several days. It is not possible to have the same 
spatial positions of both applicators and critical 
structures in each of the applications. Therefore for 
each insertion of applicators the planner should 

attempt to visually assess the spatial positions of the 
applicators and the critical structures from the 
orthogonal x-ray images and based on this 
assessment to make an assumption that the dwell 
times from the previous applications can be used for 
treatment delivering the same dose as in the 
previous treatments 

Despite the fact that the mean values of doses to 
point A for the fractions 2 and 3 were very close to 
the mean value for the first fraction, the standard 
deviations were far greater for fractions 2 and 3 
than the standard deviation for the first fraction. 
This implies that it is not so safe to take the dwell 
times from the first fraction to the other fractions. 
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Abstract: This paper deals with a postal dose TLD quality audit organized by the IAEA/WHO. Five TLD dosemeters 
contained in plastic capsules were irradiated at Institute of Oncology and return to the IAEA for evaluation.  During 
irradiation the capsules were placed at 10 cm depth inside a water phantom using a special holder supplied by the 
IAEA. The personil of the laboratory irradiated the capsules so as to deliver a dose of 2.00 Gray, using the institutional 
beam calibration protocol. The linear accelerator units were Siemens MD 7445, Varian 2100C and Varian 600 DBX. 
Measurements were carried out in a 30 cm x 30 cm x 30 cm water phantom at 10 cm depth with a 10 cm x 10 cm field 
size. The result showed that there was a good agreement within less than 5 % between the dose stated by the National  
Radiation  Metrology Laboratory and  measured by the IAEA. 

Key words: absorbed dose, linear accelerator, dosimetry, protocols, quality assurance 

1. INTRODUCTION  

 Absorbed dose to water is the quantity of 
main interest in radiation therapy, since this 
quantity relates closely to the biological effects of 
radiation. The advantages of calibrations in terms of 
absorbed dose to water and dosimetry procedures 
using these calibration factors have been described 
in literature. IAEA developed Code of  Practice 
based on standards of absorbed dose to water [1], 
and it was adopted as calibration protocol at our 
Institution in 2004. Previous protocol was Code of 
Practice entitled Absorbed Dose Determination in 
Photon and Electron Beams [2].  

 On the other hand, IAEA has developed 
independent TLD postal dose quality audit, in order 
to validate the calibration of radiation beams in 
developing Member States. The purpose of the 
programme is to verify the beam calibration in 
radiotherapy centers in developing countries and to  
check the Secondary Standards Dosimetry 
Laboratories(SSDLs). Thermoluminescence 
dosimeters (TLDs) are used as transfer dosimeters 
and the evaluation of these are done at the IAEA 
Dosimetry Laboratory. 

2. MATERIALS AND METHODS 

 Dose protocol IAEA TRS 398 was first 
introduced on the Institute of Oncology Vojvodina 
in 2004. Since then our accelerators were calibrated 

according to this protocol. On the other hand, IAEA 
has its own way of validating the calibration of 
radiation beams in developing Member States using 
the IAEA/WHO TLD postal dose quality audits. 
Small TL dosimeters (0.5 cm in diameter and 2.5 cm 
long) are distributed by mail to the participants for 
irradiation and upon their return, they are read in 
the IAEA's Dosimetry Laboratory. The TLD dose is 
calculated in the DMRP (Dosimetry and Medical 
Radiation Physics) Section and is compared to the 
dose stated by the participant. The interpretation of 
individual TLD results involves also detailed 
analysis of the dosimetry procedures reported by the 
participants. When discrepancies occur, a follow-up 
action is organized to resolve the problems and 
correct dosimetry at the participating institutions. 
The aim of the TLD audits in hospitals is to assure 
proper calibration of radiotherapy beams and to 
avoid mistreatment of cancer patients and prevent 
radiation accidents. 
 Institutional protocol is based on IAEA 
TRS 398 protocol, and is applied to all photon and 
electron beam energies available on three medical 
linear accelerators. For the purpose of comparison, 
five machines outputs were checked: 6MV, 10MV 
and 15MV on different machines. IAEA conducts 
postal dose audit biennially (every two years) and 
user is equipped with the TLD dosimeters and 
holders, and is advised to use it as the irradiation is 
done clinically. 

 The irradiation of TLD dosimeters taken 
place under the conditions of 10 cm depth in water, 
10 cm x 10 cm field size and nominal source to 
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surface distance 100cm. During irradiation the 
dosimeter is placed in a plastic holder which is 
provided by the IAEA. The holder is shown in Figure 
1. 

 
Fig. 1 The IAEA standard holder. 

In addition to the TLDs that are to be irradiated, 
one control capsule that has already been irradiated 
to 2 Grays at the IAEA is also sent to the center. This 
dosimeter is used to detect possible environmental 
influences during the transport and storage of the 
TLDs. 

3. RESULTS 

 The results from the external quality control are 
shown in Table 1 and 2. The ratios of the dose 
determined by the IAEA to the dose stated by 
Institute of Oncology Vojvodine,  are shown. 

TLD results  are obtained after reading at IAEA 
and are represent in terms of : 

dosestateuser

dosemeanIAEA

__
__

 

This ratio are shown in Table 1 and 2, relative 
deviation to IAEA mean dose in Table 3 and 4.  

Table 1  IAEA mean dose/user stated dose. 

Year 
Siemens MD 7445 

6MV 
Siemens MD 7445 

10MV 
1999 0.981 0.995 
2001 0.973 - 
2003 - 1.012 
2005 - 1.002 
2007 - 0.998 
2009 - 0.998 
2011 - - 

Mean value 0.977 1.001 

Table 2  IAEA mean dose/user stated dose. 

Year 
Varian 2100C 

6MV 
Varian 2100C 

15MV 
Varian 600DBX 

6MV 
1999 - - - 
2001 - - - 
2003 1.010 1.025 - 
2005 1.000 0.998 1.004 
2007 - - 0.999 
2009 0.994 0.988 1.011 
2011 1.000 1.000 1.020 

Mean 
value 1.001 1.003 1.008 

Table 3  Relative deviation to IAEA mean dose. 

 

Year 
Siemens MD 7445 

6MV 
Siemens MD 7445 

10MV 
1999 -1.9 0.5 
2001 -2.8 - 
2003 - 1.2 
2005 - 0.2 
2007 - -0.2 
2009 - -0.2 
2011 - - 

Table 4  Relative deviation to IAEA mean dose. 

Year 
Varian 2100C 

6MV 
Varian 2100C 

15MV 
Varian 600DBX 

6MV 
1999 - - - 
2001 - - - 
2003 0.1 2.4 - 
2005 0.0 -0.2 0.4 
2007 - - -0.1 
2009 -0.6 -1.2 1.1 
2011 0.5 -0.1 -2.2 

A relative deviation with negative (positive) sign 
indicates that the user estimates lower (higher) dose 
than what is measured. In that case, a patient would 
therefore receive higher (lower) dose than what is 
intended by the factor given in Table 1 and 2.  
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Graph. 1 Relative deviation to IAEA measured dose 

4. CONCLUSION 

Throughout years, agreement with ± 5% 
between the user stated dose and IAEA measured 
dose has been consistent. Beam calibration has been 
done consistently in accordance with the 
recommended protocol.  
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Abstract. Every year there are new 1600 cases of breast cancer in Bosnia and Herzegovina. The most effective 
method for early detection of breast cancer is mammography. To examine risks and benefits of this diagnostic method 
it is necessary to determine patient doses. Mainly, almost all published data about patient doses refer to two specific 
age groups: 40-49 and 50 -64 years of age. Very little data about patient doses applied during a routine 
mammography for patients from 65-80 years of age are available. During the conducted research, one calculated 
doses for the complete mammographic examination of 42 patients from this age group. The calculated patient doses 
are related to the whole spectrum of technical, physical, clinical and diagnostic parameters which compose a complete 
mammographic examination. 

Key words: breast cancer, patient doses, routine mammography.  

1. INTRODUCTION 

Breast cancer is the most frequently diagnosed 
type of cancer in women today [1]. The number of 
diagnosed breast cancers in women is increasing all 
over the world [2].This number increases in Bosnia 
and Herzegovina every year and threatens to reach 
the number of several thousand cases of breast 
cancer diagnosed per year [3]. A good topographic 
position and a high degree of mobility of the breast 
enable a great number of early diagnosed breast 
cancers at an early stage [4].  Modern diagnostic 
methods, such as classic screen [5] and digital 
mammography [6], magnetic resonance imaging 
and ultrasound scans [7], enable early detection of 
breast cancer in women. Since there is a potential 
risk of cancerogenesis caused by radiation during a 
routine mammography [8, 9], it is necessary to 
estimate patient doses which best describe such 
degree of risk [10-13]. Patient doses are usually 
estimated for two critical age groups of patients: 40-
49 and 50-64. There is very little information about 
patient doses applied to female patients under 40 or 
over 65 years of age during a routine diagnostic 
mammography. 

2. MATERIALS AND METHODS 

Complete experimental measuring of 
measurable parameters during a routine 

mammography screening was performed at the 
Department of Mammography of Public Institution 
Health Centre Tuzla.  The measuring was performed 
from June 2010 to July 2011 and included  42 
female patients between 65 and 80 years of age. 
Besides physical, all other available technical, 
diagnostic and medical parameters which may be 
used in interpretation of obtained results were 
collected. The mentioned parameters were used to 
calculate air-kerma strength, filter half-values, 
conversion factors and patient doses which were 
applied during the routine mammography 
screening. Mammography unit Alpha ST (Mo/Mo) 
was used for the diagnostic examination of the 
patients. All quality control tests of the 
mammogram were performed with Barracuda 
measuring device. 

3. RESULTS AND DISCUSSION  

3.1 Age and compressed breast thickness 

The average age of all patients was 69,05 (SD: 
3,37). Distribution of compressed breast thickness 
during mammography screening was symmetrical to 
patients’ age and varied from 20 to 90 mm. The 
error in compresses breast thickness determination 
was in the range of  ± 1 mm. The mean value of 
compressed breast thickness for the complete 
sample was 41,53 mm (SD: 16,58). The mean value 
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of compressed breast thickness in mediolateral 
projection was 23 - 26 % higher than in 
craniocaudal projection.  

3.2 Quality control (applied voltage) 

Accuracy of measured voltage in the roentgen 
tube (maximum deviation) was ± 0,89 kV for the 
voltage range from 22  to 33 kV. Outgoing radiation 
(mGy/mAs) was measured several times during this 
study and values ranged ± 4 % in regard to the 
initial values. Most frequently applied voltage 
during performance of diagnostic tests was 25 kV 
(51,27 %). The percentage of utilization of this 
voltage leads one to conclude that the greatest 
number of patients who underwent the routine 
mammography screening in this study had 
compressed breast thickness up to 35 mm, in regard 
to the voltage utilization. 26 kV voltage (18,35 %) 
was applied in most cases when compressed breast 
thickness was from 32 to 40 mm, while 27 kV 
voltage (10,76 %) was mainly applied in cases  where 
compressed breast thickness varied from 35 to 45 
mm.  A tendency of compressed breast thickness to 
decline with patients’ age [14] caused notably lower 
percentage of voltage utilization of 28 kV (7,59%) 
and 29 kV (4,43%).  Voltages from 30 to 33 kV 
(Table 1.) were applied for extremely high values of 
compressed breast thickness when it was necessary 
to make a compromise between the mentioned 
values and quality of images. 

Table 1.  Statistical illustration of applied voltage for 
complete sample during mammographic diagnostics. 

 

3.3 Roentgen techniques 

The greatest number of images taken during 
diagnostic mammography was two for MLO and two 
for CC projection respectively. The total number of 
images used for the complete diagnostic 
examination was 4. The same clinical spectrum 
(meta/filter) Mo/Mo was applied for all diagnostic 
tests.  158 diagnostic images were taken to examine 
42 patients (Table 2.), out of which 148 images (two 
images for each projection) were taken for the 
complete mammographic examination of 37 
patients. Both breasts were completely 
diagnostically processed in this way. 10 images were 
used for a routine control examination of one breast 
after a surgery or an additional control due to a 
certain doubt (one for each projection) to examine 5 
patients.  

A high percentage of control examinations 
(11,90 %) performed for patients over 65 is notable. 
This percentage is proportional to age and size of 
treated population and it is expected. 
 

Table 2.  Statistical illustration of the number of images 
taken and types of films applied during the routine 

mammography screening 

 
 

A significant advantage of application of larger 
images (24 x 30) in regard to smaller images (18 x 
24) corresponds to the tendency of compressed 
breast to occupy a larger area and be less thick with 
age, due to physiological changes (Table 3.). The 
mentioned information leads one to conclude that 
the average compressed breast thickness of the 
examined population should be significantly less 
than compressed breast thickness of the two critical 
groups of patients (40-49 i 50-64). 

Table 3. Statistical illustration of the number of images 
taken depending on the size of applied film 

 

3.4 Patient doses 

A diagnostic examination in a routine 
mammography screening includes 2 images of every 
breast, craniocaudal and mediolateral [4]. Even if 
there is a visible anomaly of only one breast, it is 
necessary to perform a diagnostic mammographic 
examination of both breasts. Such procedure 
enables a radiologist to compare images of both 
breasts and to detect possible anomalies to the 
smallest detail [15]. A set of studies has been 
conducted to estimate a radiation risk of such 
procedure. They aimed to estimate patient doses 
(MGD) in various countries [5, 16-25].   

Table 4.  Complete statistical illustration of voltage, 
compressed breast thickness, charge (It), MGD for all 

patients and two different projections (CC, MLO) 

 

CC- craniocaudal projection 
MLO-mediolateral projection 
SD- standard deviation 
CI- confidence interval of 95 % 
CBT- compressed breast thickness 
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Patient dose and compressed breast thickness 
(CBT) were defined on a sample of 158 images 
(Table 4.). The mean value of the dose for the 
complete CC projection was 1,56 mGy and 1,88 mGy 
for  MLO projection. The difference (Table 4) 
between patient doses caused by differences in 
compressed breast thickness was 17,02 %, which is 
in accordance with data from literature [4, 22-25].  
An increase of doses applied in MLO in regard to CC 
projection may be explained with the fact that the 
pectoral muscle [26] is included in MLO projection, 
which causes an increase of thickness of compressed 
tissue and therefore requires a greater exposition for 
an image of better quality. MGD dose for the 
complete mammographic examination was 3,44 
mGy. Since studies were not performed for patients 
over 65, the mentioned data could not be compared. 
A decrease of values of calculated patient doses in 
regard to younger age groups is notable. This 
decrease in patient doses was somewhat expected, 
bearing in mind physiological and anatomical 
changes in breast tissue.  According to the 
correlation analysis, there was a considerable 
significance between MGD and CBT (r = 0,711, 
p<0,01) [27]. The average number of performed 
mammographic examinations for the complete 
group was 2,07 (SD: 0,87) per patient while more 
than 75 % of patients underwent at least 2 
mammographic examinations in their lives. All 
patients underwent an ultrasound breast 
examination.  

4. CONCLUSION 

Obtained results indicate that the patient doses 
applied for patients over 65 were the lowest in 
comparison with other age groups.  Decreasing of 
patient doses value with increasing of patients’ age, 
due to a change of breast glandularity, is notable. A 
significant correlation between patient doses and 
compressed breast thickness and a frequent need 
for application of larger films were defined.   
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Abstract. Induced activity due to photonuclear reactions in medical accelerators becomes important when 
accelerators operate above certain photon energies. This radioactivity contributes to the occupational exposure of staff 
in the radiotherapy facility.  The aim of present work is to assess activation behavior of radiotherapy linear 
accelerator using  in situ gamma spectrometry and dose measurements. Spectral analysis was performed in parallel 
with dose rate measurements in the isocenter of linear accelerators, immediately after termination of irradiation. The 
linear accelerator itself is subject to considerable activation, particularly the target, the flattening filter and the 
collimators. Major radioisotopes revealed form spectral analysis were the short-lived isotopes as 28Al and 62Cu 
important for clinical routine, and  medium-lived isotopes as 56Mn, 57Ni, 64Cu and 187W whose contribution to radiation 
dose increases during working day. Principal radionuclide are produced in process-neutron capture, i.e. (n,γ) 
reactions. The major dose contributors are 28Al, 56Mn and 24Na. Measured dose rate at isocenter ranged from 2.2 µSv/h 
to 10 µSv/h in various measuring points of interest for radiotherapy staff members. For effective radiation protection 
programme, it is important to assess additional dose due to activation products at each particular radiotherapy 
installation taking into account the local practice. 

Key words: linear accelerator, activation, induced radioactivity, occupational exposure, dose 

1. INTRODUCTION 

In radiotherapy, induced activity due to 
photonuclear reactions in medical accelerators 
becomes important when accelerators operate above 
certain photon energies. This radioactivity contributes 
to the occupational exposure of staff in the 
radiotherapy facility [1-4]. The photons emitted from 
the target of the accelerator interact with the electron 
shell of atoms and with the nuclei when the energy is 
high enough. In the energy range of medical linear 
accelerators two major processes are involved in the 
generation of activation products. Nuclear photo effect, 
i.e. (γ,n) reaction, results in the neutron emission. The 
produced neutron is able to initiate nuclear reactions 
itself and facilitate another process - neutron capture, 
i.e.  (n,γ)  reaction  which is essentially absorption of a 
neutron by a nucleus, followed by the emission of 
excess energy in the form of photons [5].  

Depending on the photon energy and on the 
irradiated material, a number of radionuclides will be 
created in the accelerator itself, in the construction 
material and items present in the room, as well as in 
the patient body [5]. The effect is more pronounced 
after prolonged irradiations [6].  

Several studies have identified isotopes and 
measured or calculated resulting dose rates, and from 
these findings it is an accepted fact that resulting doses 
for the staff are not negligible [5,7-9]. Annual dose 

burden derived from other studies ranged 0.5 – 5 mSv 
[6,10,11]. 

The aim of present work is to obtain activation 
behavior of radiotherapy linear accelerator, including 
in situ gamma spectrometry and dose rate 
measurements that could be further used for dose 
assessment for the radiotherapy staff. 

2. METHODS 

A linear accelerator included in the study was 
Siemens Primus (Siemens Medical Solutions, Malvern, 
USA) operated at 18 MV installed in the radiotherapy 
department of the Clinical Center Nis.  

In situ gamma spectroscopy was performed using 
calibrated gamma spectrometer consisting of high 
purity germanium detector InSpector 2000 (Canberra, 
Meriden, USA). Although the results can be used for 
activity assessment under certain geometry 
assumptions [7], the peaks here were used only for 
radionuclide identification. 

Dose measurements from induced activity in terms 
of photon ambient dose equivalent  rate,  H*(10),  were 
performed using calibrated portable scintillation 
measuring unit 6150 ADB (Automess, Ladenburg, 
Germany), consisting of scintillation probe 6150 AD-b 
and a dose rate meter 6150 AD 6. The energy range of 
the instrument is 23 keV to 7 MeV, while dose rate 
range is 0.01 µSv/h - 99.9 µSv/h, making it suitable for 
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measurements of gamma radiation predominantly in 
MeV range [12].  

Induced activity at 18 MV was generated and 
measured with 20 cm x 20 cm open field, chosen to be 
representative of a typical clinical treatment field, 
having in mind that around 20 % of patients are 
treated using 18 MV photons.  

Since induced dose rate increases with filed size, 
the selected field size is a reasonable conservative 
approach. The measuring points are selected to 
represent dependence of irradiation modality 
(isocenter and front face, since positions behind 
shielding of the treatment head remain unaffected by 
irradiation modality due to attenuation in the shielding 
material [9].  

A maximal dose rate of 500 monitor units (MU) per 
minute was delivered during period of 2.20 min, which 
corresponds to absorbed dose of 10 Gy at normal 
treatment distance. 

The spectrometer and dosemeter were installed on 
a trolley and put in operational mode outside of the 
treatment room to avoid radiation damage during 
beam on. The sensitive volume of the detector and 
dosemeter were placed at the isocentre of the 
accelerator not later than 1 min after beam 
termination. The detectors were positioned in the 
region of light field allowing direct view of the target 
and the flattening filter.  

Spectral analysis was performed in parallel with 
dose rate measurements in the isocenter of linear 
accelerators, immediately after termination of 
irradiation. Spectra acquisition and dose measurement 
were performed synchronously during 1000 s.  Due to 
logging capability of the instrument, the time 
dependence of the dose rate was recorded. Dose rate 
values were recorded every second. 

3. RESULTS 

The linear accelerator itself is subject to 
considerable activation, particularly the target, the 
flattening filter and the collimators. Principal 
radionuclide are produced in process-neutron capture, 
i.e. (n,γ) reactions. The major activation products 
identified in the room are listed in the Table 1, along 
with their basic properties. The identified 
radionuclides are consistent with other studies results 
[6,7,9,11]. The radiologically most important isotopes 
are 28Al, 62Cu, 56Mn, 64Cu, 187W and 57Ni. 

In terms of half-life, major radioisotopes revealed 
form spectral analysis were the short-lived isotopes as 
28Al and 62Cu important for clinical routine, and 
medium-lived isotopes as 56Mn, 57Ni, 64Cu and 187W 
whose contribution to radiation dose increases during 
working day. The major dose contributors are 28Al, 
56Mn and 24Na.  

The isotope 28Al is produced by neutron capture in 
27Al, while 187W and 56Mn are produced in reactions 
186W(n, γ)187W, 58Ni(γ, n)57Ni and 55Mn(n, γ)56Mn. 
54Mn was identified using 834 keV line. It was 
produced in a neutron capture reaction 54 Fe(n,p)54Mn. 
The isotope 24Na probably originates from activation of 
concrete by thermal neutrons. Observed small peak of  
511 keV is annihilation photon from positron emitters. 
According to the peak evolution, the positron emitting 

radionuclides are identifies as 62Cu and 64Cu. However, 
their contribution to radiation dose is not significant. A 
gamma line of 355 keV was used for 196Au detection. It 
is likely that activation of stabile gold due to neutron 
capture occurs in the wave guide of the linear 
accelerator. No presence of Co, Fe and Cr isotopes, as 
reported by other authors, was found [11, 13]. 

Table 1. Activation products found in the radiotherapy room 
for Siemens Primus Linear accelerator operating at  18 MV 

photons 

Radionuclide 
Half-
life 

Decay 
mode 

Photon energy  
used for 
identification [keV] 

28Al 2.3 min β-, γ 1779 
56Mn 2.6 h β-, γ 846, 1811, 2114 
24Na 15 h β-, γ 1369, 1731, 2755 
54Mn 312 d β-, γ 834 
57Ni 36 h β+, γ 1378 
82Br 35.3 h β-, γ 554,776,1044, 1318 
187W 24 h β-, γ 479, 617, 685 
62Cu 9.7 min β+ / 
64Cu 12.7 h β+ / 
196Au 6.2 β+, β-, γ 355 

 

The dose rate measured at collimator jaws ranged 
from 2.2 µSv/h to 10 µSv/h and becomes uniform with 
increasing distance from the accelerator head. It is 
likely that the personnel stand close to the aperture for 
both vertical and horizontal beam configuration where 
higher dose rate was measured.  In this case, the dose 
to the staff would be higher. This is particularly 
important for operations of positioning the patient or 
treatment aids in the beam, such as wedges, shielding 
blocks or electron applicators. Dose rate are significant 
in the first ten minutes after termination of irradiation, 
dominated by the 2.3 min half-life of 28Al for the short 
treatment times.  

There was no significant difference in dose rate and 
spectra obtained with wedge in place and without it. 
Thus, one can consider activation of the wedge 
negligible. 

4. DISCUSSION 

Every radiotherapy machine presents a potential 
hazard, due to primary radiation transmitted through 
the patient, scattered photons from patient and 
surroundings and leakage radiation trough accelerator 
shielding. Also, neutrons produced in photonuclear 
reactions require particular attention, as well as high-
energy gamma radiation produced in eventual neutron 
capture. Neutron production in medical linear 
accelerators arises from photonuclear reactions of 
high-energy photons with high-Z material components 
in the accelerator head and greatly depends on isotope 
composition .The absorption cross sections of the 
material present in linear accelerator are very low for 
the generated neutron energies. Thus, neutrons are not 
shielded by the collimators and can be found 
throughout the treatment room, contributing to extra 
dose to the patients and radiotherapy staff. In addition, 
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it can be expected that the activation products created 
by neutron capture are distributed over the whole 
treatment room, whereas the isotopes produced by 
nuclear photo effect events concentrate in the region of 
maximum flux of high energy photons, i.e. in the 
primary collimator, target , jaws ,MLC, flattening filter 
and bending magnet [14, 15]. 

The radioactivity induced in the accelerator, the 
patient and the structure of the room and accessories is 
significant source of radiation dose to radiotherapy 
staff. Although the high-energy fields are not very often 
in clinical practice (10%-20%), the radiotherapy staff 
receive dose from activation quasi-continuously, 
following each treatment, as a result of the previous 
high-energy activation [15].  

Form the radiation protection point of view, the 
dose is not negligible and it is very dependent on local 
practice. Thus, it is of utmost importance to perform 
gamma spectroscopy and dose rate measurements at 
each particular radiotherapy installation and to suggest 
the tools for dos reduction in order to keep 
occupational doses in radiotherapy as low as 
reasonably practicable. 

5. CONCLUSIONS 

Activation prducts of the linear accelerator Siemens 
Primus are presented in this work, having in mind that 
high-energy accelerators expose both patients and 
personnel to radionuclides created by neutrons  and 
gamma-ray activation of material within the treatment 
room.  Principal radionuclide are produced in process-
neutron capture, i.e. (n,γ) reactions. The major dose 
contributors are 28Al, 56Mn and 24Na. Dose rate are 
significant in the first ten minutes after termination of 
irradiation, dominated by the 2.3 min half-life of 28Al 
for the short treatment times. Although the high-
energy fields are not very often in clinical practice, the 
radiotherapy staff receive dose from activation quasi-
continuously, following each treatment, as a result of 
the previous high-energy activation. As a basis for 
effective radiation protection programme, it is 
important to assess additional dose due to activation 
products at each particular radiotherapy installation 
taking into account the local practice. 
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Abstract. This paper describes the biological effects that can be caused by ultrasound waves. Special emphasis is 
placed on the topic of safety of ultrasound diagnostics in clinical applications. Furthermore, the main technical 
parameters that quantify the intensity of mechanical and thermal effects during the ultrasound scan are explained. In 
the experimental part of the research, the maximum values of mechanical and thermal indices as well as the duration 
of examination in 25 abdominal ultrasound scans at the Diagnostic Imaging Center in Sremska Kamenica are 
recorded. Based on these results, and based on a simplified model of tissue heating, the maximum safe times for the 
duration of the ultrasound scans has been determined. 

Key words: ultrasound, mechanical indices (MI), thermal indices (TI), US safety 

1. INTRODUCTION 

Ultrasound (US) is the second most frequently used 
medical imaging technique. Besides of complementing 
other imaging modalities, ultrasound also possesses 
unique characteristics that are advantageous in 
comparison to other modalities such as x-ray, computed 
tomography (CT), radionuclide emission tomography, 
and magnetic resonance imaging (MRI). More 
specifically: 

•ultrasound is a form of nonionizing radiation and is 
considered to be safe in the best of present knowledge, 

•it is less expensive than other imaging modalities of 
similar capabilities, 

•it can give information about blood flow by applying 
the Doppler principle, 

•it is portable and can be easily transported to the 
patient’s bedsides.  

In the least decades ultrasound become a valuable 
tool in many medical disciplines such as cardiology, 
obstetrics, gynecology, surgery, pediatrics, neurology… 

The relationship between ultrasound and other 
imaging modalities is dynamic. Ultrasound is the tool of 
choice in number of medical disciplines primarily 
because of its noninvasive nature, cost-effectiveness, and 
real-time imaging capability. [1][2][3] Figure 1 shows 
that number of ultrasound exams per year is much 
higher than number of exams with other imaging 
modalities. However, the increasing demand for 
ultrasound image quality requires the increase of the 
acoustic power to which a patient’s body is exposed. 

This paper considers the technical parameters that 
are used for risk estimation and prevention of the 
unsolicited events that might occur as a consequence of 
growing acoustic power in the new generations of 

ultrasound devices. The maximal duration of safe 
ultrasound examination is estimated, based upon the 
tissue heating model and thermal index value, and 
preliminary account of this study already appeared [4]. 

 
Fig. 1 Estimated number of imaging examinations worldwide 

and in the United States for the year 2000 [1] 

2.ULTRASOUND-INDUCED BIOEFFECTS 

Ultrasound bioeffects could be classified into two main 
groups: thermal effects and nonthermal effects [1] 
Thermal effects include conduction, perfusion and 
absorption while nonthermal effects consider cavitation, 
streaming, and acoustic radial forces and torque (Fig. 2). 

Fig. 2 Ultrasound induced tissue phenomena 
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2.1. Nonthermal effects 

Unlike most imaging modalities, diagnostic 
ultrasound necessarily induces mechanical strain in 
tissue. This strain is highest in proximity of gas or vapor 
bubbles. In the presence of ultrasound fields gas bubbles 
like those used in diagnosis, (gas bubbles in ultrasound 
contrast agents) as well as naturally occurring gas 
bubbles, can damage adjacent tissue. In the case of 
microbubbles, the damage is extremely localized, being 
confined to the vicinity of the bubble. The mechanisms 
by which a bubble may affect nearby biological tissue are 
dependent on the magnitude of the bubble’s response to 
the acoustic field. Basically, all bubbles produce acoustic 
radiation forces and microstreaming, while only the 
more strongly affected will exhibit the violent responses. 

The results shows that the probability of obtaining at 
most one inertial cavitation event during a typical 
(noncontrast) ultrasound examination is 1 in 
10,000,000,000 examinations, assuming that the 
acoustic pressure is ≥4.0 MPa. [3] 

Sustained ultrasound radiation forces in liquids may 
result in a transfer of momentum from the wave to the 
liquid, producing macroscopic streaming. The flowing 
liquid can disrupt the concentration of ions adjacent to 
biological membranes. The mechanism for the effect is 
neither thermal nor cavitational but a purely mechanical. 
The threshold for the effect is above current FDA output 
limits for diagnostic imaging devices. 

2.2. Thermal effects 

The concern over temperature rise, induced by 
ultrasound in the body, is based on observed changes in 
cellular activity as a function of temperature. In general, 
for healthy activity of enzymes, the enzymic activity 
doubles for every 100C rise. In this sense, a fever of +20C 
is not considered to have potential risks, where 370C is 
taken as an average core body temperature. Table 1 
identifies stages of temperature effects. 

Table 1 Effect of tissue heating 

Temperature range 
[0C] Consequences 

37-39 None 

39-43 
Some, after exposure of sufficient 

duration 

>41 
Threshold for fetus, after long 

exposures 

44-46 Protein coagulation 

>45 Enzymes decomposition 

>41.8 Cancer cell reproduction cessation 

 

Recommendations from WFUMB (World Federation 
of Ultrasound in Medicine and Biology) in regard to 
ultrasound-induced temperature elevation are the 
following: 

1. diagnostic ultrasound exposure that produces a 
maximum in situ temperature rise of no more than 1.50C 
above normal physiological levels (370C) may be used 
clinically without reservation on thermal grounds 

2. diagnostic ultrasound exposure that elevates 
embryonic and fetal in situ temperature above 410C (40C 
above normal temperature) for 5 min or more should be 
considered potentially hazardous. 

3. the risk of adverse effects is increased with the 
duration of exposure 

Maximal safe duration of tissue exposure to a given 
temperature is defined by empirically obtained 
relationship: 

[min]15.424 Tt   (1) 

In this relationship, T is a tissue temperature in 0C 
and t is maximal safe duration in minutes, after which a 
harmful consequence might occur.  

According to this relationship a rise of 1.50C 
corresponds to duration of 158 min; a rise of 40C 
corresponds to 5 min. These calculations assume that the 
transducer is held exactly at the same place for the whole 
time. In reality, there is considerable movement in a 
typical exam and the hand is not steady for extended 
periods of time. 

2.3 Conduction, absorption and perfusion effects 

The transducer itself can be a source of heat by direct 
contact with the body. A transducer that is left unused 
and selected may have acoustic power flowing to the 
outer absorbing lens, where it encounters air, is reflected 
back, and causes self-heating. Once the transducer is 
placed on the body and is acoustically loaded, the energy 
is released to propagate into the body, and the normal 
mechanisms of body cooling through perfusion, reduce 
the heating considerably. Because the temperature 
contribution is localized to the surface and is smaller 
than the absorption contribution, it is often neglected in 
temperature elevation estimates. [5] 

The pattern of heating initially is related to the 
distribution of intensity in the absorbed beam. The 
volume rate of heat generation, qv, due to absorption can 
be modeled as proportional to the acoustic intensity, 
I(x,y,z), and absorption α at a single frequency: 

Iqv  2  (2) 

The highest temperatures along the beam axis are 
not that sensitive to beam details and can be determined 
from an integral of qv multiplied by the temperature 
response of a small source in the medium. After initial 
propagation, the heat diffuses slowly into the tissue (a 
process that expands, smoothes out, and diminishes the 
original pattern). At higher pressure levels, additional 
heating is caused by nonlinear effects. 

Perfusion effects are caused by cooling effects of 
blood and lymph in tissue. 

3. THE OUTPUT DISPLAY STANDARD - ODS 

Until 1992, ultrasound imaging systems were 
regulated by measuring highest values of acoustic output 
parameters in various modes (B-mode, Doppler, etc.). 
The two primary ultrasound-induced bioeffects were 
known for a number of years, but the relationships 
between these effects and the acoustic output was not 
comprehensively examined. Furthermore, questions 
about output parameters that are most relevant 
remained. These questions and many more confronted a 
team formed from AIUM, NEMA, and the FDA to 
develop exact and reliable method of acoustic output 
control. Their goal was to defined real-time algorithms 
for predicting relative temperature rises and the 
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potential for cavitations. The output of these algorithms 
are presented in the form of thermal indices (TIs) and 
mechanical index (MI) that could be displayed in real 
time on imaging systems for the particular mode and 
settings used at the time. The result of this work was 
ODS - the output display standard (AIUM/NEMA, 
1998a) [5]. 

The indices are relative indicators, not predictors, of 
absolute values. Thermal index was described by 
equation: 

deg

0

W

W
TI   (3) 

where W0 is the time-averaged acoustic power of the 
source (or another power parameter) and Wdeg a power 
required for 1 0C increase of the tissue temperature, 
estimated according to the specific tissue and thermal 
models. A conservative perfusion length of 10mm was 
used in the TI derivations. With this kind of a definition, 
the temperature-predicting algorithms are linked to an 
actual acoustic output parameter (in this case, W0) that 
is calibrated to the system output through extensive 
acoustic output measurements. Because internal 
acoustic output control algorithms limit the acoustic 
output as a function of system settings and the applied 
voltage levels to the transducer for the mode selected, 
this information is available for the real-time 
calculations of the thermal and mechanical indices. 
Mechanical index (MI) is described by equation: 

c

r

f

p
MI 3,  (4) 

where pr,3 is the maximum value of rarefactional 
pressure measured in water, and fc is the center 
frequency (or more recently, the acoustic working 
frequency) in MHz.[1][6] 

4.ESTIMATION OF MAXIMAL DURATION OF SAFE 

ULTRASOUND EXAMINATION 

 On the basis of the equations (1) and (3) we 
derived a simplified model for tissue heating and 
maximal safe exposure time in clinical settings, based on 
the recorded thermal index TI and patients body 
temperature: 

[min]
)(15.42

4
TIT

t p 
  (6) 

This model does not take into account the heat 
dissipation and other effects that are contributing in the 
lowering of patient’s body temperature during the real 
medical examination. It was also assumed that the 
ultrasound probe is stationary (i.e. that rate over the 
time is constant), which does not hold during a medical 
examination. However, this model gives a lower bound 
of safe exposure, while the real duration of safe exposure 
would certainly exceed the calculated one.  

4.2. Clinical data 

 In Diagnostic Imaging Centre, Oncology 
institute of Vojvodina, Sremska Kamenica, during 25 
standard abdominal ultrasound examinations maximal 

values of mechanical (MI) and thermal index (TI) were 
recorded. Time duration of performed examinations was 
in the range of 5 to 15 min. Maximal recorded values of 
MI (per exam) were from 0.8 to 0.9, and maximal values 
of TI were from 0.4 to 0.5. 

4.2. Results and discussion 

Maximum safe times for the duration of the 
ultrasound scans has been determined implementing 
maximal value of measured TI (TI=0.5) in model of 
tissue heating as described in (5). The results, showing 
the lower bound of maximal allowed exposure time of 
ultrasound examination as a function of patient’s 
temperature and measured maximal TI, are presented in 
Table 2. The values that correspond to the maximal 
recorded TI are underlined. 

Table 2: Maximal safe duration of abdominal ultrasound 
examination  

 
Analyzing results in Table 2, we notice significantly 

shorter time intervals for safe ultrasound examination 
for the patients with body temperature of 400C and 
above.  

Despite of using a simplified mathematical model, 
the values in Table 2 may serve as a guideline for 
abdominal ultrasound medical examination duration. 
We can recommend that ultrasound examinations of 
patients with extremely high body temperature be as 
short as possible. Further research would include the 
parameters that were not taken into the account, i.e. the 
dissipation of energy and perfusion effects in the 
patient’s tissue. 
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Body Maximal duration [min] 

temperature [0C] TI=0.4 TI = 0.5 TI = 0.6 

37 724 630 548 
38 181 157 137 
39 45 39 34 
40 11.3 9.8 8.6 
41 2.83 2.46 2.14 
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Abstract. 131I, 137Cs and 134Cs were observed on environmental samples in Milano (40°N), Italy and Thessaloniki 
(45°N), Greece, early after the nuclear accident in Fukushima, Japan. In Thessaloniki the 131I in air was first observed 
on March 24, 2011. In Milano, the first evidence of Fukushima fallout has been confirmed with 131I and 137Cs measured 
in precipitation two days later. The different maxima found at atmospheric air in the two regions of investigation were 
related to complicated long-range air mass transport from Japan across the Pacific to Central Europe. HYSPLIT 
backward trajectories were applied for interpretation of activity variations of measured radionuclides. A short 
discussion about analysis results  of environmental samples of rainwater, soil, grass and milk is given in this work, 
with the detected activities in all environmental samples to be very far below levels of concern. 

Key words: nuclear accident, Fukushima accident, radioactive aerosols, radioactive fallout 

1. INTRODUCTION 

An earthquake of magnitude 9.0 occurred on 
March 11, 2011 on the Pacific Ocean side of northern 
Honshu, Japan, followed by a tsunami that struck the 
east coast of the Tohoku region and caused a serious 
nuclear accident at the Fukushima Daiichi Nuclear 
Power Plant. The contaminated air masses were 
transported across the Pacific towards the North 
American continent, Europe and Central Asia, despite 
dispersion and washout along the trip. Radionuclides 
such as 131I, 134Cs, and 137Cs were detected in different 
locations throughout Europe (Bolsunovsky and 
Dementyev, 2011; Ioannidou et al., 2012; Kritidis et 
al., 2012; Lujaniene et al., 2011; Manolopoulou et al., 
2011; Masson et al. 2011; Paatero et al., 2012). 

Right after the Fukushima reactor accident, 
systematic analysis of several environmental samples 
was carried out in order to detect and quantify the 
radionuclides present due to the Fukushima fallout in 
Milano and Northern regions, Italy, by LASA 
Laboratory of the INFN (Instituto Nationale di Fisica 
Nucleare) Sez. of Milano and in Thessaloniki, Greece 
by the Laboratory of Radiation Physics. The 
concentrations of 131I, 134Cs and 137Cs mainly in air and 
rain water, which control the main way of deposition 
of the radionuclides in the soil surfaces, vegetables 
and food chain, were determined. Furthermore 
analysis of soil, grass and milk samples in both sites of 
investigation were taken place. The estimated 
effective doses for population related to the 

contributions of Fukushima fallout due to different 
pathways were very far below levels of concern. 

This work gives the extent of contamination in 
Northern Greece and in Northern Italy due to 
Fukushima fallout and interprets the measured 
activities at the site of investigation as these resulted 
from a complicated air mass transport. 

2. MATERIAL AND METHODS 

Analyses of 131I, 137Cs and 134Cs in airborne aerosols 
were carried out in daily samples in both sites of 
investigation in Thessaloniki (40°N) and in Milano, 
Italy (45°N) after the Fukushima accident during the 
period of March-April, 2011. The air sampling was 
carried out with a High Volume air sampler and glass 
fiber filters as collection substrate. The aerosol 
samples were collected for 23 hours. The flow rate was 
about 60 cfm resulting in a total daily air volume 
throughput on average 2200 m3.  

The wet deposition was accurately determined by 
exposing collecting funnels to the atmosphere during 
period of rainfall events. Grass, soil and milk samples 
were also analyzed.  

All samples were counted in HPGe detectors with 
15% relative efficiency in case of Milano, Italy samples 
and with 42% efficiency in case of Thessaloniki, 
Greece samples.  

All detectors were calibrated with reference 
sources and standard geometries with overall 



 
uncertainties no more than 3%. In order to avoid 
corrections for the different geometry configuration, 
all samples were measured in the same geometrical 
assembly as the calibrated sources. Marinelli 
geometry was used for rainwater, milk, grass and soil 
samples. The air filters are folded and compressed by 
a means of hydraulic press at up to 3t to obtain a 
cylinder of 4.7 cm in diameter and 3mm in height.  

Gamma ray energy used during the analysis were 
364 keV, 662 keV and both 604 and 795 keV for the 
determination of 131I, 137Cs and 134Cs respectively. In 
the case of 134Cs, corrections due to coincidence effect 
were applied. 

All activities given in the text and the tables are 
decay-corrected at the mean time of the sampling 
interval. The overall uncertainties in the determined 
activities which are presented here are attributed 
mainly to the statistical counting and sampling 
uncertainties, while the contribution of calibration 
uncertainty is less than 3% in most of the cases.  

 

3. MEASUREMENTS AND ANALYSIS 

3.1. 131I, 134,137Cs activity concentrations in surface 
air 

The 134Cs/137Cs activity ratio values in air were 
around 1 in both, Thessaloniki, Greece and Milano, 
Italy regions, related to the burn-up history of the 
damaged nuclear fuel of the destroyed nuclear 
reactor.   

In figures 1 and 2, where the time-dependent 
concentrations of radioisotopes in the atmosphere are 
presented, the presence of more than one peak of 131I 
and 134,137Cs   indicates that the radionuclides were 
continuously transferred from Fukushima, Japan to 
Europe till the end of April, 2011. The NOAA 
HYSPLIT model was used to assess the transport 
pattern and to explain the deviation in radionuclide 
activity concentrations found in Milan and 
Thessaloniki. The large 131I/137Cs ratio, observed 
during the first days after the accident, as high as 18, 
followed by lower values during the next days, as low 
as 3, reflects not only the initial release ratio but also 
the different volatility, attachment and removal of the 
two isotopes during transportation due to their 
different physicochemical properties. The maximum 
activity for 131I was recorded between 4 and 5 of April, 
2011 at both regions of study, while slightly higher 131I 
activity concentrations were recorded in the region of 
Milano after 15th of April. 

Fukushima fallout isotopes at Thessaloniki
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Fig. 1 Atmospheric concentration of 131I, 137,134Cs in the region 
of Thessaloniki, Greece (40ºN) 

 

Fig. 2 Atmospheric concentrations of 131I in the regions of 
Milano (45°N)  and Thessaloniki (40°N) 

 

3.2. Back trajectories analysis 

The NOAA HYSPLIT model (Draxler and Rolph, 
2011) was used to assess the transport pattern and to 
explain the deviation in radionuclide activity 
concentrations found in Thessaloniki (40.50° N, 
22.90° E), Greece and Milano (45.49° N, 9.20° E), 
Italy. Thirteen days (312) back-trajectories were 
calculated for different arrival height and for 12 UTC 
time. The trajectories are labeled every 24 h by a filled 
symbol. The vertical projection of the trajectories with 
time is shown in the panel below the map.  

The first maximum in concentration of 131I (332 
μΒq/m3) was observed at Thessaloniki on 26th of 
March 2011. As Figure 3 indicates air masses were 
lifted rapidly and transported over the North America 
to Europe at height of 500 m. Air masses were also 
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traveled at higher atmosphere levels from Japan. It is 
also possible that radioactive particles were 
transported at higher altitudes and may have been 
removed in the lower layer of the atmosphere due to 
various reasons, e.g. rainfall characteristics, fog 
formation or growth of aerosol particles and their 
deposition. 

An example of transported air mass at 07 of April 
2011 at Milano is presented in Figure 4. The results 
showed a direct transfer from Fukushima across the 
Pacific Ocean, a transport through the North Pole and 
a pathway through the Greenland and Iceland at 
height of 500 m to Milano. The air masses at higher 
altitudes were rapidly transported, while the air 
masses at 500 m exhibited rather slow transport. 

 

 

Fig. 3 Thirteen-day back trajectories, arrival to Thessaloniki 
26 March 2011, at 500, 1500 and 3000 m 

 

 

Fig. 4 Thirteen-day back trajectories, arrival to Milano 7 
April 2011, at 500, 3000 5000 m 

Although the second maximum of concentration of 
131I that observed at Milan on 07th of April can be 
attributed to the advection of air masses from Japan 
at altitude of 500 m, however, the back-trajectory 
analysis for the same day at Thessaloniki indicates no 
transport of air masses from Japan, at least for height 
of 500 and 1500 m. On the other hand, on 10th f April 
back-trajectory analysis (Fig. 5) showed a direct 
transfer from Fukushima across the Pacific Ocean, a 
transport through the North Pole and a pathway 
through the Greenland and Iceland to Thessaloniki. 
The air masses on that day reach Thessaloniki from 
Northwest direction and this is possible the reason 
why no maximum concentration was observed at 
Milan. 

 

Fig. 5 Thirteen-day back trajectories, arrival to 
Thessaloniki 10 April 2011, at 500, 3000 5000 m 

 

3.3. 131I, 134,137Cs activity concentrations in 
rainwater samples 

Wet deposition by rain is known to be the most 
effective transfer path for airborne radioisotopes to 
ground and water bodies. Wet precipitation affects the 
levels of deposition in the land, including grass 
consumed by cows and goats that produce milk for 
human utilization, and could affect the levels of the 
radioactivity in the tap water 

The 131I/137Cs and 134Cs/137Cs ratio values in 
rainwater are consistent with the observed ratios in 
air during the same days. The observed 131I values in 
rainwater in Milano and Thessaloniki region were 
below 1Bq L-1. The Food and Drug Administration 
(FDA) fixed intervention level for 131I in drinking 
water and infant milk, to 170 Bq L-1 (ATSDR 2011). So, 
all tap water in Northern Greece and Italy were 
completely safe in terms of its 131I content. 



 
3.4. 131I, 134,137Cs activity concentrations in soil, 
grass and milk samples 

The dry and wet deposition of fission product 
radionuclides on the ground is responsible for the 
contamination of soil and grass.  

131I was not detected in soil samples in 
Thessaloniki. In Milano, in case of a soil sample that 
was collected at open air (uncovered) and a second 
soil sample that was collected from inside a 
greenhouse (covered) it is clear that in the soil sample 
inside the greenhouse no 131I was observed, while the 
maximum 131I activity observed in a uncovered soil 
samples was as high as 1.99 Bq kg-1. 

The wide range of the observed values of 131I (37-
137 mBq kg-1) and 137Cs (41-89 mBq kg-1) in grass was 
probably due to the different masses collected per 
area during different sampling days, due to the 
different growth rate at the different sampling days. 
Furthermore, since the surface of the grass is not 
homogeneous, the leaf blades do not present a wide 
surface area, while the deposited particles on the grass 
cannot remain attached with the leaves due to the 
wind.  

Iodine-131 was detected and measured in fresh 
goat and cow milk from rural areas in both sites of 
investigation. The observed 131I values in milk samples  
in Milano and Thessaloniki region were below 1Bq L-1. 
After June the 131I reported values in milk samples are 
below MDA.  

Finally, the relative high activity concentrations of 
137Cs and the very small ratio 134Cs/137Cs values in all 
soil samples, far below the value of 1 that was 
observed in atmospheric data, in combination with 
the absence of 134Cs in most of the grass and milk 
samples is an indication of remaining 137Cs from 
Chernobyl and past global fallout in soil and as a 
consequence in grass and milk rather than due to 
Fukushima fallout. 

 

4. CONCLUSIONS 

The estimated effective doses for population 
related to the contributions of Fukushima fallout due 
to different pathways were at least one order of 
magnitude less of the limit of 1mSv a-1, even if the 
calculations are made using conservative 
assumptions. In conclusion, radioisotopes of caesium 
and iodine were found above their detection limits in 
all environmental samples, but very far below levels of 
concern.  

HYSPLIT backward trajectories were applied for 
interpretation of activity variations of measured 
radionuclides. We conclude that the measured activity 
concentrations both in Italy and Thessaloniki resulted 
from a complicated air mass transport, arrival time, 
arrival height, meteorology and downward air mass 
transport. High activities can be also transported over 

long distances at higher altitudes and can removed in 
the lower layer of the atmosphere. 
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Abstract: To evaluate extremity doses and optimize radiation protection of medical staff, we investigated examples in 
nuclear medicine and CT fluoroscopy. In addition to measurements with medical staff on-site and with real hand 
phantoms, selected scenarios were simulated with hand phantoms. Besides simulations of static hand poses also 
modeling based on consecutive frames from video recordings during handling scenarios was realized. These 
procedures are useful tools to reveal highest exposures which in turn could promote initiating optimized radiation 
protection measures. 

Key words: hand phantom, MCNPX, Y-90, CT fluoroscopy, radiation protection, HP(0.07) 

1. INTRODUCTION 

With the growing use of nuclear medicine 
therapies and interventional procedures using real-
time image control by means of fluoroscopy 
combined with computed tomography (CT), detailed 
research concerning the radiation protection for the 
people working with these emitters becomes more 
and more important.  

The following citation [1] concerning the 
increased use of CT underlines this: “What is 
becoming clear … is that the large doses of radiation 
from such scans will translate, statistically, into 
additional cancers.”  

This concerns not only the patient, where 
medical indications justify its use, but also medical 
workers, which represent the largest proportion of 
exposed people worldwide. The handling of high-
energy beta-radiators and the CT fluoroscopy are 
supposed to be among the highest exposure 
scenarios for medical staff.  

One task was to develop a method, to model 
handling scenarios on the information of images 
taken and to simulate them with a Monte Carlo code 
like MCNPX. Simulations using voxel hand 
phantoms or flexible mathematical hand phantoms 
are useful tools to investigate the hand exposure [2]. 
In particular for the case of inhomogeneous 
radiation fields, where measurements could be 
difficult, time consuming or not feasible at all, 

simulations are advantageous. Different scenarios 
can be simulated and situations with highest 
exposures can be revealed.  

However, measurements performed with 
phantoms and detector equipment are still 
necessary in order to validate the simulations. Fig. 1 
shows an example of our experimental set-up with 
the hand phantom [3] as used for our first 
measurements at a CT device.  

 
Fig. 1 Experimental set-up of a wax hand phantom 

equipped with active (black) and passive (blue) sensors to 
determine the radiation exposure. The hand phantom was 

positioned on an anthropomorphic phantom (grey). 
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2. MATERIALS AND METHODS 

The passive detectors shown in Fig. 1 are 
thermoluminescence detectors (TLDs) wrapped in 
blue plastic bags. Measurements of the extremity 
dose HP(0.07) were performed. Thin layer TLDs [4] 
were used to measure in mixed beta-gamma 
radiation fields, while for the X-Ray CT-
measurements “Photon-TLDs” of type MTS-N [5] 
were employed. The “Beta-TLDs” were calibrated 
with a Beta Secondary Standard 2 [6], while the 
Photon-TLDs were calibrated according to the CT-
device tube voltage, in the present case to the N-120 
X-ray standard. 

 
Fig. 2 Radiation scenario modeled with the self-developed 
software using an articulated hand phantom. The blue and 
green lines illustrate the simulated photon (green) and beta 

(blue) rays emitted from the fictive cylinder source. 

A flexible hand phantom model was developed 
for simulations (see Fig. 2) [7]. The hand model, 
consisting of simple geometrical structures, can be 
moved via an interactive controlling interface. If 3-D 
coordinates of marked points on the hand, which 
can be obtained with a multi-camera system, are 
available, modeling can further be facilitated with 
an inverse kinematics procedure. In this way, in 
addition to the measurements, Monte Carlo 
simulations of different radiation scenarios were 
performed using the MCNPX code [8]. Fig. 2 shows 
a few rays emitted from the fictive cylinder source as 
calculated with MCNPX, together with the 
articulated hand phantom. 

 
Fig. 3 TLDs fixed at different positions on a hand to 

measure the radiation exposure on-site. Some typical 
relative exposure values are indicated. 

The simulation results can be verified by 
measurements with real scenarios (Fig. 3) or e.g. 
with a wax hand phantom (Fig. 1). 

To investigate the CT fluoroscopy we used a CT 
scanner at the Coimbra hospital. Fig. 4 shows the 
device. Our first measurements at a CT-device were 
performed with a “Brilliance CT 16-slice 
configuration” from Philips.   

 
Fig. 4 CT scanner at the Coimbra hospital.  

The wax hand phantom equipped with 
dosimeters (see Fig. 1) was employed to measure the 
dose distribution on the hand. To account for 
scattering effects, the hand phantom was placed on 
an anthropomorphic phantom.  

DICOM files of the CT scans provide the basis to 
create voxel models or other models of the scenario. 
For the first test measurements we have chosen 
simple conditions in order to validate the 
simulations. The tube voltage was 120 kV, the tube 
current was 200 mA, and the tube rotation time was 
1000 msec. For the measurements we selected a 
static option (incr=0) to have a simple scenario.  

3. RESULTS AND DISCUSSION 

Investigations at KIT assessing medical staff 
extremity doses focused on selective internal 
radiation therapy and radiosynoviorthesis (RSO). In 
these therapies, the beta-emitting nuclide Y-90 is 
used.  

So far measurements and simulations for 
nuclear medicine therapies employing the beta 
emitting nuclide Y-90 are almost finished at KIT [9]. 
As a result the strong inhomogeneous beta-gamma 
radiation field gives different exposures to different 
hand positions. In Fig. 3 the highest exposure is 
indicated at the right forefinger tip (typically 
measured values are about 1 mSv), while the 
fingering dosimeters only register 10% of the 
maximum exposure. As indicated with the question 
mark at the left thumb, not all exposure positions 
can be measured due to its complexity. Here the 
open question remains, if other positions would 
show a higher value as measured. Furthermore the 
example shows that the exposure measured with 
fingering dosimeters could strongly underestimate 
the “official” dose. Such discrepancies between 
official measured and real doses were investigated 
in detail in the ORAMED project [10]. 
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To overcome the limitations by measurements, 
simulations are a useful tool. 

 
Fig. 4 Snapshots taken with four cameras at different 

perspectives. Top: real pictures of handling a syringe with 
position markers at the hands (white spots), bottom: the 

same scenario as given by the articulated hand phantom as 
determined by the marker positions.  

An example for analyzing handling procedures is 
given in Fig. 4. Handling a syringe as employed in 
the RSO case study is presented here. In this 
laboratory study the fictive handling without use of 
activity was chosen to illustrate best the procedure 
(for details see [7, 9]).  

In contrast to the measurements, simulations 
allow determining the dose distribution at all 
positions (however for the precise determination of 
HP(0.07) via energy deposition in so called tally cells 
simulation with MCNPX is also limited to 100 
positions per simulation). Another important point 
is that measurements determine the integral dose, 
while simulated dose distributions can be revealed 
at each moment of interest. Several snapshots can 
be arranged to a sequence of action. Fig. 5 shows an 
example for such a simulation result. Employing the 
articulated hand phantom, the dose rate at the outer 
side of the distal phalanx of the right hand is shown 
over a handling interval of 40 seconds. 
Normalization to the filling volume was performed 
to account for the decreasing activity in the syringe 
during an injection [9]. As a result, such a procedure 
is useful to reveal situations with highest exposures. 
This knowledge allows thinking about possible 
measures to reduce the exposure.  

 

Fig. 5 Simulated dose rate at the outer side of the distal 
phalanx of the right hand against the time of handling. 

The first results of our application of a hand 
phantom in a CT fluoroscopy device are given in the 
following. From the DICOM files of the CT scanner 
we created a voxel model of the scenario as pictured 
in Fig. 1. In Fig. 6 the voxel model together with the 
corresponding TLD measurement results are shown. 
As a conclusion the dose varies strongly. Similarly to 
the nuclear medicine investigations the radiation 
field turned out to be very inhomogeneous. This 
means again that a dose determination with 
fingering dosimeters could give an incorrect 
assessment of the real dose. In the given example 
the dose at the tip of the thumb amounts to 4 % of 
an annual limit of 500 mSv, while for the base of the 
ring finger, the typical position to wear a fingering 
dosimeter, only 0.1% is indicated. The corres-
ponding simulations with the voxel model are in 
progress. 
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Fig. 6 Green disks on the voxel model of the hand phantom 
show the TLD positions. Next to the positions the relative 

measured dose is given. 100% corresponds to 20 mSv.  

4. SUMMARY AND OUTLOOK 

The purpose of this contribution is to point out 
where and how hand phantoms can be applied in 
experiments and simulations. We focused on the 
exposure of medical staff in nuclear medicine 
therapies and CT-Fluoroscopy. The latter project 
just started and is part of a EURADOS-project [11] 
and will be pursued on a European level. 

The presented procedures allow searching for 
the moments of highest exposure. In this way e.g. an 
investigation of modified handling procedures and 
different shielding measures could yield an 
optimum radiation protection with reduced 
exposures. 
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Abstract Activity concentrations of 238Pu in surface (0-5 cm) soil layer at 24 localities in Montenegro have been 
estimated using a level of the 239+240Pu activity at the same localities and known 238Pu/239+240Pu activity ratio for 
Montenegro soil – obtained from direct plutonium measurements, with an average of 0.03 and standard deviation of 
0.007. Pu-238 activities showed a level from 0.0011 to 0.2479 Bq kg-1, with a mean, standard deviation and median of 
0.0491, 0.0578 and 0.0299 Bq kg-1, respectively. On the basis of the 238Pu/239+240Pu activity ratio and a survey of 
relevant literature, it can be concluded that the source of plutonium in Montenegro is deposition from the global 
fallout. 
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1.  INTRODUCTION   

Plutonium isotopes (239+240Pu, 238Pu) could be 
deposited on the soil surface in Montenegro from 
the global fallout (nuclear weapons testing, the 
high-altitude burn-up of an early-model satellite 
power source SNAP-9A, etc.), but also from the 
reactor accident at Chernobyl in 1986. However, 
plutonium activity in soils from Montenegro has 
been measured for the first time recently – in the 
Radiation and Nuclear Safety Authority STUK – 
Helsinki, Finland. Based on these measurements (of 
six soil samples), the 238Pu/239+240Pu activity ratio 
was found to be with an average of 0.03 and 
standard deviation of 0.007 1. 

The present study gives estimations of the 238Pu 
activity in surface (0-5 cm) soil layer at 24 localities 
in Montenegro, for which a level of the 239+240Pu 
activity was reported in our previous work 1. 

2.  MATERIAL AND METHODS   

The soil samples have been collected from 24 
localities shown in Fig. 1.  

 
Fig. 1 A map of Montenegro with soil sampling localities 

Three samples were taken at each locality, in the 
frame of 25 cm x 25 cm, from different depth (0-5, 
5-10 and 10-15 cm). The samples were dried at room 
temperature, passed through 2 mm sieves, weighed 
and placed in 1L Marinelli beakers – for 137Cs 
measurements 1, carried out by the coaxial HPGe 
detector (ORTEC – GEM-40190, relative efficiency 
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– 40%, FWHM – 1.80 keV at 1.33 MeV, FWHM – 
840 eV at 122 keV) in a standard procedure – using 
(net) count rates under the 662 keV photopeak. 

The six soil samples from the localities 6, 12 and 
17: Pljevlja (coordinates N 43˚20.167', E 19˚19.100') 
– 0-5, 5-10 and 10-15 cm; Podgorica, locality Donja 
Gorica (coordinates N 42˚25.344', E 19˚16.061') – 
0-5 and 5-10 cm; and Sutomore  (coordinates N 
42˚08.577’ E 19˚02.111’) – 0-5 cm, were also 
analyzed in a standard alpha-spectrometric 
procedure in the Radiation and Nuclear Safety 
Authority STUK – Helsinki, Finland; under the 
contract between the STUK and Montenegrin 
Academy of Sciences and Arts.  

In the STUK, a method for separation of 
plutonium is based on ion exchange with Dowex 1x4 
anion exchange resin. Radioactive tracer 242Pu is 
added and the sample is brought into solution either 
by wet ashing or microwave digestion. The sample is 
introduced into ion exchange column in 8 M HNO3, 
washed with 8 M HNO3 and concentrated HCl, and 
the plutonium fraction is eluted with conc. HCl + 1 
M NH4I solution. The plutonium is electrodeposited 
on stainless steel disc and counted with an alpha 
spectrometer (the counting efficiency is 
approximately 35-40%) 2. 

2.1. Activity ratios  

Besides direct measurements, some correlation 
coefficients can be applied for estimating level of 
territory contamination with plutonium isotopes 
(e.g. correlations between activity of plutonium 
isotopes and activity of 144Ce, or 103,106Ru, or 137Cs, 
3-5). To apply this method, it is necessary to know, 
for example, 137Cs activity concentration in soil 
samples, as well as the plutonium/137Cs activity 
ratio. Although plutonium and cesium are 
chemically (and environmentally) different isotopes, 
if this ratio in different soil types is consistent, it is 
possible (by applying its average value) to estimate a 
level of plutonium activity in soil samples in which 
137Cs activity is known (and can be easily measured 
using conventional gamma-spectrometry). 

The 239+240Pu/137Cs activity ratio for six soil 
samples from Montenegro (Pljevlja – 0-5, 5-10 and 
10-15 cm; Podgorica – 0-5 and 5-10 cm; Sutomore – 
0-5 cm) was found to be 0.0108, 0.0113, 0.0199, 
0.0259, 0.0247 and 0.0284, respectively, with an 
average of 0.02 and standard deviation of 0.007. An 
average 137Cs/239+240Pu activity ratio was found to be 
57 1. 

The 238Pu/137Cs activity ratio in the same six soil 
samples was found to be 0.00045, 0.00028, 
0.00027, 0.00093, 0.0007, 0.0016, respectively, 
with an average of 0.0006 and standard deviation of 
0.0003 (as 137Cs/238Pu activity ratio  2070) 6. 

The 238Pu/239+240Pu activity ratio was 
determined in the same six soil samples, as well 
(0.0414, 0.025, 0.0136, 0.036, 0.0283 and 
0.0583, respectively). An average value of this ratio 
was found to be 0.03, with a standard deviation of 
0.007. At the same time, an average 239+240Pu/238Pu 
activity ratio was 31 1. 

3.  RESULTS AND DISCUSSION    

The results of gamma - spectrometric 
measurements (i.e., 137Cs activity concentrations 
for all localities) are shown in Fig. 2. In the surface 
(0-5 cm) soil layer, 137Cs activity was determined to 
be in the range 1.82-413.25 Bq kg-1, with an average 
of 81.11 Bq kg-1, in a middle (5-10 cm) soil layer – 
from 1.87 to 141.89 Bq kg-1, with a mean of 48.92 Bq 
kg-1, and in the deepest (10-15 cm) soil layer – from 
2.02 to 112.83 Bq kg-1, with a mean of 36.43 Bq kg-1 
1. 

 

 

Fig. 2 Cesium-137 activity concentration (in Bq kg-1) at 24 

localities in Montenegro:  (0-5 cm),  (5-10 cm),  
(10-15) cm 

By using the results of direct 239+240Pu 
measurements (in soil samples from Pljevlja –  
0.350.05, 0.380.05 and 0.440.06 Bq kg-1; 
Podgorica – 2.610.21 and 1.730.15 Bq kg-1; and 
Sutomore – 0.1560.036 Bq kg-1) and applying the 
239+240Pu/137Cs activity correlation coefficient (0.02) 
in the other cases, a level of 239+240Pu was estimated 
for the soil in Montenegro (Fig. 3), and found to be 
from 0.036 to 8.26 Bq kg-1, with a mean of 1.64 Bq 
kg-1 (in surface 0-5 cm soil layer), from 0.037 to 
2.84 Bq kg-1, with a mean of 0.98 Bq kg-1  (in 5-10 
cm soil layer), and from 0.04 to 2.26 Bq kg-1, with a 
mean of 0.728 Bq kg-1 (in 10-15 cm soil layer) 1.  

The highest contribution of surface soil to the 
total 239+240Pu activity showed localities Zabljak and 
Rozaje (7 and 1), then Podgorica-2 (13) and Kotor 
(22), with a contribution of about 75, 62, and 60 %, 
respectively. 
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Fig. 3 Plutonium-239+240 activity concentrations (in Bq 

kg-1) at 24 localities in Montenegro:  (0-5 cm),  (5-10 
cm),  (10-15) cm 

The obtained (either experimentally or 
estimated) 239+240Pu activity concentrations in 
Montenegro soil are comparable with those 
measured in some other European countries – for 
example, in the Marche Region of Central Italy (with 
a mean of 0.7210.456 Bq kg-1 in uncultivated soils 
7), or in Switzerland (varied between 0.1 and a few 
Bq kg-1 8,9). At the same time, in Hungarian 
undisturbed topsoils 239+240Pu activity 
concentrations were found to be slightly lower than 
in Montenegro (in a range of 0.12 – 0.74 Bq kg-1 

10), as well as those measured in soils near Prague 
(mean – 0.26 Bq kg-1 11) and in the Lublin region, 
eastern Poland (ranged from 0.076 to 0.337 Bq kg-1 
12). 

In general, Figs. 2 and 3 show that 137Cs and 
239+240Pu concentrations decrease with soil depth 
(i.e., these radionuclides are mostly still in the 
surface soil layer), which is confirmed by direct 
239+240Pu measurements in two soil samples from 
Podgorica. 

From direct plutonium measurements follows – 
238Pu activity concentrations also decrease with soil 
depth. In the soil samples from Pljevlja (0-5, 5-10 
and 10-15 cm) they were 0.01450.0088, 
0.00950.0058 and <0.0060 Bq kg-1, respectively. 
In the samples from Podgorica (0-5 and 5-10 cm), 
activity concentrations were determined to be 
0.0940.020 and 0.0490.014 Bq kg-1, respectively; 
whilst in surface soil sample from Sutomore 
<0.0091 Bq kg-1 6. 

On the other hand, an use of the 238Pu/137Cs 
activity ratio for estimating 238Pu activity from 
known 137Cs activity concentration (in the other soil 
samples all over Montenegro) requires additional 
238Pu measurements – in different soil types, to 
check whether the relationship between 238Pu and 
137Cs could be taken as consistent, since they are 
different chemically, were not deposited together, 
and behave differently in the environment. 

Therefore, by applying the 238Pu/239+240Pu 
activity ratio (0.03) and already estimated 239+240Pu 
activity concentrations in surface (0-5 cm) soil layer 

at 24 localities in Montenegro, activity 
concentrations of 238Pu have been evaluated and 
shown in Fig. 4. Minimum, maximum, mean, 
standard deviation and median were found to be 
0.0011, 0.2479, 0.0491, 0.0578 and 0.0299 Bq kg-1, 
respectively.  

Fig. 5 shows a cumulative 239+240Pu and 238Pu 
activity concentration on each locality. 

 

 
Fig. 4 Estimated 238Pu activity concentration in surface soil 

at all (24) localities 

 

 

Fig. 5 A cumulative plutonium activity (in Bq kg-1) in 

surface soil at all (24) localities:  (239+240Pu),  (238Pu) 

In the neighboring Italy, Marche Region, 238Pu 
activity concentrations showed a mean value in 
uncultivated soils 0.0230.014 Bq kg-1 7, while in 
Bulgaria its concentrations were found to be up to 
0.0514 Bq kg-1 13. 

Estimated 238Pu activity concentrations in 
surface Montenegro soils are higher than, for 
example, those in soil samples near Prague (mean 
238Pu activity 0.01 Bq kg-1 11). Moreover, the 
cumulative deposition of 238Pu at 50 sites in 
Czechoslovakia in the end of 1990, ranged from 0.5 
to 6.2 Bq m−2, whilst mean value was 1.7 Bq m−2, 
and no significant contribution to the cumulative 
deposition of 238Pu originating from the Chernobyl 
accident was found at any site 14. A similar 
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conclusion could be made for Montenegro soil on 
the basis of the 238Pu/239+240Pu activity ratio 
(0.030.007), which completely corresponds to the 
fallout from atmospheric nuclear weapons testing. 
Namely, for environmental plutonium in 
undisturbed soil originated from nuclear weapons 
fallout during the fifties and sixties, values of this 
activity ratio range from 0.015 to 0.05 15,16. 

At the same time, 238Pu/239+240Pu activity ratio in 
soils contaminated by the Chernobyl accident is 
known to fall in the range 0.3 to 0.7 17,18. A 
confirmation was also given by alpha-spectrometric 
measurement of plutonium in aerosol samples 
collected in Austria after the accident, with 
238Pu/239+240Pu ratio from 0.33 to 0.76 19. 

4.  CONCLUSIONS 

A level of 238Pu in Montenegro surface soils was 
estimated using the 238Pu/239+240Pu activity ratio, 
and found to be in the range from 0.001 to 0.248 Bq 
kg-1.  

On the basis of the 238Pu/239+240Pu activity ratio 
of 0.03 and a survey of relevant literature, it can be 
concluded that the source of plutonium in 
Montenegro is deposition from the global fallout. 
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 SUPERVISION OF THE RADIOACTIVE INVENTORY IN WASTE WATER PLANTS 
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Abstract. Different technical variants of cooling plants for radioactive liquid waste (decontamination plants) for 
nuclear medicine facilities are presented. With the aid of modern measuring hardware and refined data analysis 
software one can now guarantee nuclide-specific, gapless supervision and documentation of the activity inventory 
without any risk that personnel comes in contact with open radioactive or biologically critical material. 
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1. INTRODUCTION 

Facilities using or storing radioactive substances in 
quantities exceeding exempt levels are bound to 
supervise and document without break the current 
inventory of radioactive nuclides and their activities. 
Such supervision and documentation is typically 
requested by federal law or regulations. This statement 
is generally valid, i.e. it applies equally to all variants of 
application of radioactivity, such as to nuclear plants, 
to universities and research institutions, to the 
production of radioactive samples, to technological 
applications of radioactivity such as well logging or 
industrial level/density/humidity measurement, to the 
wide field of diagnostics and therapy in nuclear 
medicine and radiology, or to decontamination 
processes such as gas-washing in conventional power 
plants, to the control of exhaust gases, or to similar 
processes. The key to all quantitative applications of 
radioactivity supervision is specialized software that   
~ provides supervision and control of system hardware 
facilities  
~ provides spectrum measurement and automatic 
high-precision analysis of spectra  
~ provides communication with external control- and 
documentation-systems. 

In this paper we will take waste water treatment in 
the decontamination plant of a nuclear medicine 
facility as an example of supervision systems, where 
patients undergo application of radioactive substances 
for diagnostic or therapeutic purpose. The 
administered activities are often too high as to 
discharge the patient to the public after treatment but 
the person will remain in the hospital for some 
supervision time, instead. During the supervision 
phase patient’s excretions such as waste water from 
wash basins, showers and toilets cannot be released to 
the public sewage system, but the water must rather be 
collected and stored until activities have decayed below 
regulated release limits. Such  
storage requires management of the inventory of 
radioactive waste water, i.e. the activity must be 

measured in regular time intervals, chemical and/or 
biological treatment of waste water is necessary and 
requested control measurement and documentation 
must be made when the activity is low enough for 
release. Similar supervision may be necessary for 
exhaust gases from patient rooms where gaseous 
radioactive substances have been released by 
breathing. 

2. DECONTAMINATION PLANTS IN NUCLEAR MEDICINE 

There are variants of decontamination plants in 
current use which originate from the historical 
development of radioactive waste water handling. In 
almost all systems the most important measurement is 
quantification of gamma-rays from 131I which is the 
most relevant nuclide in decontamination plants for 
nuclear medicine, either by gross counting or by 
energy-dispersive spectrometry. There are very few 
systems that deal with waste water containing beta-
active nuclides which emit essentially no gamma-rays 
at all. In these rare cases one may use special beta 
counters or liquid scintillation counters. These cases 
are not considered in this presentation. 

2.1 Tun systems 

In very old facilities the waste water is collected 
into an open or covered container (tun) typically 
having a volume of up to 10 m3. The activity level of the 
inventory in the vessel is determined with an external 
counter when the tank is full. For this measurement 
the operator of the decontamination plant takes a 
sample from the tun, brings it to a shielded detector 
and after the assay pours the sample back. In most 
cases there is no nuclide specific control measurement 
but rather an assumption which nuclide is contained in 
the waste water. The activity of assumed or identified 
nuclides is determined from the respective count-rate 
and one calculates the decay time (i.e. waiting time) 
until the waste water activity is below regulatory level 
and can be released to the public sewage system. In 
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many countries such a priori calculation of decay time 
and release without final control measurement is no 
longer permitted. Moreover, in addition to sample 
taking and external measurement, open tank systems 
require regular stirring of the water in order to avoid 
sedimentation of solids. Chemical neutralisation of the 
water before release is often mandatory. Such open 
handling of the waste water poses a threat to the 
personnel through potential contact with radioactive 
material which may also contain biological 
contamination. 

The advantage of the old tun systems is its very 
cheap construction. 

Disadvantages, however, are significant:  

~ There is normally no nuclide specific information 
available 
~ The counter system used for measurement needs 
frequent re-calibration  
~ The integral activity counting is no longer 
permissible in modern legislation where nuclide- 
specific measurement very near to release is demanded 
~ The operator has to handle open waste water, i.e. 
biological and radiological contamination is possible  
~ There is no information on the status inside the tun 
during the decay time  
~ The storage time is determined by the most long-
lived nuclide. 

2.2 Closed tank-stack system  

In more advanced systems the waste water is 
collected in closed tanks where, in addition to decay of 
radioactivity, the water is automatically treated 
(typically by mechanical stirring, airing, pH control 
and/or temperature control) in order to support 
biological decomposition. Several tanks are stacked 
and the supervising hardware controls filling states 
and other variables. Automatic selection of the next 
empty tank when the last one is full proceeds under 
software control. The tanks are either located in the 
basement of the hospital or big tanks can also be 
buried in the ground outside of the building. 

There are two variants of how waste water is fed 
from the wards into closed tank-stack systems. The 
technologically simpler method feeds by gravity (which 
may need more shielding of the tubing) whereas other 
systems suck the water with differential pressure 
(vacuum) into a collector tank from where it is 
transferred into a storage tank. Vacuum technology 
needs smaller storage tanks but longer decay times, 
and its construction is more expensive. In all tank-
stack systems it is an issue that the inflow of water 
should be kept at a minimum. Appropriate precautions 
must be taken at patient’s level. 

For activity measurement a water sample is taken 
by the operator from the filled tank and nuclide 
content is measured via gamma-ray assay in an 
external spectrometer. Typical spectrometers consist of 
a 3”x3” NaI(Tl) detector inside a low-activity lead 
shield of 5 cm thickness, a 1024-channel multichannel 
analyser and appropriate software for measurement 
control and quantitative spectrum analysis. 

The waiting time needed for the most long-lived 
nuclide in the waste water to decay below the federal 
activity release limit is calculated. In order to comply 
with the regulation that a nuclide-specific 

measurement of activities must be made shortly before 
release, another sample is taken and measured when 
the calculated decay time is elapsed. If the measured 
activity is actually below the release limit then the 
contents of the tank can be pumped out into the public 
sewage system. There are significant simplifications of 
waste water treatment in sealed tanks; however, some 
exposure can still happen with respect to biological and 
radiological contamination when samples are taken in 
a Marinelli beaker and when the sample is poured back 
into the tank.  

Advantages of closed tank-stack systems are:  
~ Construction is relatively cheap  
~ Water is treated automatically in the tank     
~ Modern software can analyse complex spectra and 
provide reliable results; nuclide activities are reliably 
determined, even at very low level  
~ The nuclide-specific spectrum analysis is in 
agreement with legislative demand. 

The disadvantages are:   
~ The operator has to handle open waste water, i.e. 
biological and radiological contamination is possible  
~ There is no information available on the activity 
status during decay time  
~ The storage time is determined by the most long-
lived nuclide. 

2.3 In-tank measurement 

The most advanced tank systems consist of stacked 
tanks as described above, but there is a 2”x2” NaI(Tl) 
or other detector mounted inside a submerged tube 
into the middle of each tank. In-tank measurement can 
be replenished to an existing tank-stack system.   
Computer controlled switcher hardware is used that 
connects the high voltage supply for the 
photomultiplier and the analogue signal from the 
voltage divider output from each detector to the 
spectrometer. In this way one needs only a single 
spectrometer which is connected to any desired 
detector in a tank for measurement. When the distance 
between photomultiplier and multichannel analyser 
exceeds 10 meters one should use an active 
preamplifier that drives the signal over the cable. 
Automatic supervision software performs 
measurements in all tanks in a cyclic sequence, thus 
providing continuous monitoring of all activities. In an 
exemplified installation having 6 tanks of 10 m3 
volume each one will define a cyclic sequence in which 
every tank is measured for 4 hours and one gets one 
data point per day. In such fully automatic stand-alone 
measurement the 131I activity in each tank is reliably 
determined down to below 1.0±0.5 Bq/l. 

A decontamination plant with in-tank 
measurement is intrinsically safe for the responsible 
supervisor because no sample of open radioactive 
material needs to be taken at any time, but all handling 
happens inside the completely closed system, instead. 

Automatic in-tank measuring systems have clear 
advantages:  

~ Modern software can analyse complex spectra 
and provide valid results; even at very low levels 
activities are reliably determined in agreement with 
legislative demand  
~ Continuous control of the status during the decay 
time is guaranteed. The latter feature has for example 
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revealed some technical fault, where foam from a 
neighbouring tank had transferred radioactivity into a 
tank whose activity had almost reached release level. 
The foam was produced during aeration of the tank 
because excessive amounts of detergents had been 
poured into a sink  
~ The most important advantage is operator’s safety 
because he never has any contact with radioactive 
waste water  
~ As the High Voltage for the photomultiplier and the 
signal from the detector are routed through 
appropriate hardware one needs only one MCA for 
supervision of up to 64 tanks 

The disadvantages of in-tank measurement are: 
~ The additional cost of one detector in each tank 
~ The storage time is determined by the most long-
lived nuclide. 

2.4 Bio-Chroma decay system 

Bio-Chroma systems are the latest development in 
radioactive waste water purification for nuclear 
facilities like nuclear medicine and radiological 
hospitals. The idea behind this newly patented method 
is the adsorption of radioactive species onto activated 
charcoal and resin, where they completely decay in the 
bound state. In order to enable proper retention the 
waste water must first be “cleaned” well from 
biological and other debris. A small but highly effective 
traditional sewage treatment plant (aerated buffer) is 
the first stage for biological decomposition, followed by 
a mud removal stage, digestion of organic material in a 
bio-reactor, sedimentation, and finally adsorption of 
radioactive (and other) species onto a combination of 
selected ion exchange resin and special activated 
charcoal. In the end the water is collected in storage 
tanks for final treatment and for measurement of the 
content of residual radioactivity.  

The charcoal absorber must be exchanged 
whenever its absorption capacity is exceeded. As Bio-
Chroma plants are quite recent there is no experience 
yet as to the duration until exchange is necessary. The 
first installed plant is still running with the original set 
of absorber bottles after approximately 6 years now. In 
case of activity breakthrough one will have to exchange 
the first set of 150 liters each of ion exchange resin and 
charcoal. 

The advantages of Bio-Chroma plants are: 
~ One needs less than 50% of the floor space of a 
conventional stack plant; costs are slightly lower than 
tank-stacks  
~ Operation is flexible in terms of numbers of patients; 
+30% of excess water over the design level can be 
handled for up to 4 weeks  
~ One needs less components and equipment 
~ One cannot make faults in the operation (e.g. no risk 
of cross-contamination)  
~ Odors do not develop in Bio-Chroma plants 
~ One does not need large safety-volumes for 
potentially leaking tanks  
~ One needs no large openings for construction of the 
plant  
~ One can re-use existing tanks as buffers or for 
storage  
~ One cannot get in contact with radioactive or 
biologically contaminated waste water. The final 
control measurement before release is made with an 

activity-free and biologically clean sample 
~ Modern software can analyse complex spectra and 
provide valid results; even at very low levels activities 
are reliably determined  
~ The nuclide-specific spectrum analysis is in 
agreement with legislative demand  
~ Owing to the fact that all radioactive atoms are 
retained in resin and charcoal the storage time before 
release of the waste water is NOT determined by the 
most long-lived nuclide.  

The disadvantage of Bio-Chroma plants is the fact 
that the technology is new and one still has to get 
experience in operation and handling.  

3. SOFTWARE CONTROL 

The key ingredient for “no contact” waste water 
handling is process software which controls all 
operations such as spectrum measurement and 
analysis, data handling, status display and user alert. 
For this purpose we have developed a “nuclear 
medicine” package in our software SODIGAM for high-
precision analysis of scintillator spectra.  

When radioactivity levels in several inaccessible 
locations are to be measured, or when the extraction of 
radioactive samples for measurement is prohibited or 
undesired, the in-situ installation of a multiple-
detector-system is an effective solution. In these 
systems one detector is mounted into each measuring 
site (for example into some tubing inside a sewage tank 
or in an exhaust line) and wired to the PC with special 
HV and signal cables. The MCA can be operated in 
selecting, sequential, or in a parallel mode, depending 
on the desired operation (see below). In addition one 
can use the system for on-line control with reaction 
times of much less than 1 second per data point. 

3.1 The selecting mode 

The PC controls one MCA together with a special 
signal switcher which selects the desired detector 
according to definition by user or by program. The 
connected detector is then used to measure a spectrum 
which is analyzed and nuclide activities are quantified 
with SODIGAM. This system is the most price effective 
setup to measure spectra from several locations but 
using only one single MCA. The system runs under 
complete user control where he selects one location at 
a time for measurement. SODIGAM can carry out 
automatic batch-mode spectrum analyses with MCA 
restart thus allowing running of continuous 
measurements in multi-spectrum scaling mode over 
any desired time; all results are stored on disk for later 
use. 

3.2 The sequential (cyclic) mode 

The PC controls one MCA together with a special 
signal switcher. An option in the SODIGAM software 
alternatingly connects at given time intervals one 
detector after the other to the MCA and measurements 
are made for a pre-determined time. Each spectrum is 
immediately analyzed and the results are provided to 
the user on the monitor and/or in the printout and in a 
backup control file. By use of extra 20 mA interfaces 
the current radioactivity levels can be transferred to a 
monitoring site (e.g. to the control room). The user can 
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at any time interrupt the sequential mode for 
measurements in any other mode. On return to the 
sequential mode, the system will restore the results of 
the previous measurement and resume automatic 
cycling; thus the cyclic monitor information for all 
tanks is maintained.  

The sequential mode is most often applied in 
radioactive sewage decay storages of nuclear and 
radiological hospitals. Several tanks are equipped with 
one detector each and the actual inventory of e.g. 131I in 
each tank is constantly monitored and indicated. When 
the radioactivity in one tank is low enough for release 
the system can be operated in the selecting mode and a 
longer, very precise measurement of the releasable 
activity is made in order to confirm the limit value of 
e.g. 5 Bq/l for 131I with low uncertainty. During the 
pumping out of the low-activity sewage the outlet can 
be monitored in the fast on-line mode (see below) and 
the effluent is stopped if the wrong tank is erroneously 
pumped out. After release the system is set back to the 
sequential mode for continuous cyclic monitoring. 
Through interfacing between the spectrometry system 
and the control system for the plant, the switching 
from cyclic measurement to individual tank 
measurement or to the fast on-line control and then 
back to the cyclic mode can be initiated by the plant 
control software. 

3.3 The parallel mode 

The PC operates one separate MCA for each 
detector. Spectra from all detectors are measured 
simultaneously and in parallel with separate timing 
control in a synchronized mode or without any 
synchronization. Each spectrum is analyzed 
immediately after the measurement and the results are 
stored and provided to the user. By use of extra 20 mA 
interfaces the actual radioactivity levels can be 
transferred to a monitoring site (e.g. control room).  
By use of special software options several individually 
measured spectra can be manipulated, like e.g. 
normalization of the various energy scales onto one 
common scale so that spectra can be added or 
subtracted, maybe considering individual efficiency 
correction, and the manipulated spectra are analyzed. 
The latter setup is particularly useful for 
measurements in which several locations must be 
measured simultaneously and compared, or where 
several detectors are used to assay one object. Typical 
applications are multi-detector whole-body counters or 
systems for the nuclide detection and quantification in 
waste barrels where spectra from several detectors are 
simultaneously processed for improved statistics.  

3.4 Fast on-line control 

Fast on-line control measurements can be made by 
software selection with any of the above hardware 
configurations. The MCA continuously measures the 
radioactivity and the SODIGAM software reads and 
analyses the measured spectrum every 30 ms or faster, 
depending on the capacity of the PC. The resulting 
current activity value for one nuclide is calculated from 
difference and displayed on the screen; a logical (+5V) 
output signal or a low-voltage switching relay or 
network connection to an external device is activated 
for control purposes when a user-defined activity limit 
value is exceeded. The measured activity profile is 
internally stored on a file in 1-second increments for 
documentation. 

Fast on-line control measurement is often used 
during the release of decontaminated water, in order to 
make sure that the correct tank is actually pumped out. 
Erroneous and illegal release can thus be avoided.  

The same fast on-line control system is also used to 
continuously monitor processes with fast varying 
activity gradients. 

4. CONCLUSIONS 

Software for all of the above supervision modes in 
all variants of decontamination plants allowing 
quantitative, nuclide-specific measurement shortly 
before release when activities are very low has been 
developed. The basis of all applications is SODIGAM 
software for high-precision analysis of NaI(Tl) or other 
scintillator spectra (e.g. LaBr3, CeBr3, ….) with its 
various application-specific control and analysis 
packages. SODIGAM is the only program that 
considers the physically correct shape of peaks in 
scintillator spectra as well as the correct baseline under 
peaks. Using new programming strategies such as 
physics-oriented modelling of spectral characteristics, 
Fuzzy-Logic problem solving and repeated analyses the 
program allows analysing spectra very much more 
correct and reliable than other programs [1]. 
SODIGAM has embedded application options for all 
kinds of quantitative analysis and operational control 
that is needed for operation of a decontamination 
plant. 

REFERENCES 

1. 1. W. Westmeier, “A Paradigm Shift in Nuclear 
Spectrum Analysis”, Transactions of Nuclear Science 
(2012), in press.  

 



 

 

RECENT OBSERVATIONS OF SPACE RADIATION ENVIRONMENT IN A TISSUE-EQUIVALENT  
PHANTOM ONBOARD INTERNATIONAL SPACE STATION BY LIULIN-5 DOSEMETRIC TELESCOPE 

J. Semkova1, R. Koleva1, St. Maltchev1, N. Bankov1, V. Benghin2, I. Chernykh2, V. 
Shurshakov2, V. Petrov2 

1 Space Research and  Technologies Institute, Bulgarian Academy of Sciences, Sofia, Bulgaria, jsemkova@stil.bas.bg 
2State Scientific Center of Russian Federation, Institute of Biomedical Problems, Russian Academy of Sciences, 

Moscow, Russia 

Abstract. The radiation field in the International Space Station (ISS) is complex, composed by galactic cosmic rays, 
trapped radiation of the Earth radiation belts, solar energetic particles, albedo particles from Earth’s atmosphere and 
the secondary radiation produced in the shielding materials of the spacecraft and in human body.  
An essential parameter for assessment of radiation hazards to human in space is the organ dose determination. 
Human phantoms equipped with active and passive radiation detectors are used to obtain a better knowledge of the 
dose distribution inside the human body in space flight. 
The Liulin-5 dosemetric telescope observes the radiation environment in the spherical tissue -equivalent phantom of 
MATROSHKA-R international project on ISS. The Liulin-5 experiment has started on ISS in June 2007. The objectives 
of Liulin-5 experiment are studying the dynamics of depth-dose distribution of the different components of the orbital 
radiation field in the phantom and mapping the radiation environment and its variations with time and orbital 
parameters (such as solar cycle, solar flare events, inclination and altitude). The dosemetric telescope Liulin-5 
measures time resolved linear energy transfer spectrum, flux and absorbed dose rates for electrons, protons and the 
biologically relevant heavy ion components of the cosmic radiation. 
In this report we present new results of Liulin-5 experiment for radiation quantities obtained from different 
components of the complex radiation field in low-Earth orbit. 

Key words: International Space Station, complex radiation field, spherical tissue -equivalent phantom, dosemetric 
telescope, depth-dose distribution, linear energy transfer 

1. INTRODUCTION 

The space radiation is a concern for astronauts’ 
health and safety and investigation of the radiation 
influence on space vehicles and their crew has been 
conducted since the early times of human spaceflight. 
Predicting the effects of radiation on humans in space 
flight requires accurate knowledge and modeling of the 
space radiation environment, calculation of primary 
and secondary particle transport through the shielding 
materials and through the human body, and 
assessment of the biological effect of cosmic particles. 
The radiation field in the ISS is complex, composed by 
galactic cosmic rays (GCR), trapped radiation of the 
Earth radiation belts, solar energetic particles, albedo 
particles from Earth’s atmosphere and the secondary 
radiation produced in the shielding materials of the 
spacecraft and in human body.  

The GCRs, consisting of 99% protons and He nuclei 
and 1% heavy ions with energies up to tens of GeV/nuc 
are permanent source of ionising radiation in the ISS. 
The GCR radiation in the near – Earth free space is 
approximately isotropic.  

Another component of the incident radiation field 
in the ISS orbit is the trapped protons and electrons. 

The trapped protons of the inner radiation belt have 
energies up to several hundreds of MeV and contribute 
a large fraction of the dose rates outside and inside 
ISS. The trapped protons are encountered by low Earth 
orbit (LEO) spacecraft in the region of South Atlantic 
Anomaly (SAA). The average kinetic energy of the 
inner zone trapped electrons is a few hundred keV. 
These electrons are easily removed from the spacecraft 
interior by the slightest amount of shielding and are 
mainly of concern to an astronaut in a spacesuit. At 
higher latitudes ISS crosses the earthward part of the 
outer electron radiation belt. The average energy of 
these electrons is also about few hundred keV. 

Solar Particle Events also contribute transient 
increases to the radiation environment. 

The radiation field at a location, either outside or 
inside the spacecraft is affected both by the shielding 
and surrounding materials. Dose characteristics in 
LEO depend also on many other parameters such as 
the solar cycle phase, spacecraft orbit parameters, helio 
– and geophysical parameters. 

The biological impact of space radiation to humans 
depends strongly on the particle’s linear energy 
transfer and is dominated by high LET radiation. 
Especially important is the effect of the high energy 
heavy ion component of GCR (HZE), possessing high 
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LET and highly penetrating in human body, which 
provides them with a large potential for radiobiological 
damage. For radiation protection the quality factor (Q) 
was introduced to describe the different biological 
effectiveness of the different radiation types. The 
quality factor is defined as a function of LET [1]. 

For the estimation of the organ doses from the 
complex radiation field in ISS, and thus the radiation 
risk, measurements in human phantoms are essential. 
The international experiment MATROSHKA-R on ISS 
includes the Russian spherical tissue–equivalent 
phantom [2, 3], equipped with passive and active 
experiment packages for studies of the depth dose 
distribution of the orbital radiation field at various 
sides of organs of a human body exposed to cosmic 
radiation. Liulin-5 is an active instrument in the 
spherical phantom [4, 5]. The aim of Liulin-5 
experiment is long-term investigation of the depth-
dose distribution and continuous monitoring of the 
particle fluxes, dose rates, energy deposition and LET 
spectra along the radius of the phantom, using a 
telescope of three silicon detectors. The first stage of 
Liulin-5 experiment on ISS took place from June 2007 
to June 2010 and the second one has started in 
December 2011. 

2. LIULIN-5 METHOD AND INSTRUMENT 

The investigation of the radiation environment in 
the phantom in ISS by Liulin–5 experiment envisages: 
i) measurement of the depth distributions of the 
energy deposition spectra, flux and dose rate, and 
absorbed dose D; ii) measurement of the LET 
spectrum in silicon, and then calculation of LET 
spectrum in water and Q, according to the Q(L) 
relationship given in ICRP60 [1], where L stays for 
LET. Q(L) is related functionally to the unrestricted 
LET of a given radiation, and is multiplied by the 
absorbed dose to derive the dose equivalent H.  

Liulin-5 instrument consists of two units: a 
detector module and an electronics module. The 
detector module is mounted in the radial channel of 
the phantom, while the electronics is outside the 
phantom (Fig.1).  

More detailed description of Liulin-5 method and 
instrument can be found in [4,5]. The detector module 
contains three silicon detectors D1, D2 and D3 
arranged as a telescope. The detectors axis is along the 
phantom’s radius. The D1 detector is at 40 mm, D2 is 
at 60 mm and D3 is at 165 mm distance from the 
surface of the phantom. The position of D1 and D2 in 
the phantom corresponds approximately to the depth 
of blood forming organs (BFO) in human body [6, 7], 
while D3 is placed very close to the phantom’s centre. 
This arrangement allows measuring the dose-depth 
distribution along the sphere's radius. 

The shielding distribution around the detectors in 
the phantom in PIERS-1 module of ISS is 2-20g/cm2 
for D1, 4-25g/cm2 for D2 and 18-40 g/cm2 for D3.  

Data for the time resolved flux, energy deposition 
spectra and absorbed dose rate measured in each 
detector is recorded. The energy deposition spectrum 
measured in D1 detector in coincidence mode with D2 
is also recorded and used to obtain LET spectrum in 
silicon. 

 
Fig. 1. The spherical phantom with Liulin-5 onboard ISS. 

Sketch of the detectors arrangement in the phantom 

LET for water LET (H2O) is then found by the 
following relation: 

34.2
)1.24LET(Si(H2O) LET   (1) 

Data are stored and returned to Earth on memory 
cards. Extensible Markup Language (XML) - based 
language for specific scientific data description [8] that 
deals with data of measurements and simulation of 
physical fields (including Liulin-5 data) has been 
defined. Using service-oriented architecture -based 
approach for processing, querying, accessing, and 
retrieving data an infrastructure will provide 
functionality to scientists, who access the data over the 
web [9].  

3. RESULTS AND DISCUSSIONS 

The period July 2007 - 2009 corresponds to the 
minimum of solar activity cycle and quiet solar and 
geomagnetic conditions. The altitude of ISS was 
varying in the interval 317 - 380 km.  

The results concern the dose distribution along the 
radius of the phantom, LET spectra, dose rate and 
particle flux distribution along the ISS trajectory. 
Obtained are the dosemetric quantities from the GCR, 
trapped radiation and their secondary particles in ISS. 

3.1. LET spectra and quality factor 

The differential LET spectra (in water) and average 
quality factors, obtained for the time interval 24.10-
01.11.2008 are shown in Fig.2. The upper panel 
represents spectrum averaged over the whole interval, 
the middle one represents the GCR contribution 
outside the SAA and on the bottom panel is the LET 
spectrum and quality factor of trapped protons in SAA. 
The values Qav are obtained when all events, exceeding 
the upper LET measurement limit are considered as 
events with LET 90 keV/µm (corresponding to almost 
maximum Q). The differences in the spectra and 
quality factors of GCR and trapped protons are clearly 
seen. The percentage of high LET particles (LET  10 
keV/µm) in LET spectrum from GCR is higher than it 
is in SAA spectrum. This is the reason for higher Qav 
(about 4.14) of GCR compared to Qav of trapped 

protons (about 1.35). . The number of HZE particles in 
LET spectra is very small (usually less than 1 % of total 
number of LET spectra particles), but their 
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contribution to the quality factors is significant. The 
calculations are based on 15 minutes cycles of 
measurement of spectra in SAA region and on 85 
minutes cycles outside it. 

 Fig. 2. Liulin-5 summary LET spectra and Qav for the time 
interval 24.10-01.11.2008. From top to bottom: 1) total LET 
spectrum and Qav, 2) GCR LET spectrum and Qav, 3) LET 

spectrum and Qav of trapped protons. 

3.2. Depth-dose distribution  

The results for the total doses at 3 depths in the 
radial channel of the phantom as well as the 
contribution of GCR and trapped protons to them for 
the time interval 18-23.11.2007 are presented in Fig.3. 
As expected, the largest dose rates are observed in the 
outer-most detector (40 mm distance from the 
phantom’s surface), while the minimal dose rates are 
in the innermost detector (165 mm distance from the 
phantom’s surface). The total dose close to the centre 
of the phantom is about 1.7 times less than at depths 
corresponding to the depth of blood forming organs. 
The decreasing of the doses in depth along the 
phantom’s radius is due to decreasing of doses from 
trapped protons in SAA, effectively shielded by the 
phantom itself. At 40 mm depth the SAA protons dose 
is more than 60% of the total dose, while near the 
centre of the phantom the GCR contribute about 60% 
of the total dose. GCR doses at different depths in the 
phantom are practically the same. Similar data are 
obtained for other periods of measurement [5]. 
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Fig. 3. Absorbed depth-dose distribution and contribution of 

GCR and trapped protons to the total doses for the time 

3.3 Dosimetric quantities at 60 mm depth 

The results of the average quality factors as well as 
the averaged absorbed dose rates, and dose equivalent 
rates in D2 detector (60 mm depth) obtained from 
particles of 0.65  LET 90 keV/m (H2O) from July 
2007 to February 2009 are shown in Table 1. 

The average absorbed dose rates obtained from all 
that existing measurements at depths corresponding 
approximately to the depth of blood forming organs in 
human body are 7.8-9.15 µGy/h. 

The total averaged quality factors are between 2.7 
and 4.4. The averaged dose equivalent rates at 60 mm 
depth are 24.6-34.3 µSv/h.  

Due to the higher quality factor of GCR their 
contribution to biologically significant dose equivalents 
is higher than of the trapped protons. At least 70% of 
the dose equivalent at that depth in the phantom is 
from GCR and their secondary particles and the other 
part is from trapped protons of the inner radiation 
belt. These results are indicative of the GCR high LET 
heavy ions contribution to the average quality factor 
and dose equivalent in the human body. 

3.4. Distribution of flux and dose rates along the 
ISS trajectories 

A typical distribution of particle flux as a function 
of L-value is presented in Fig. 4. The data represent the 
measurements in detector D3 (placed at 165 mm from 
the phantom’s surface near the phantom’s centre) of 
Liulin-5 recorded in the period 16.03 - 21.04.2009. 

Table 1. Averaged absorbed dose rate, Qav and dose 
equivalent rate for different periods from 2007 to 2009 

Date D2[Gy/h] Qav H2[Sv/h] 
5-10.09.07 9.15 2.7 24.7 
17-23.11.07 8.35 3.4 28.4 
31.03-07.04.08 7.8 4.4 34.3 
24.10-1.11.08 8.8 2.8 24.6 
24-28.02.09 7.9 3.5 27.65 
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Well seen are the two main sources of radiation in a 
low Earth orbit –the GCR and the trapped protons of 
the inner radiation belt. At L values 1.1-1.8 both 
sources contribute to the measured flux. Maximum 
fluxes of 51.8 part/cm2s are registered from the 
trapped protons in SAA at L ~ 1.27. Minima values of 
about 0.12 part/cm2s were recorded at L~1 from GCR. 
At L 4 the particle flux from GCR was up to 2.1 
part/cm2s. The average flux for that period is 1.03 
part/cm2s. The data from all existing measurements in 
2007-2010 show that at the ISS altitudes, maximum 
fluxes > 50 part/cm2s at 165 mm depth in the phantom 
are registered in SAA at L ~ 1.26 -1.27, B ~ 0.198 Gs. 
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Fig.4. Distribution of particle flux near the phantom’s center 

as a function of L shell value 

CONCLUSION 

Some new results from Liulin-5 experiment for 
radiation measurements in the spherical tissue-
equivalent phantom on ISS from 2007 to 209 are: 

Due to the higher percentage of high LET particles 
(LET  10 keV/µm) in LET spectrum from GCR in 
comparison with SAA spectrum the quality factor of 
GCR is larger than of trapped protons. The average 
quality factor for different time intervals is 2.7 –4.4. 
The reason for such considerable differences is the 
difference in the quality factors of GCR due to their 
HZE particles diverse number. 

The results show the importance of radiation 
investigations, including measurements of LET spectra 
and dose rates of HZE component of GCR during 
unmanned interplanetary missions to obtain data for 
the expected dose equivalents in future manned 
missions to Moon and Mars. 

The average absorbed dose rates obtained at depths 
corresponding approximately to the depth of BFO in 
human body are 7.8-9.15 µGy/h and the dose 
equivalent rates are 24.7-34.3 µSv/h.  

Typically the absorbed doses close to the centre of 
the phantom decrease by a factor of 1.6-1.8 compared 

to the doses at 40 mm depth in the phantom. This 
decreasing is due to the phantom’s self-shielding from 
the trapped protons in SAA. At 40 mm depth in the 
phantom the contribution of the trapped protons is 
about 60% of the total absorbed dose and the rest of 
the dose is from the GCR. Near the phantom’s centre 
the GCR contribute about 60% of the total dose. GCR 
doses at different depths are practically the same. 

Near the phantom’s centre maxima fluxes > 50 
part/cm2s are registered from the trapped protons in 
SAA at L ~ 1.26 -1.27, B ~ 0.198 Gs. Minima values 
about 0.1 part/cm2s were recorded at L~1 from GCR, at 
L4, the GCR fluxes reach maximum 2.1 part/cm2s.  
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Abstract. Patients who receive therapeutic amount of radioactive iodine 131 are a potentially significant source of 
radiation to their family members, members of the public and others. The situation can be overcome by imposing 
restrictions on the behavior of the patient to minimize the effective dose to close relatives and not to exceed the proposed 
dose limits by the International Commission of Radiation Protection and Basic Safety Standards from the International 
Atomic Energy Agency. The aim of this study was to evaluate effective dose to family members of hyperthyroid patients 
treated with radioiodine 131 and to compare with dose constraints proposed by International Commission on 
Radiological Protection and IAEA (BSS).We used thermoluminiscent dosimeters (TLD 100) and RADAR (Radiation 
Dose Assessment Resource) software for estimation of effective doses at thirty family members of the same number of 
hyperthyroid patients treated with radioiodine 131.The mean value of effective dose to relatives of hyperthyroid patients 
was 0.87 mSv. The estimated value of RADAR calculated effective doses for the distance of 0.25, 0.5 m, 1.0 m, 2.0 m 
were 23 mSv, 5.90 mSv, 1.48 mSv and 0.37 mSv respectively for mean administered activity of 683 MBq. Estimated 
effective doses were well below recommended dose limits except in some cases. RADAR calculated doses were higher 
than estimated doses with TLD. Hyperthyroid patients should continue to be treated on out – patient basis but they 
should be well informed for their further behavior to be sure that they will represent minimal radiation hazard for the 
people in their environment. 

Key words: hyperthyroid, relatives, radioiodine, TLD, RADAR software 

1. INTRODUCTION 

Many types of cancer and some other non 
malignant diseases can be treated with radiations 
emitted by radionuclides. The unsealed radionuclides, 
that are injected, ingested, or inhaled and which move 
through the body are radiopharmaceuticals. This can 
localize in body tissues until they decay or they can be 
eliminated through the various pathways, such as 
sweat and saliva, and excreted into urine and feces. 
The radionuclides used for radiopharmaceutical 
therapy are usually relatively short-lived beta emitters. 
Most of these radionuclides also emit photons, which 
usually contribute minimally to the treatment dose, 
but produce an undesirable radiation field emanating 
from the patient. The most frequently used 
radiopharmaceutical for treatment of thyroid diseases, 
such as Thyroid Cancer and Hyperthyroidism, is the 
radioactive iodine 131. It has very high success rate in 
treatment of patients with thyroid diseases and it has 
also proven to be safe and a relatively inexpensive 
treatment modality. The treatment renders patient 
radioactive. The patients treated with radioactive 
iodine 131 present a radiation hazard to other 
individuals such as hospital staff, the patient’s family 
and members of the public with whom a treated 
patient may come in close contact. This situation can 
be overcome by imposing restriction on the behavior of 
the patient to minimize the dose to close relatives and 

other individuals. In 1991, the International 
Commission of Radiological Protection (ICRP) [1] has 
recommended a radiation constraint of 1 mSv/year to 
the general population. According to Basic Standards 
Directive [2], the dose limits to the general public are 
not valid for “exposure of individuals, who are 
knowingly and willingly helping, other as a part of their 
occupation, in the support and comfort of in-patient 
and out-patients undergoing medical diagnosis or 
treatment”. Proposed dose constraint from the BSS is: 
0.3 mSv per episode for public, 1 mSv for children, for 
the adults up to sixty years the dose constraint is 3 mSv 
and for adults more than 60 years old it is 15 mSv. The 
implementation of this guideline differs among various 
countries. In the Republic of Macedonia approximately 
50 hyperthyroid patients are treated ambulatory on 
out-patient basis every year. According to the local 
hospital rule and the old guidelines, the maximum 
given activity to hyperthyroid patients, treated on out-
patient basis is 1110 MBq to 555MBq. This group of 
patients presents great radiation hazard to their family 
members. Upon discharge from hospital, the patients 
as well as their family members were given brief 
radiation safety instructions. The aim is to minimize 
the transfer of radioactive material to persons coming 
in close contact with the patient. There are several 
papers in the literature concerning the subject of doses 
received by family members of thyroid cancer and 
hyperthyroid patients [3-8]. Most of the published 
studies agree that doses to family members are below 
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the proposed dose constraint of 1 mSv. But there are 
also several papers [5-9] where present cases where 
children or other persons have received higher 
radiation doses than proposed dose limit and usually it 
is case with hyperthyroid patients and their relatives. 
This study was undertaken to measure the effective 
doses to family members of patients treated with 
radioiodine 131 for hyperthyroid diseases at Nuclear 
medicine center in Skopje. 

2. AIM 

The main purpose of this study was to estimate the 
radiation exposure to family members of patients 
treated with radioiodine 131 for hyperthyroid status. 
The other purpose was to use the results to identify 
necessary restrictions to ensure recommended dose 
constraint proposed by ICRP and BSS from the IAEA.  

3. MATERIALS AND METHODS 

The study population comprised thirty family 
members of the same number of hyperthyroid patients. 
The total number of people included in the study was 
sixty. The administered activity for treatment of 
hyperthyroid patients ranged from 185 MBq to 1295 
MBq of radioiodine 131. Mean administered dose 
activity was 683 MBq. Ten patients were diagnosed 
with Autonomous adenoma, eight with 
hyperthyroidism six with Struma Difusse Toxic, two 
with Struma Nodular Toxic and one patient was follow 
up with Ca papillarae as well as one patient with 
Morbus Basedow syndrome. External dose rate 
measurements were performed at distance of 0.25 m, 
0.5 m, 1.0m and 2.0 m. by medical physicist. The dose 
rate measurements were performed with calibrated 
survey meter “mini-rad” series 1000, Morgan. The 
patients were released immediately from hospital after 
they had received the therapy. Upon discharge the 
patients were given radiation safety instructions for 
their further behavior in order to minimize the transfer 
of radiation to persons coming in close contact with 
them, especially children and pregnant woman. Their 
relatives wore the TLD for one week and they were 
informed not to stay very close to patient and if so, to 
reduce the time of staying. It was suggested to 
maintain the distance between them and patient more 
than 2.0 m. The patients were interviewed and 
informed on the research aims by medical physicist 
and physician. They signed an agreement for receiving 
the therapy and all patients and their relatives feel 
positive about participating in the study. Family 
members groups were consisted of 12 female and 18 
male persons in the hyperthyroid group. Their age 
varied from 29 up to 80 years. The effective dose 
measurements were done with thermoluminiscent 
dosimeters, model TLD 100, which contains hot 
pressed chips from litium fluoride (LiF:Mg,Ti) with 
3mm2 square, encapsulated between two sheets of 
Teflon 10 mg/cm2 thick and mounted on an aluminum 
substrate with bar code and within shielded filter 
holders 9 type 8814 Harshaw). A detection threshold of 
a dosimetry system is 0.0054 mSv. TLD’s were most 
appropriate to estimate radiation because the amount 
of ionizing radiation is directly proportional to the 
effective dose [10]. Actually it was estimated Hp(10). 

These types of dosimeters have photon energy 
response for gamma rays that ranges from (15keV-3 
MeV) (IEC 1066). The TLD reader and Cards are 
calibrating on regular basis. The combined standard 
uncertainty of dosimetry system is less than 15 %. The 
control TLD was kept separately to measure the 
background. The background readings were subtracted 
from the readings of estimated effective doses to 
relatives TLD’s. RADAR software was also used for 
estimation of effective doses and the results were 
compared with results from TLD measurements. 
RADAR patient exposure radiation dose calculator was 
established on the internet to provide rapid, worldwide 
dissemination of important dose quantities and data. 
The program gives dose calculation to physicians, 
nurses, family members and others from patients who 
have been given radiopharmaceuticals. In this study 
RADAR was used in order to estimate effective doses at 
different distance to family members of hyperthyroid 
patients who received therapeutic amount of 
radioiodine 131. The program is designed to calculate 
total dose for certain exposure separately for 
hyperthyroid patients for infinite period of time. 
Besides estimated effective doses program gives the 
number of days for the same dose might be reached 
from natural background radiation. As variables we 
put given activity (MBq) and average distance (m) and 
we get the results for total dose estimated for given 
exposure. The calculation were done with values for 
occupancy factor - 0.25, for extra thyroidal fraction F1 - 
0.95 and F2 thyroidal fraction was 0.05.Teff-1 – extra 
thyroidal was 0.32 days and Teff-2 thyroid was 7.23 
days. These values were used as it was proposed in the 
program. 

4. RESULTS AND DISCUSSION 

Table 1 presents the effective doses to relatives of 
the hyperthyroid patients treated with radioiodine 131 
as measured by TLD dosimeter. They have worn the 
TLD for one week period. There were 12 female and 18 
male relatives. The mean value of the effective dose for 
the relatives of the hyperthyroid patients was 0.87 
mSv. The range of the effective dose varied from 0.12 
mSv to 6.79 mSv. At three patients spouses were 
measured value 0 mSv, and the explanation was that 
the patient stayed in different room and most of the 
time was away from home.  Only the spouse of one 
patient received highest remarkable dose with value 
6.79 mSv. The explanation was that the woman did not 
follow the given recommendation. She stayed very 
close to her husband all the time after he received the 
therapy. With further analysis we found that it was 
woman aged 69 and according BSS for the adults aged 
more than 60 years the allowed dose constraint is 15 
mSv. Eleven family members received effective doses 
higher than 1 mSv but less than 3 mSv. On the figure 1 
are presented the values gained from all hyperthyroid 
patients vs. Dose Constraint from the BSS. All values, 
except one, are below 3 mSv. 

Table 1 Table 1 Effective doses to family members of 
Hyperthyroid patients 

No. 
Ab.dose 
(mSv) Sex Age 

1 1,25 m 63 
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2 0,00 m 40 
3 0,00 m 29 
4 0,78 f 44 
5 0,23 m 45 
6 0,52 m 41 
7 0,23 m 52 
8 0,12 m 39 
9 1,02 f 44 
10 1,14 m 58 
11 0,52 m 80 
12 0,54 m 40 
13 0,17 m 32 
14 0,16 m 56 
15 0,48 m 70 
16 1,90 m 55 

17 0,33 f 52 
18 6,79 f 69 
19 0,21 m 56 
20 1,23 m 66 
21 0,38 f 33 
22 0,40 f 44 
23 0,21 m 57 
24 0,00 m 40 
25 0,51 f 43 
26 1,25 f 57 
27 1,48 f 50 
28 1,32 f 42 
29 1,70 f 47 
30 1,17 f 60 

 

 

Figure 1 Effective dose to relatives of hyperthyroid patients vs. Dose Constraint of 15 mSv and 3 mSv.

RADAR calculated dose for family members of 
hyperthyroid patients. 

The results from RADAR calculated effective doses 
for family members of hyperthyroid patients are given 
in Table 2. Besides estimated effective doses program 
gives the number of days for the same dose that might 
be reached from natural background radiation. (Table 
2). 

Table 2 demonstrates the estimated total amount 
of radiation received to an individual at distances 0.25 
m; 0.5 m; 1.0 m; and 2.0 m from the patient with 
given activity and number of days for the same 
amount of radiation should one received from natural 
background radiation according RADAR calculator. 

 

Table 2. Calculated RADAR doses according given activity 

0,25 m 0,50 m 1,00 m 2,00 m 

No. MBq 
mSv 

bckgr. 
days 

mSv 
bckgr. 
days 

mSv 
bckgr. 
days 

mSv 
bckgr. 
days 

1 925 32,00 3885 8,00 971 2,00 243 0,50 61 

2 1110 38,00 4613 9,60 1165 2,40 291 0,60 73 

3 185 6,40 777 1,60 194 0,40 49 0,10 12 

4 370 13,00 1578 3,20 388 0,80 97 0,20 24 

5 407 14,00 1700 3,50 427 0,88 107 0,22 27 

6 370 13,00 1578 3,20 388 0,80 97 0,20 24 

7 370 13,00 1578 3,20 388 0,80 97 0,20 24 

8 370 13,00 1578 3,20 388 0,80 97 0,20 24 
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9 370 13,00 1578 3,20 388 0,80 97 0,20 24 

10 555 19,00 2307 4,80 582 1,20 146 0,30 36 

11 370 13,00 1578 3,20 388 0,80 97 0,20 24 

12 370 13,00 1578 3,20 388 0,80 97 0,20 24 

13 370 13,00 1578 3,20 388 0,80 97 0,20 24 

14 1110 38,00 4613 9,60 1165 2,40 291 0,60 73 

15 1110 38,00 4613 9,60 1165 2,40 291 0,60 73 

16 1110 38,00 4613 9,60 1165 2,40 291 0,60 73 

17 296 10,00 1214 2,60 311 0,64 78 0,16 19 

18 1295 45,00 5463 11,00 1334 2,80 340 0,70 85 

19 296 10,00 1214 2,60 311 0,64 78 0,16 19 

20 925 32,00 3885 8,00 971 2,00 243 0,50 61 

21 444 15,00 1821 3,80 466 0,96 116 0,24 29 

22 444 15,00 1821 3,80 466 0,96 116 0,24 29 

23 1110 38,00 4613 9,60 1165 2,40 291 0,60 73 

24 296 10,00 1214 2,60 311 0,64 78 0,16 19 

25 370 13,00 1578 3,20 388 0,80 97 0,20 24 

26 1110 38,00 4613 9,60 1165 2,40 291 0,60 73 

27 1110 38,00 4613 9,60 1165 2,40 291 0,60 73 

28 1110 38,00 4613 9,60 1165 2,40 291 0,60 73 

29 1110 38,00 4613 9,60 1165 2,40 291 0,60 73 

30 1110 38,00 4613 9,60 1165 2,40 291 0,60 73 

 

5. CONCLUSION 

Hyperthyroid patients receiving radioactive iodine 
for therapy should continue to be treated on out-
patient basis. After release they should get written 
information on their further behavior for next seven 
days. They should follow the advices with aim to 
reduce the doses to their close family member. The 
distance of two meters from the patients is safe in 
order proposed dose limits not to be reached. RADAR 
is very useful software which can be easily 
implemented in daily routine practice in the field of 
radiation therapy. Even though the calculated doses 
were overestimated we found  it as appropriate tool 
for fast estimation of dose to person who might come 
in close contact with hyperthyroid patients. 
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Abstract. More attention has been given to improve workplace conditions in the last few decades, primarily to 
reduce the many different health risks. In the air that accumulates in underground workplaces radon may constitute 
such a health risk. The changes in the radon concentration monthly average in the show cave in Tapolca have been 
examined using SSNTD detectors for several years.  The radon concentration in the show cave is especially high in 
summer months. The annual average (7342 – 10 370 Bq/m3) much higher, than the recommended action level (1000 
Bq/m3). The radiation dose of workers originated from radon, were estimated on the basis of personal SSNTD radon 
detectors. The personal radiation dose is significant, especially for those employed during the whole year. Taking into 
consideration the calculated radon concentration, and the equilibrium factor F=0.4 (given in the literature), it 
approaches and even exceeds the dose limit of 20 mSv/year. With a well-organized work schedule, as well as the 
employment of outside workers during the summer period, the dose limit of 20 mSv/year can probably be maintained.  

Key words: cave, radon, dose 

1.  INTRODUCTION 

Radon can accumulate in the subterranean 
premises such as caves, mines and other underground 
places where people work. The quality of workplace air 
plays a significant role in health risk management, and 
international regulations set out strict limits on the 
quantity of carcinogenic materials permitted. The 
carcinogenic effect of radon as a radioactive noble gas 
is well-known [1, 2] and some new epidemiological 
studies show strong correlation in case of low radon 
level, as well [3]. More than half of the natural 
radiation dose effecting people is caused by radon and 
its progenies [4]. Most of the international 
recommendations and legislation cover the maximum 
level of radon allowed at workplaces [5]. The activity 
level recommended by the ICRP 103 for annual 
average radon concentration is 1500 Bq/m3. 
Hungarian regulations [6] for workplaces set a radon 
concentration level of 1000 Bq/m3 as an annual 
average activity level, which thus means 6.3 mSv/year 
radiation dose at an equilibrium factor of 0.4 and 2000 
working hours/year. The ICRP 2009 annual report and 
the WHO 2009 report recommend 1000 Bq/m3 action 
level of the workplace. If this limit is exceeded and it is 
not possible to decrease it, then such a workplace 
would be determined to be a hazardous radiation 
workplace. With these regulations, workers may 
receive a maximum radiation dose of 100 mSv/5 year 
(that is an average of 20 mSv/year) and there is a 

limitation that the dose must not exceed 50 mSv within 
one year. Taking into consideration the ever constantly 
high radon concentration in the cave and the long 
hours spent there by workers, the limit of 20 mSv/year 
was taken as a reference value for the radiation dose 
limit. 

The development of high radon concentration can 
be expected in places where the radon source is 226Ra 
and it occurs in high concentration in walls and 
building materials [7] enclosed in surrounding air 
spaces. This is especially so if the degree of ventilation 
is low [8, 9], and thus, the emanated radon can easily 
accumulate. The latter conditions almost always exist 
in underground air spaces such as in cellars, mines, 
and caves, so special attention should be given to the 
quality of air in such workplaces. 

In caves which are popular for tourists, the health 
effect of high radon concentrations is insignificant for 
the visitors due to the short exposure times [10]. 
However, for those working in the cave, the extra dose 
must be taken into consideration in all cases [11, 12]. 

The show cave in Tapolca is one of the most visited 
show caves in Hungary, as a pond located in the cave 
has proved to be very popular. 

Based on prior measurements, the values of radon 
concentration generated in the cave fluctuate within a 
wide-scale on a seasonal basis, similarly to other caves 
of its piedmont type [13] and in the summer months it 
exceeds an activity concentration value of 10.000 
Bq/m3, while in winter the activity concentration is 
usually lower. 
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Due to the high fluctuation of radon concentration 
and the intense changes in other parameters, several 
researchers have drawn the attention to the inaccuracy 
of dose estimations carried out in such workplaces 
[14]. 

Accurate dose estimation is only possible if a very 
accurate determination of the average radon 
concentration is performed. The radon concentration 
measurements should be carried out for an 
appropriately long time, of course, during working 
hours if possible [15].  

This study describes the change of radon 
concentration in the Tapolca cave, and the radiation 
dose originating from radon (and it’s progenies) for 
those working there. 

Correlations between effective dose and radon 
concentration as well as correlations between radon 
concentration and weather conditions like average 
annual outdoor temperature or outdoor pressure were 
analyzed. 

2.  MATERIALS AND METHODS 

2.1. Location of the study  

The monthly average radon concentration level was 
measured for 5 years (2007-2011) in the Tapolca show  
cave, located in Hungary, and the committed effective 
dose originated from radon of workers in the years of 
2004-2011. 

2.2 Radon measurement in the cave 

 Measurement of the integral radon concentration 
in caves was done by using CR-39 type TASTRAK 
nuclear track-etch detectors that were placed in 
holders made by the National Radiation Protection 
Board, U.K. After a one-month exposure period, the 
detectors were etched in 6 M NaOH solution at 80±0.5 
°C for 2 hours. The track detectors had been calibrated 
in an airtight radon chamber (EV 03209, produced and 
calibrated by Genitron Instruments GmbH) by 
employing a PYLON RN 2000A calibration standard 
source. 

2.3 Personal dosimetry 

Trace detectors were used too, as personal radon 
dosimeters. Detectors were worn by the workers fixed 
to their clothes, and out of working hours they were 
kept in a room with a controlled low radon 
concentration. 

2.4 Calculation of radiation exposure 

Knowing the measured radon concentration (CRn) the 
committed effective dose was calculated using the 
equation: 

KCE Rn   (1) (1)  

where: E = yearly committed effective dose (mSv); CRn 

= yearly average radon concentration (Bq /m3); K= 
dose conversion factor (IBSS-115: F = 0.4, t = 2000 
h/year, Committed Effective Dose = 6.23 µSv/ Bq m3). 

3. RESULTS AND DISCUSSION 

3.1 Results of radon measurements 

The yearly and the monthly average radon 
concentration values measured in the cave in the 
period of 2007 – 2011 are presented in Fig. 1 and Fig. 
2.  

It can be seen that the radon concentration 
significantly changes year by year, and the values were 
appreciably over the recommended 1000 Bq/m3 acting 
level. The radon concentration is much higher in hotter 
summer months, but it even reaches high values in 
some of the winter months, so the cave is not a typical 
piedmont cave. Probably other connected caverns 
influence its radon concentration. 

 

Fig. 1 Yearly average radon activity concentration in the cave 
in the period of 2007-2011 years 

 

Fig. 2 Monthly average radon activity concentration (min-
max) in the cave in the period of 2007-2011 years 

The reduction of the inner radon concentration is 
not possible without significant intervention, which 
can greatly modify the climatic conditions in the cave. 
This is the reason why the workplace would be 
determined to be a hazardous radiation workplace. 

3.2 Radiation dose of workers 

 The committed effective dose values calculated on 
the basis of the results from the track detectors worn 
by the workers.  

The opening hours and the number of the staff have 
been changing year by year and from month to month. 
The summarized values can be seen in table 1. 



 245 

 

 

Table 1 Committed effective doe of the workers 

Committed effective dose (mSv/ year) 
Year 

Number of 
workers average minimum maximum 

Collected effective dose 
(person mSv/year) 

2004 11 13.84 2.58 30.28 152 

2005 9 8.47 4.56 19.59 76 

2006 15 9.09 4.11 18.58 136 

2007 9 13.62 4.35 24.39 123 

2008 14 8.65 0.94 18.78 112 

2009 13 10.17 0.93 21.96 132 

2010 12 8.22 4.19 13.87 99 

2011 14 9.37 2.56 21.57 131 
      

On the basis of the obtained results it can be safely 
stated that the maximal committed effective dose 
exceeded the 20 mSv/year dose limit  

The administrative staff of the cave endeavored to 
decrease the received committed effective dose of the 
workers with reorganization of the working hours and 
employment of casual workers during summer period 
but it was not enough in some cases. 

During the 5 year-long period, investigated radon 
concentration in the cave, two persons were employed 
permanently in the cave. The suffered committed 
effective doses of the workers, which were calculated 
based on the detected radon concentration values of 
personal dosimeters, were correlated with the annual 
average radon concentration of the cave (Fig. 3) 

Due to the received results the following 
consequences can be stated. The calculated 
committed effective doses of the workers, working 
whole year in the observed area correlate with the 
average annual radon concentrations of the 
monitored workplaces. Personal dosimeters are 
appropriate tools for this task.  

 
Fig. 3 Correlation between the collective committed effective 

dose of the permanent stuffs  (2 persons) (calculated by 
personal dosimeter) and the yearly average radon 

concentration measured in the cave 

 

 

The correlation between the outdoor temperatures 
(Fig. 4) and the pressure (Fig. 5) was examined during 
the investigation. As a result of the comparison 
slightly correlation can be observed between the  

outdoor temperature and the radon activity 
concentration in the cave. 

Significant correlation was not discernible 
between the outdoor air pressure and the measured 
radon level in the cave.  

 
Fig. 4 Correlation between annual average radon level and 

outer average temperature 

 
Fig. 5 Correlation between annual average radon level and 

outer average air pressure 
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4. SUMMARY 

It can be stated that the radon concentration, 
especially in summer months, is high in the cave. 
Although slightly correlation can be observed between 
the outdoor temperatures, the evidence may in fact 
suggest that the radon concentration in the cave is 
influenced by the interaction of further factors. The 
committed effective dose of workers are relatively 
high, in some cases it was exceeded the 20 mSv/year 

dose limit. 

With a well-organized work schedule, as well as 
the employment of outside workers during the 
summer period, the dose limit of 20 mSv/year can 
probably be maintained. 
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Abstract. Aim: Radon exposure situations have the characteristics of existing exposure situations since the source is 
unmodified concentrations of ubiquitous natural activity in the earth’s crust. Human activities may create or modify 
pathways increasing indoor radon concentration compared to outdoor background. The mining and processing of 
uranium bearing minerals generate a variety of waste materials containing a number of radioactive and non-
radioactive hazardous constituents. Conventional underground and open pit mining activities produce overburden, 
mineralized waste and barren waste rock, which are generally low in their uranium and thorium contents and are left 
at the mine site. 
The study focuses on regions of former uranium mining industries, where the radiological risk is higher. 
Methods: The cumulative (passive) method was used for the study. The measurements are carried out by E-PERM® 
system. Detectors are placed for approximately 6 months in randomly selected houses in former uranium mining 
sites - Sliven-villages area, Eleshnica and Bachkovo. These sites are situated in mountains in different part of Bulgaria. 
Results: The results of indoor radon concentration for investigation villages range from 125 Bq/m3 to 4000 Bq/m3. The 
maximum concentration was measured in Bachkovo village in Rodopi Mountain. This village is the least affected by 
the former uranium mining industry. 
Conclusion: The results prove assumption that former uranium mining sites are radon prone areas where radiological 
risk is higher. The level of indoor radon of residential buildings in areas with higher uranium availability is around or 
above the recommended reference radon levels. The maximum value of the concentration of radon is measured in 
areas less affected by uranium mining, proving the necessity to undertake a radon national survey to determine exact 
radon prone areas. 

Key words: Radon concentration, long-term measurement, radon prone areas 

1. INTRODUCTION 

Uranium mining in Bulgaria has 50 years history. 
For this period as a result of studies conducted 
throughout the country have discovered and developed 
39 objects. (Fig.1) A numbers of exploration methods 
were applied: geological, geophysical, geochemical, 
technological and combined. The main ore deposits for 
underground extraction are: Buhovo near Sofia, 
Eleshnitsa, Senokos and Simitli in South-West 
Bulgaria, Vinishte and Smolyanovtsi in North-West 
Bulgaria, Sliven in Central Bulgaria, Smolyan, Dospat 
and Selishte in Rhodope Mountains. 

 
Fig. 1 Main uranium mining objects in Bulgaria 

Two hydro-metallurgical plants had been built in 
the town of Buhovo and in the village of Eleshnitsa for 
uranium ores processing and production of uranium 
concentrate (U3O8). The extraction and the processing 
of uranium ores in the Republic of Bulgaria were 
ceased based on secondary act of the Council of 
Ministers Decree (CMD) in 1992. Upon cessation of 
mining activities, hydro-ecological and radiological 
assessments and prognoses were prepared, as pre-
project studies, work projects for the technical 
liquidation, the technical and biological remediation 
and for water purification and monitoring. In 
preparing the assessments are taken into account: the 
type of structural element, the number of construction, 
the area of the plots, the time of operation, proximity 
location, geographic and demographic characteristics 
of the region, the potential danger of pollution of air 
environment, soil, surface and groundwater reservoirs 
and drinking water sources and others. The objects are 
classified as regions with high, medium and low 
radiation risk based on assessments. 

The uranium mining (uranium ore production and 
processing) activities resulted in the environmental 
contamination of the surroundings of the mining sites, 
both radioactive and non-radioactive. During the 
course of uranium ore processing the major part of the 
radioactive elements present in the ore (Th-230, 
Ra-226 and its decay products) is collected in the waste 
products resulting from the production processes. 
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From these, the most dangerous radionuclide appears 
to be Ra-226 with 1617 years half-life, decaying down 
to Rn-222, a gas emitted into the atmosphere from the 
tailings ponds. The half-life of the latter is 3.8 days. 
Rn-222 decays to several short-lived products (Po-218, 
Pb-214, Bi-214, Po-214), to Pb-210 and Po-210, and 
finally to stable Pb-206. Radon is the key 
contamination agent of the air and in case of 
unfavorable climate conditions; lack of vertical 
circulation and redistribution in the surface-circulating 
air, its concentration significantly increases to values 
exceeding by far the permissible levels. Radon and the 
aerosols emitted into the atmosphere as well as the 
dust rising from the open, nonvegetated portions of the 
dumps stimulate the mechanical accumulation of 
radioactive dust in the adjacent agricultural and forest 
areas and the accumulation of long living and 
radiotoxic alpha- and beta-active nuclides such as 
Pb-210, Po-210 and Th-230 in values exceeding the 
permissible levels. This may cause enhanced external 
exposure and enhanced levels of. 

The main source of indoor radon is Ra-226 in soil, 
outdoor radon concentration, building materials, and 
tap water. It is therefore assumed that the indoor 
radon concentration in uranium mining sites will be 
higher than other region in Bulgaria. Indoor radon may 
be significantly increased if residues form uranium 
waste rocks are recycled and use as construction 
materials. The study of indoor radon concentration 
focuses on regions of former uranium mining 
industries, where the radiological risk is higher. 

2. MATERIALS AND METHOD 

2.1. Design of the survey 

The survey was carrying out in three villages near 
uranium mining objects in different regions of 
Bulgaria. The villages were chosen so that covers the 
different types of uranium mining object in Bulgaria 
with different sources of contamination. The survey 
was conducted in villages Eleshnitca, Sliven-villas area 
and Bachkovo (Fig. 1). The main purpose of this study 
was to demonstrate that the uranium mining sites are 
radon prone area of Bulgaria and assess associated 
annual effective dose of this group. 

Eleshnitsa Village. The second milling plant 
“Zvezda” and two mines “Druzhba 1” and “Drizhba 2” 
are situated in Eleshnitsa. The village was the center of 
the southern mining region and is one of the sites with 
high radiation risk. Because the mine and milling plant 
were close to living areas and the village border, the 
radioactive and chemical pollution included ground 
and surface water, agricultural land, roads and living 
areas. The tailing pond of the Eleshnitsa milling plant 
Zvezda was established in 1969, and built in stages. All 
regular operation of the tailing pond was ended in 
1995. The Zvezda milling plant and its tailing pond in 
Eleshnitsa were remediated under a European fund 
project (PHARE BG 9904-03-01-02). The project 
started in 2002 and ended in 2005. However some 
uranium-related activity is ongoing today, as the plant 
still extracts uranium from cation exchange resins that 
are installed throughout the country at old sites with 
water outflow and delivered in Eleshnitsa for 
processing into yellow cake. This is called the Facility 

for Regeneration Purification of Ion Exchange Resins 
and it is this activity that is at the origin of the small 
effluent pond seen to the north of the restored tailing 
pond. The population of Eleshnica is approximately 
1420 inhabitants. The aim of the study was to gain an 
idea of the whole village. The village is conditionally 
separated in 5 regions. In the second and third region 
the houses are old and built with basements (before 
1950). The houses in the fourth region are built on 
wetlands and have no basements. The houses in the 
first region are new. 

Sliven-villas area. The mine “Sliven” is situated on 
the southern slope of the central part of Stara Planina, 
near the national park "The Blue Stones" in the 
suburbs of Sliven town. It has been discovered in 1955 
using aero-gamma photography. It has been developed 
and operated since 1962 to 1981 using classical and 
later on combined technology with 2 vertical shafts and 
14 adits (underground facilities). The South part of the 
field is included in the regulated recreation area of the 
town of Sliven. The technical liquidation had 
completed for two vertical shafts one adit in 1999 and 
eight more in 2002. After the uranium mining was 
ceased the expropriated forest and agricultural lands 
have been returned to their landholders. The biggest 
part of the land parcels have been building up, as the 
area is differentiated as so called resort area of the 
town of Sliven. After the ownership of the lands has 
been restored, the liquidated and filled – in with rock 
material form the waste rock heaps. Vertical shafts 1 
now is situated in a private land ownership. The Villas 
area is divided into two regions – villas around shaft 1 
and villas around shaft 2. Most homes in the Villas 
zone 1 are one-storey, old buildings, some of them are 
likely to be built with material from the mine waste 
piles. The houses in zone 2 are mainly two-storey and 
new construction. The region of survey is divided 
conditionally into three parts depending on the 
proximity of houses to the sites of uranium mining 
industry. The present study included houses near 
uranium facility to serve as a region with expected low 
concentrations of radon and to trace any 
contamination – zone 3. 

Bachkovo Village. The village of Bachkovo is 
situated in the west part of Rhodopes Mountains, 
located amidst the old green forests of the mountain. 
In the area of Bachkovo are 2 mines adits, which 
located inside the mountain at about 2-3 km, where 
mining activities are conducted only 2-3 years. 
Practically no pollution from the mining activities in 
the village and this area is classified as an area with 
low radiation risk. The population of Bachkovo is 300 
inhabitants. 1 km south of the village of Bachkovo is 
situated Bachkovo Monastery – the second in size and 
importance monastery in Bulgaria. Main objective was 
to cover the whole territory of the village. Detectors 
were placed in all parts of the village. 

2.2. Measurement and evaluation 

The cumulative measurements are carried out by 
E-PERM® System . The E-PERM System consists of 
three components: (1) an electrostatically charged 
TeflonR disk called an electret which collects ions; 
(2) an ion chamber made of conductive plastic into 
which an electret can be loaded and (3) a reader to 
read the surface potential (voltage) of the electret. The 
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method of the system E-PERM® is well designed, 
reliable, proven quality system, but is not suitable for 
large volume measurement because it is costly. LLT 
combination between camera and elecret are placed for 
long-term cumulative measurements (approximately 6 
months) in randomly selected houses in different areas 
of the settlements in ground floor. 

Table 1 Data connected with survey  

Village 
Period  Number 

of house 
Eleshnica 08.2008 to 01.2009 15 
Sliven – Villas area 06.2009 to 03.2010 22 
Bachkovo 07.2010 to 02.2011 20 

 
Cameras are placed in rooms where the population 

resides most often. After the collection of the detectors, 
the compensation of voltage is read with reader. The 
electret voltage reader is a highly sophisticated 
electric-field sensor with a special receptacle into 
which the electret is placed. When the shutter is 
opened, the sensor can read the voltage on the electret 
surface without touching it. Readings of the electret 
voltage, before and after deployment provide an 
absolute number for unambiguous, quantitative 
determination of the ion collection accomplished by 
the electret due to radon in the chamber. Calculation is 
required to convert the two electret voltage readings 
(initial and final voltages) and the exposure period into 
a radon concentration value. First, the calibration 
factor (CF) must be determined using Equation (1): 
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  (1), 

where A and B are constants for a particular E-PERM 
configuration, and I and F are the initial and final 
electret voltages. 

Equation (2) is used for calculating the radon 
concentration using the derived: 
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where CF is the calibration factor, C is the radon 
concentration and I and F are the initial and final 
electret voltages. D is the exposure period in units of 
days; k = 37 – correction factor for conversion of 
non-system unit pCi L-1 in the system unit Bq m-3; B – 
gamma dose rate; G – correction factor - 
[(pCi/L)/(µR/h)].  

To calculate annual effective doses from radon 
exposure, the formula recommended by the United 
Nations Scientific Committee on the Effects of Atomic 
Radiation (UNSCEAR) was applied: 

Annual effective dose = AM (Bq m-3) × 0.4 × 

7000 (h) × 9 (nSv (Bq m-3 h)-1),          (3) 

where AM is the arithmetic mean radon concentration 
in the units of Bq m-3, the typical value of 0.4 was used 
as the equilibrium factor for radon indoors, a 
recommended value of 9 nSv (Bq m-3 h)-1) was used to 
convert radon equilibrium equivalent concentration to 
population effective dose, and 7000 h or 80 % of home 
occupancy was assumed. The annual effective dose 
depends only on the AM. 

3. RESULTS AND DISCUTION 

The values of indoor radon concentration ranged 
from 200 to 1840 Bq m-3 in Eleshnica village. On the 
Fig. 2 is given the distribution of the measurement in 
Eleshnitca compared to the reference level (300 Bq m-3 
- new European draft Directive). High values of radon 
concentration are measured in 66% of the total 
number of measurements. 

 
Fig. 2 Indoor radon concentration measured in Eleshnica 

village 

The distribution of the measurement in Sliven – 
Villas area is given on the Fig. 3.  

 
Fig. 3 Indoor radon concentration measured in Sliven – Villas 

area 

High values of radon concentration are measured 
in 50% of the total number of measurements Range of 
indoor radon concentration in thee part – Villas zone 1, 
2, 3 is given in Table 2. 

Table 2 Range of indoor radon concentration in Sliven – 
Villas area 

Place 
Range of indoor 

radon concentration 
[Bq. m-3] 

Zone 1 160 - 1160 
Zone 2 95 - 1690 
Zone 3 55 - 390 

Concentration of radon in Villas zone 3 is lower 
than zone 1 and 2, which are close to mining facilities. 
In these areas, material from the waste rock heals is 
used for construction, possibly. 

The values of indoor radon concentration ranged 
from 160 to 4560 Bq m-3 in Bachkovo village. The 
distribution of the measurement in Bachkovo is given 
0n the Fig. 4. High values of radon concentration are 
measured in 58% of the total number of 
measurements. 
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Fig. 4 Indoor radon concentration measured in Bachkovo 
village 

The highest indoor radon concentration in 
measured in Bachkovo village. The annual effective 
dose from radon is evaluated using equation (3) and 
results are given in table 3. 

Table 3 Available information on radon exposure 

Village 
Average radon 
concentration 

[Bq. m-3] 

Annual 
effective doses 

[mSv] 
Eleshnica 675 17 
Sliven – zone 1 430 11 
Sliven – zone 2 590 15 
Sliven – zone 3 150 4 
Bachkovo 1010 25 

 

In the surveyed areas, on average 50% of houses 
have higher concentrations of radon than the 
reference. The estimated annual doses are above the 
annual limit. This can be considered that uranium 
mining sites are radon prone area in Bulgaria. 

4. CONCLUSION 

The results prove assumption that former uranium 
mining sites are radon prone areas where radiological 
risk is higher. The level of indoor radon of residential 
buildings in areas with higher uranium availability is 
around or above the recommended reference radon 
levels. The maximum value of the concentration of 
radon measured in areas less affected by uranium 

mining, proving the necessity to undertake a radon 
national survey to determine exact radon prone areas. 
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Abstract. This paper presents the results of a survey of indoor radon concentrations in the dwellings of 10 
Municipalities in the Skopje: the capital and the largest city of the Republic of Macedonia. The indoor radon 
concentrations were measured during the four successive seasons from December 2008 to December 2009 using 
integrating passive alpha track-etch detectors with an exposure period of three months. The annual mean indoor 
radon concentration in each measuring site was estimated as an arithmetic mean from the four individual 
measurements. 
The measurements were completed for 124 dwellings, of which 112 dwellings revealed indoor radon concentrations 
lower than 200 Bq m−3, and 3 showed radon concentrations in excess of 400 Bq m−3. The annual mean indoor radon 
concentrations were found to be log-normally distributed, ranging from 18 to 502 Bq m−3. The geometric mean value 
of the indoor radon concentration in Skopje region was estimated to be 83*/1.94 Bq m−3. The results of analysis of 
variance showed statistically significant differences in annual mean indoor radon concentrations among the different 
municipalities (p=0.021).  
The influence of the factors linked to building characteristics in relation to the annual mean of indoor radon 
concentration was also a subject to examination. The factors which allow differentiation into subgroups (significance 
level p<0.05) were: the floor level (p<0.0001), presence of basement (p<0.0001), and type of heating (p=0.004). 
Seasonal dependence of indoor radon concentration was observed. The minimum indoor radon concentrations were 
found in the summer season whereas maximum levels were observed in the winter season (p< 0.0001). 

Key words: indoor radon, variation, seasonal variation 

1. INTRODUCTION  

Concerning the radiation protection, the most 
dominant natural radiation source for the public 
exposure is the radon 222Rn and its short lived progeny, 
which occupies more than half of the dose exposure 
reaching the general public (1). Since indoor radon 
according to the World Health Organization is the 
second risk factor after smoking (2, 3), considerable 
effort has been performing in measuring, modeling and 
predicting such levels, remedying them were possible 
and reasonable (4). The pathway for radon generation in 
rock and soil to its indoors accumulation is controlled by 
a number of geogenic and anthropogenic factors, which 
leads to a large temporal and spatial variability (5, 6, 7). 
The seasonal variability of the indoor radon on the 
territory of Republic of Macedonia, investigated by 
Stojanovska et all, confirmed its regional distribution 
character (8). Furthermore, geological diversity of the 
Country contributes to the large scale of spatial 
variations (9).  

In order to clarify variation and factors which enable 
to affecting the indoor radon concentration the results of 
indoor radon concentration, measured in Municipalities 
of Skopje, are analyzed observed and discussed. 

1.1. Study area 

Skopje is the capital and largest city of the Republic 
of Macedonia located in the northern part of the 
Country, in the center of the Balkan Peninsula, covering 
an area of 571.46 km2. According to State Statistical 
Office, the territory is organized into ten municipalities, 
with a total population of 506 926(10). The center of 
Skopje is located at an elevation of 225 m with highest 
altitude of 1066 m above sea level. 

With respect to the geology, Skopje belongs to the 
geotectonic Vardar zone, which is mainly composed of 
Neogene–Quaternary sediments, represented mainly by 
clay and sandstone (11). Skopje lies over a weak, highly 
porous zone, also associated with high seismic activity in 
that region (12). Its surface is formed at the intersection 
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between NW-SE and E-W trending deep Mesozoic 
magmatic structures (12).  

The summers are hot and humid, while the winters 
are cold, wet, and often snowy. In summer, maximum 
daily temperatures are usually above 31 °C and 
sometimes above 40 °C. In spring and autumn, the 
temperatures range from 15 to 24 °C. In winter, the day 
temperatures are roughly 6 °C, whereas during the 
nights they often fall below 0 °C and sometimes below 
−10 °C. Occurrences of precipitation are evenly 
distributed throughout the year, being heaviest from 
October to December and from April to June. 

 

 
Fig. 1 Skopje municipalities: Aerodrom (1), Butel (2), Cair (3), 
Centar (4), Gazi Baba (5), Gjorce Petrov (6), Karpos (7), Kisela 

Voda (8), Saraj (9), Suto Orizari (10) 

2. MATERIALS AND METHODS 

Indoor radon concentrations were measured in 124 
randomly selected dwellings through the entire Skopje 
area. In each dwelling, a detector was placed either in a 
bedroom or a living room, depending on where residents 
spent most of their time, at a height of 1 to 1.5 m above 
the floor, at a distance greater than 0.5 m from each wall, 
and at a minimum of 20 cm from any other object. 

The commercially available RSKS and RADUET 
passive track detectors, produced by Radosys (Hungary), 
were used for measurements. RSKS detector consisted of 
CR-39 chip placed in a 25mm x 40mm cylindrical 
diffusion chamber. The RADUET detector was used for 
simultaneous detection of radon and thoron activity. It 
consisted of two detector chips CR 39, fixed in the pot 
section of two diffusion chambers (60mm x 30mm). 
The main chamber was sensitive to radon, whereas the 
secondary chamber was sensitive to both, radon and 
thoron.   

The detectors were exposed in the following periods: 
December 2008 - February 2009 (winter period), March 
– May, 2009 (spring period); June – August, 2009 
(summer period) and September – November, 2009 
(autumn period), using a different detector for each 
period. After exposures of 3 months, the detectors were 
detached, etched and scanned in the laboratory. The 

recorded track density was then converted to Becquerel 
per cubic meter by using appropriate calibration factors. 

The evaluation of the results was done using 
commercially available XLSTAT Pro 7.5 Statistic 
Software. 

3. RESULTS AND DISCUSSION 

The histogram of annual mean indoor radon 
concentration obtained for 124 dwellings is presented on 
Figure 2. The obtained results are ranged from 18 to 502 
Bq m−3 of which 112 dwellings revealed indoor radon 
concentrations lower than 200 Bq m−3. 
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Fig. 2  Histogram of the annual indoor radon concentration 

The annual indoor radon data set as a whole, like the 
sub-set grouped by season or municipalities appears log-
normally distributed. The log-normality was tested by χ2 
and Kolmogorov-Smirnov tests, which showed, basically, 
the same results at a significance level of 95 % (p ≤ 
0.05). The estimated parameters of the log-normal 
distribution are μ=4.42 and σ=0.66, that is GM=83 Bq 
m-3 and GSD=1.94. The arithmetic (AM) and geometric 
mean  (GM) values with its standard deviation (GM) and 
geometric standard deviation (GSD) of annual radon 
concentrations well as the number of measured 
dwellings for each Municipality are reported in Table 2.  

Table 2. Basic statistics of measuring results 

 
Since log transformed data have a normal 

distribution and the variance is homogeneous, the 
parametric analysis of variance (ANOVA) and Fisher’s 
LSD-test was applied at a significance level of 95 % (p ≤ 
0.05). LSD values were used for grouping regions 
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according to their mean values. In the following all 
differences are significant with p<0.05. 

The municipalities geometric mean values are 
significantly different (ANOVA, p=0.021). The annual 
indoor radon concentration was found to be higher in 
Gazi Baba than for Centar (p=0.001), Karpos (p=0.001), 
Kisela Voda (p=0.003), Gorce Petrov (p=0.027) and 
Aerodrom (p=0.031) as well as the higher values in Butel 
than Centar (p=0.027) and Karpos (p=0.033) were 
found to be.  

 However, in four municipalities (Aerodrom, Butel, 
Gazi Baba, Suto Orizari) the geometric mean values of 
the indoor radon concentrations were higher than 
national average of 84 Bq m-3 obtained from the 
National Survey (8). 

In order to investigate the influence of the building 
characteristics to the annual indoor radon 
concentrations, the following factors were taken into 
consideration: house age, type of room, type of heating, 
floor level, presence of basement, buildings materials 
and type of windows. The factors which enable 
differentiation into subgroups (ANOVA, p<0.05) were 
found to be: the floor level (p<0.0001), presence of 
basement (p<0.0001), and type of heating (p=0.004). 
The graph on the Figure 3 confirms the fact that the 
indoor radon concentration decreases with floor level 
(the second floor is excluded from the analysis because 
of the low number of cases). On the same graph it is 
clearly obvious that the influence of the 
presence/absence of basement is significant only for the 
ground floor values. Possible explanation of this finding 
could be the fact that the indoor radon concentration is 
mainly depending of the underlying soil characteristics. 
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Fig. 3 Annual indoor radon concentration in the houses with 

and without basement as a function of floor level 

Furthermore, influence of the heating system in the 
house on the indoor radon was also examined. In this 
subgroup we found statistically significant evidence of 
higher indoor radon concentration in houses with solid 
fuel heating in comparison with houses with 
central/electrical heating (Figure 4). For the first floor in 
houses with basement no significant influence was found 
because of the well-known stack-effect. 
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Fig. 4 Influence of type of heating on indoor radon 

concentration, measured  as function of floor level and presence 
or absence of basement 

Analysis performed on the other factors as type of 
windows, building materials, house age and type of floor 
material. These resulted in no association with indoor 
radon concentration, but chance of its influence cannot 
exclude. However, the limited number of dwellings in 
this survey did not allow us to determine subgroups of 
adequate size for suitable investigation. 

3.1. Seasonal variation of indoor radon 

It appeared that within each season, the measured 
indoor radon concentration follows a log-normal 
distribution.  

In order to derivate seasonal correction factors for 
Skopje, the pattern of seasonal variation of indoor radon 
concentration was analysed using the data of the 
seasonal measurements in all dwellings. It was found 
that a liner function best fits the correlation of annual 
indoor radon concentration and indoor radon seasonal 
measurements. The results of regression analysis are 
presented in Figure 5. 
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Fig. 5 Linear regression of log10CRa by: log10CRa(winter), 
log10CRa(spring),  log10CRa(summer),  log10CRa(autumn),   

Practically the same situation as on the national 
level, the highest correlation coefficient, R² = 0.9325, 
was obtained between the measured values of radon 
concentration in the winter period and the estimated 
annual average concentration. This result is useful for 
future research purposes, where it would be necessary to 
assess the annual average indoor radon concentration 
from the data based on one single seasonal radon indoor 
measurement. The later result suggested that the 
prediction from the average annual radon concentration 
is best done from winter measurements. Spring and 
autumn measurements should be used rather than 
summer measurements.  

The geometric mean values of indoor radon 
concentration over municipalities of Skopje, measured in 
different season are presented on Figure 6. The results 
confirmed the known fact that the indoor radon 
concentration strongly varied with the season in the 
year. The highest radon concentration was observed in 
the winter, while the lowest concentration appeared in 
summer (LSD, p<0,05).  

 
Figure 6. Geometric mean of indoor radon concentration in the 

municipalities of Skopje, measured in different season. 

4. CONCLUSION 

 The annual mean indoor radon concentrations 
obtained for the studied area varies from 18 to 502 
Bq m−3, which indicate that in some dwellings indoor 
radon concentration is not negligible. In general, 
significant difference between annual mean in 
different municipality were observed.  

 The building characteristic:  floor level, presence 
/absence of basement and type of heating significantly 
affecting a indoor radon concentration. The indoor 
radon concentration is generally higher in ground 
floor in houses without basement which use solid fuel 
type of heating 

 Seasonal variation of indoor radon concentration is 
an important factor, were modeled by linear function.  
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Abstract. The radon dose assessment is based on the recommended formula proposed by UNSCEAR and ICRP. There 
is still some misunderstanding in the two different approaches on radon dose assessments regarding how to transform 
radon concentration to the radon dose. One model is based on epidemiological assessments (ICRP) and the other one is 
evaluated from physical dosimetry (UNSCEAR). Also, it is very important to evaluate accurate annual radon 
concentration due to very complex indoor radon behavior. This task is not trivial and mostly come up from the radon 
variability. The aim of this work is to investigate the influence of the radon variability on dose assessment. For this 
purpose, we used the data sets from the indoor radon measurements performed in one-family dwelling house in 
Serbia. 
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1. INTRODUCTION 

Radon is a unique natural element since it is a gas, 
noble and radioactive in all of its isotopes. The radon 
contribution to the annual effective dose from all 
natural radioactive sources is significant (about 55%). 
It is very important to get accurate radon dose 
estimation. The radon dose assessment is based on the 
recommended formula proposed by UNSCEAR and 
ICRP. There is still some misunderstanding in the two 
different approaches on radon dose assessments 
regarding how to transform radon concentration to the 
radon dose [1]. Indoor radon concentration can vary 
significantly due to a large number of factors which 
include the local geology, soil permeability, building 
and lifestyle characteristics and meteorological 
parameters. Based on the measurements worldwide, 
there are two main periodicities in the indoor radon 
behavior, the daily and seasonal variability [2]. The 
influence of the radon variability to the radon dose 
assessments is the subject of the research in many 
countries [3], [4], [5], [6]. The aim of this work is to 
investigate the influence of the daily radon variability 
on dose assessment. For this purpose, we used data 
sets from the indoor radon measurements performed 
in one-family dwelling house in Serbia. 

2. SHORT-TERM INDOOR RADON MEASUREMENTS 

The radon concentration, as a physical quantitate 
has a one of the largest number of the methods to 
measure. All of them may be divided in the two groups. 
One is the long-term measurements, mostly performed 
with passive integrated measuring devices based on the 

nuclear track detectors, which is due to their low cost, 
simplicity and characteristics have ability to collect 
information from a large number of the measurement 
points at the same time, so they are used in the large 
radon mapping projects. The second group of the 
radon measurements methods are short-term 
measurements This type of measurements are 
performed with much more complex and expensive 
passive or active (pump air sampling) continuous 
measuring devices. 

The radon monitor is used to investigate the daily 
variations in the radon concentrations. For this type of 
short-term measurements the SN1029 radon monitor 
was used (manufactured by the Sun Nuclear 
Corporation, NRSB approval-code 31822). The device 
consists of two diffused junction photodiodes as a 
radon detector, and is furnished with sensors for 
temperature, barometric pressure and relative 
humidity. The user can set the measurement intervals 
from 30 min to 24 h. The radon monitor device records 
radon and atmospheric parameters readings every one 
hour in the one-family dwelling house in Belgrade, 
Serbia. The data are stored in the internal memory of 
the device and then transferred to the personal 
computer. The data obtained from the radon monitor 
for the temporal variations of the radon concentrations 
over a long period of time enable the study of the 
short-term periodical variations. 

The selected house is a typical one-family dwelling 
house building with standard construction materials 
such as blocks of brick, concrete, mortar. The house is 
thermally insulated with Styrofoam. In the summer 
time, the house is naturally ventilated. Air conditioning 
device is used during the hottest part of summer. The 
indoor radon measurements were done in the living 
room and the bedroom. The usually lifestyle means 
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staying in the living room for a period of 16 up to 24 
hours in the working days of the week. The sleeping 
time is from 24 to 08 hours. In the summer, the stay in 
the house is reduced. The opposite situation is in the 
autumn and winter, when the most of the time, 
inhabitants stay in houses. The measurements were 
performed in the August and September for the three 
days in each room separately. 

3. RESULTS AND DISCUSSION 

The time-series of the indoor radon measurements 
performed in the living room and bedroom in the 
August and September for the three days in the one-
family dwelling house in Belgrade are shown in Figures 
(see Fig. 1 and Fig. 2).  

 

 
Fig. 1 The short-term indoor radon measurements performed 
in the August and September for the three days in the living 

room 

The short-term measurements have shown that 
there are temporal variations on daily basis. The 
differences between minimum and maximum value are 
more intensive in the September than in the August. 
Also, it is obvious that daily variations of the indoor 
radon concentrations may be extreme (up to 600 Bqm-

3, see Fig. 1). The SN1029 radon monitor has sensors 
for temperature, barometric pressure and relative 
humidity. The Pearson correlation coefficient between 
radon concentration and the indoor temperature in 
both rooms is -0.5, which shows anticorrelation 
between two parameters, as it present in [7]. On the 
other side, there is positive correlation between radon 

concentration and the relative humidity. The Pearson 
correlation coefficients between radon concentration 
and relative humidity are 0.47 and 0.67 for the living 
room and bedroom, respectively. 

  

 
Fig. 2 The short-term indoor radon measurements performed 

in the August and September for the three days in the 
bedroom 

The special attention was made to the results of the 
mean radon concentrations based on the short-term 
measurements. The results are shown in Table 1. 

Table 1 Title of table (Style Table title)  

Month 
Living room 
Mean/Averaged 
from 16 to 24 hours 

Bedroom 
Mean/Averaged 
from 24 to 08 hours 

  
August 50.50/58.71 64.96/58.98 

  
  

September 150.05/66.26 210.74/278.48 
  

Besides the mean radon concentrations, it is also 
obtained the radon concentration averaged over 16 to 
24 hours for the living room and 24 to 08 hours for the 
bedroom. The results show a big difference between 
mean radon concentrations in the September and 
August in both rooms, due to seasonal radon variability 
(the ratio is about three). Also, there is a deviation 
from the mean value of the radon concentrations 
averaged over different period of the day due to 
lifestyle. In the all short-term measurements, the 
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radon concentration has maximum in the morning 
(07:30) and minimum in the afternoon (16:30).  

4. CONCLUSIONS 

Indoor radon concentration varies daily and 
seasonally, mainly due to the changes of the 
atmospheric parameters (temperature, atmospheric 
pressure and relative humidity) and the exchange rate 
between indoor and outdoor air. For this reason, it is 
important to investigate short-term variations of the 
indoor radon concentrations because the short-term 
variation during the day may be extreme. Also, in the 
laboratory with the the system for radon reduction and 
under controlled experimental conditions (indoor–
outdoor air exchange rate was constant; the influence 
of the behaviour of the people, for example opening 
and closing the door of the laboratory, was minimized), 
. there is significant one day radon periodicity [8], [9]  

The results present in this work show that it is 
difficult to estimate the annual radon concentration 
due to very complex indoor radon behavior. This task 
is not trivial and mostly come up from the radon 
variability. In many recent published articles, this issue 
is the subject of the research [10], [11]. One of the 
conclusions is that must be used the correction factors 
for determination of annual average radon 
concentration resulting from seasonal and also daily 
variability, based on the database of the short and 
long-term indoor radon measurements  

Acknowledgement: The paper is a part of the research 
done within the project 43002 of the Ministry of Education 
and Science of the Republic of Serbia. 
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Abstract. It is known from many studies that, the level of Radon concentration in regions where new or old tectonic 
faults and fractures are present is above the background. The studies of the level concentration of Radon in the soils, in 
such geological conditions, serves to help the geological interpretation and the determination of the area where the 
tectonic feature is present, especially in cases where it is covered by sediments. Physically, this phenomenon is well 
known, as for other gases as well, and those tectonic features serve as a way for their movement from the depths 
toward the surface. In these situations, the level of Radon concentration changes in big ranges for the following 
reasons: Theoretically, the concentration of gas that moves toward the surface is conditioned from the level of 
uranium concentration in the bedrock from which it is released (starting from rocks situated in the hypocenter of the 
earthquake and till the superficial geological formations);  the porosity of the geological formations from which it is 
released;  during its movement toward the surface the gas is distributed in several tectonics and cracks which are 
activated during an earthquake. In September 2009, an earthquake with magnitude 5.5 of Richter scale happened in 
the region of Peshkopia, Gjorica village, Albania. The earthquake with epicenter around 60 km from the capital city of 
Albania, Tirana, was felt in a region with distance up to 70 km from the epicenter.  This earthquake caused economical 
loss around the epicenter. The mainshock was associated with several aftershocks. The focal mechanism of the source 
was a normal fault. After the main shock during the time where the region was still seismically active, we carried out 
in soil radon measurements in several points, close to the tectonic fault, tracks  of which were present in the surface. 
This profile of in soil Radon measurements was repeated in a latter time, during a seismically quiet phase.  From the 
measurements we concluded that during the seismic activity on the region, Radon concentration increases several 
times comparing of a quiet situation. 
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1. INTRODUCTION  

Radon is a daughter product of radium, which in 
turn results from decay of uranium and thorium. Thus 
rocks enriched in uranium and/or thorium are likely 
sources of Radon. The natural radon isotopes, 222Rn, 
220Rn and 219Rn (all occurring as gas), stem from the 
238U, 232Th, and 235U decay series, respectively. The 
mobility of radon is a result of its gaseous state and 
inert chemical properties which allow it to move as a 
gas or dissolved in geofluids. (e.g water). The most 
abundant isotope, 222Rn, has a half life of 3.825 days 
and it can be detected and measured with either alpha 
scintillometry or gamma spectrometry. The abundance 
of 222Rn stems from the abundance of its parent 
element 238U, which is 138 times more abundant than 
235U. In environmental context, the other two 
isotopes, 220Rn and 219Rn, are of little importance, 
because of their lesser abundances and shorter half-
lives, compared with 222Rn.  Therefore in the 
following study the term radon or symbol Rn refers 
always to 222Rn. 

Radon can emanate from the ground at a rate 
which is dependent on the lithology of the bedrock, 

structural features such as faulting and jointings, soil 
physical and chemical properties, mode of transport 
(diffusion or fluid flow), and atmospheric influences 
such as precipitation wind and temperature. Radon is 
soluble in water and most significant movement in the 
subsurface is probably related to the transport of radon 
by groundwater flow (Andrew and Wood, 1972)[1]. 
From an environmental standpoint, it is important to 
elucidate the physical mechanism that are responsible 
for radon transport from subsurface to dwellings and 
buildings. These mechanisms have been discussed in 
detail by, among others, Nazarrof (1988) [2] and 
Nazzaroff (1992) [3]. Rn can be transported in two 
ways: by molecular diffusion and by advective air flow 
in the underground region.  Soil gas permeability is 
one of the principal parameters, perhaps the dominant 
one, in controlling the radon transport.  Several 
qualitative and semi quantitative models of radon 
concentration in soil gas have been developed 
(LeGrand, 1987 [4]; Wilson, 1984 [5]), which use the 
geological and soil characteristics and measured radon 
concentration in soil gas to classify the area or site as 
high-risk, medium risk, or low risk from an 
environmental standpoint. To make an assessment of 
the radon risk of a specified soil in a given area, Medici 
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and Rybach (1994) [6] have introduces a Rn-
availability index (RAV). This is defined by the 
product: Rn concentration is soil (Bq/m3) x soil-gas 
permeability (m2). Computed values of RAV can be 
used to characterize areas for their radon potential. 

Application of radioactivity surveys include an 
assessment of the potential of indoor radon risk, soil 
and groundwater contamination, delineation of 
nuclear wastes and fallouts, mapping of faults, 
prediction of earthquakes, and monitoring of 
landslides. 

1.1. Radon-monitoring applied to earthquake 
prediction, detection of fault and fractures zones. 

Several studies have shown that faults and 
fractures zones are characterized by linear Rn 
anomalies caused by migration of radon through 
cracks and openings (Abdoh and Pilkington, 1989)[7].  

The amount of radon in groundwater along active 
faults is commonly higher than what can be accounted 
for by radium dissolved in water, suggesting than 
radon generated in the rock matrix is constantly 
feeding into aquifers. The possibility that radon 
concentrations in soil and groundwater may show 
earthquake-related changes has simulated radon-
monitoring efforts worldwide in earthquake studies 
(Plastino et al., 2009)[8], (King, 1986)[9]. This 
precursor phenomenon is thought to be related to 
initial episodes of strain release in the foreshock 
sequence that increases the emanation power of the 
rock due to fracturing.  Probably the most extensive 
monitoring of radon in groundwater (at over 1000 
sites) was made in China after the Xingtai earthquake 
(Richter magnitude, M=7.2) in 1966. Prior to 
occurrences of earthquakes, anomalous radon changes 
(mostly increases) have been reported to be observed 
in monitoring wells at epicenter distance of up to 
several hundreds kilometers.  The radon anomaly, 
along with other precursory phenomena (increase in 
local seismicity, and unusual animal behavior) 
observed in the area, led to successful prediction of the 
Haicheng earthquake (M=7.3, on February 4, 1975, 
north of China). 

Radon (222Rn) as a possible candidate for 
earthquake’s precursor has been studied for a long 
period, but there is no clear evidence that it is really a 
good precursor. It has been suggested as one of several 
possible early signals, and its groundwater anomalies 
associated with earthquakes and water-rock 
interactions were detected in several seismogenic areas 
worldwide indicating possible transport of radon 
through microfractures or the crustal gas fluxes along 
active faults (Plastino and Bella, 2001 [10]; Richon et 
al., 2003[11]; Plastino, 2006[12]; Kawada et al., 
2007[13]). The physical processes associated with 
radon groundwater anomalies are based on changes of 
radon emanation rates occurring due to strain signal 
near the earthquake’s nucleation point. Particularly, it 
is unclear its behaviour before, during and after the 
main shock, considering the consolidated scheme for 
radon release due to stress–strain processes in the 
rock.  

 

 

2. TECTONIC SETTINGS 

The seismic activity on the region is related with 
the active Transversal Tectonic Fault Vlora-Elbasan-
Diber (Naço et al., 2011)[14] (Fig.1). The region under 
study includes the sector from Librazhd in Peshkopi, 
where the rock formations are grouped into several 
tectonic units, which preserve the same order of 
location in all its extent. The flysch formation of 
Mastrihtian- Eocene, builds the central part of 
Okshtuni anticline, although the youngest age, is 
tectonically underlain (Fig. 2). 

The early Cretaceous -Jurassic flysch is overlain in  
the circular nape form, without interrupting 
lithological and structural conformity, staying in full 
concordance with the new Eocene Mastrihtian flysch  
under its own. Further, in range are placed other units 
that are schist-dioritic grandioritic formation, Triassic-
Jurassic carbonatic formation, and finally over all 
these rock-tectonic units overlay tectonically the 
ultrabasic formation. This tectonic relationships 
situation is not regional, but extends much wider to the 
area cited above, that is Albanide.  

 

Fig. 1  The locations of the aftershocks of Gjorica Earthquake 
in tectonic map of Albania 

      The Okshtuni tectonic window represents a very 
important node  in tectonic structuring of Albanides 
and wider and that its structuring is the product of the 
same geodynamic process that formed Evaporates of 
Dumrea, tectonic windows of  Peshkopia, geological 
structure of the Sharri Mountain;  the activation of the 
transversal fault of  Vlora-Elbasan-Dibra- Sharri 
Mountains - Gryke Kacanik (VED).  

So, as we said above, it is clearly understood that 
Okshtuni tectonic window, the Okshtuni anticline 
structure, their northeast structural orientation, is a 
product of uplifting geodynamic processes that have 
accompanied the geotectonic evolution of the Elbasan-
Dibra- Sharri Mountains transversal fault. At the core 
this geotectonic evolution, remains the early and deep 
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transversal fault (VED), as weakened and ductile mass 
intruding zone of evaporates, maximally sensitive to 
tectonic strain and ready to move immediately towards 
weakened sectors (Fig.1).  

 
Fig. 2  Geological map of the region 

3. METHODOLOGY AND RESULTS 

On September 06, 2009, local time 23:49, an 
earthquake with magnitude Mw=5.5 and epicenter on 
Gjorica village struck Albania. This earthquake with 
intensity at the epicenter VII-VIII of EMS-98 scale, 
was felt in Tirana (60 km far from the epicenter in  SW 
direction). This seismic event caused economical loss 
on the villages around the epicenter and tracks of 
surface cracks where observed (Fig. 3). 

 

  

Fig.3  Earth surface cracks of the Gjorica earthquake with 
magnitude 5.5 of Richter scale. 

This mainshock was followed by many aftershocks 
which lasted for several weeks. One day after the 
mainshock, in soil radon measurements started to be 
carried out, in order to see the relation of seismic 
activity on the region with the level of radon gas 
concentration. 

The measurements are carried out with the Lukas 
cell method, using the instrument Luk-4. The air 
sample  were taken in a depth 0.6-0.8 m. 

The measurements of in-soil radon concentration 
were done in two phases, along a profile perpendicular 
with the cracks present on the surface (fig.4).  In the 
first phase, in soil measurements were carried out one 
day after the mainshock, during the phase of 
aftershocks. 

 

Fig. 4  Schematic view of in soil measurements of Radon 
Concentration on the epicenter zone. 

 

In the second phase, approximately 8 months after 
the mainshock, during the seismically quiet phase, this 
profile of in-soil radon measurements has been 
repeated.  The profiles of in soil Radon concentration 
are presented in figure.5. The red color line presents 
the values of in soil radon concentration one day after 
the mainshock. As seen from the graph, during the 
aftershock sequence, in soil radon level (red line) 
increases toward the place where earth surface cracks 
are present. The highest value is registered (27200 
Bq/m3) around 10 m far from the earth surface crack, 
due to the pores filling of sediments with radon gas in 
that area.   

 

Fig. 5 The values of radon concentration  on the epicenter 
zone. Red color one day after main shocks. Blue color 

seismically quiet phase (8 months after the mainshock). 
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Toward points 5 and 6,   which are far from the 
surface cracks (20-40m), the level of radon 
concentration is 2500-3000 Bq/m3,  which is the value 
of the background. The blue line shows the 
measurements of in soil radon concentration 8 months 
after the mainshock, during a seismically quiet period, 
where no seismic events are registered. As seen from 
the graph, the level of radon concentration is in the 
interval 1500-2500 Bq/m3. 
 

4. CONCLUSION 

The high level of Radon concentration close to the 
cracks, is explained from the fact that they serve as 
chimney for the Radon and there is a high flux of 
movement through it. During its movement, the radon 
gas is distributed along all the cracking region or 
activated fault and trapped by the sedimentary cover. 
In this way, the concentration in one point is not 
representative of all the situation. 

The high level of Radon concentration in point 2 
comparing to other points, is related to the fact that the 
measurement was carried out during an aftershock. 

The level or radon concentration 10 times higher  
close to the surface cracks, is explained from the fact 
that the rock pores and sedimentary cover are filled 
with Radon gas, and as a consequence the cover serve 
as shield that does not allow it to be distributed in 
atmosphere.  
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EXPOSURE ANALYSIS FOR THE MULLET SPECIES LIZA RAMADA (RISSO, 1826)  
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Abstract Four whole individuals of Liza ramada from the South Adriatic Sea – Boka Kotorska Bay, were analyzed for 
radioactivity due to 137Cs, 40K, 226Ra and 232Th. Their activity concentrations were determined to be from 0.47 to 1.04, 
55.9 to 92.5, 0.59 to 1.18 and 0.7 to 0.93 Bq/kg, respectively. Because pelagic fish are irradiated by the activity in 
water, and internally by incorporated radionuclides, the total dose rates were also calculated and found to be from 
0.136 to 0.209 Gy/h, which is significanlty lower than the permissible limit of 10 mGy/d, and the effects caused by 
radioactivity could not be expected.  

Key words: Liza ramada, gamma radioactivity, dose rate  

1.  INTRODUCTION   

Nowadays, all species live in somewhat changed 
environmental conditions characterized with higher 
impacts of both radiation – non-ionizing (UV, etc.) 
and ionizing, which should be taken into account in 
considering conservation needs.  

However, interactions between radiation and 
wide range of biological species are not well 
understood. Conservation consequences of ionizing 
radiation and radioactive waste are still poorly 
known, as well (including consequences of nuclear 
accidents which change global radioecological 
picture). Therefore, efforts to evaluate the doses to 
terrestrial and aquatic biota are important and 
needful. This is particularly because a protection of 
the environment against radiation was often based 
on the assumption that non-human biota is 
protected always when dose levels are protective for 
humans, despite the fact that non-human biota 
exists in zones where humans do not, and specific 
exposure pathways and/or effects can occur for 
some species (including rare or endangered ones) 
1.  

For radioecological (and radiation protection) 
studies related to the aquatic environment, 
important facts are: radioactivity in the aquatic 
environment originates from naturally occurring 
radionuclides, fallout from the atmosphere, but also 
from radioactive effluents from medical, industrial, 
and nuclear facilities; radionuclides may accumulate 
in bottom sediment or remain in the water column 
in the dissolved state; they can subsequently 
accumulate in biota and be transferred through the 
aquatic food chain.  

Thus, aquatic organisms can be irradiated by 
radioactivity from water, sediment, and from other 
biota such as vegetation (external radiation 
exposure), but they can also take up radioactivity 
from water and incorporate it into their tissues 
(internal radiation exposure).  

As it is known, fish are most sensitive among 
aquatic organisms. For fish species, threshold for 
statistically significant effects is around 100 Gy h-1 
(e.g. marine exposure due to 137,134Cs and 131I from 
Chernobyl release showed – there are no effects on 
organisms at dose rates 100 Gy h-1, while minor 
effects in fish occur at dose rates 100-200 Gy h-1, 
without effects for the other species).  

Therefore, such observation of fish species 
(aquatic ecosystems and the environment where fish 
occur) is needed, in particular because this kind of 
pollution (if exists) is more problematic than the 
other ones which could be reduced by cleaning up, 
for example (or by reducing the use of plastics and 
the other types of pollutants, keeping beaches and 
the other natural areas free of garbage, etc.), but 
also than introducing responsible management of 
fisheries, as one component of fish conservation. 

The present study provides baseline data for the 
mullet species Liza ramada Risso, 1826 (Mugilidae) 
– as one of the six mullet species that occur in the 
South Adriatic Sea – Coast of Montenegro. 

2.  CONSERVATION BIOLOGY AND IONIZING 

RADIATION    

In the consideration of environmental protection 
in terms of consequences for populations, 
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ecosystems or habitats, a risk assessment may arise 
from a requirement to address issues relating to 
nature conservation, by commenting effects of 
exposure to ionizing radiation on – genetic diversity 
of particular species, population dynamics, habitat 
ecology 2.  

As Moller and Mousseau reported in 2006 3, 
several studies have already shown associations 
between high and low levels of radiation and the 
abundance, distribution, life history and mutation 
rates of plants and animals. The same authors have 
highlighted recently – the Chernobyl accident may 
have significant consequences, and abundance of 
rare species was negatively impacted by the 
Chernobyl accident 4. So, the impact of ionizing 
radiation on biota may be assessed in terms of the 
conservation and maintenance of biodiversity 4, 5, 
which (together with habitat protection) are also 
essential features for the application of the principle 
of sustainability. According to the IAEA report 6, 
the biological impacts related to previously 
mentioned principles are radiation-induced early 
mortality, increased morbidity, reduced 
reproductive success and possible deleterious 
hereditary effects. 

Additionally, in relation to environmental 
impact of ionizing radiation in an ecological risk 
assessment approach, very important are 
methodologies relevant to exposure analysis, effect 
analysis, risk characterization and consequences 
analysis 7.  

In an exposure analysis, after determination of 
radionuclide levels in the environment and biota 
itself, as well as corresponding radiation dose rate 
(although for biota, the concept of dose, radiation 
weighting factors and tissue weighting factors are 
still under discussion; and biological effects of low 
doses, including long-term ones, are not well 
known), the total dose rate can then be compared to 
literature values for radiation effects on the same or 
closely related organisms 8 – to check whether the 
effects could be expected. If dose rates are equal or 
higher than suggested dose limits, a further research 
should be performed, such as research on 
physiological and genetic effects. 

3.  MATERIAL AND METHODS    

Four individuals of L. ramada were collected in 
the South Adriatic Sea (area of Tivat – in the Boka 
Kotorska Bay, Montenegro), and selected on the 
basis of taxonomic characteristics 9. They (marked 
as 1, 2, 3 and 4 in Table 1) had total lengths – 39.2, 
38.7, 33.6 and 28.6 cm, respectively, and fresh 
masses – 0.452, 0.368, 0.22 and 0.192 kg, 
respectively. After sealed storage in plastic vessels 
for minimum 38 days, these whole individuals have 
been measured by the 4 multidetector gamma-
spectrometer PRIPYAT-2M, using the method 
developed for measuring 137Cs, 40K, and decay 
products of 226Ra and 232Th in samples of different 
nature 10.  

The same spectrometer has been also used for 
measuring seawater – sampled in the area of Tivat, 
evaporated and kept (in 1 L Marrineli beaker) at 
airtight condition to allow secular equilibrium 
between radium and its daughters. 

The activity of 137Cs was determined using the 
662 keV gamma-ray of its progeny 137Ba; 40K – using 
the 1460.83 keV gamma-rays from +-decay to 
stable 40Ar; 226Ra – using the 609 keV gamma-rays, 
which follow --decay of 214Bi to 214Po, assuming that 
226Ra is in radioactive equilibrium with its 
daughters, i.e., no losses via 222Rn emanation; 232Th 
– using the 911 keV gamma-rays from --decay of 
228Ac to 228Th, and the 583 keV and 2615 keV 
gamma-rays from --decay of 208Tl to 208Pb (taking 
into account decays characteristics and the fact that 
there is no 220Rn emanation).  

It is important to point out that the level of 232Th 
(in the previous studies e.g. 11, as well) was 
estimated through activity concentrations of its 
daughters and, in fact, presents their level (an 
assumption about equilibrium between 232Th and all 
its daughters is somewhat problematic, in particular 
in biotic samples).   

3.1. Dose rate and concentration factors 

As mentioned above, fish are internally 
irradiated by incorporated radionuclides, and 
externally by the activity in water and sediment (in 
the cases of bottom dwellers and benthic 
organisms).  

Since an external irradiation of L. ramada (as 
pelagic fish) by the activity in water is dominant, it 
should be is considered together with internal 
exposure to incorporated 137Cs, 40K, 226Ra and 232Th. 

The dose rate (D) was evaluated using the 
formula proposed by the UNSCEAR 12 

,,,,, 
r

rfishrinrwaterrext CDCCCDCCD  (1) 

where DCCext,r is the dose conversion coefficient for 
external exposure to radionuclide r (in Gy/h per 
Bq/kg); Cwater,r is the activity concentration of 
radionuclide r in water (in Bq/L, i.e., Bq/kg); 
DCCin,r is the dose conversion coefficient for internal 
exposure to radionuclide r (in Gy/h per Bq/kg); 
Cfish,r is the internal activity concentration of 
radionuclide r in fish (in Bq/kg). 

DCCext proposed by the UNSCEAR for 137Cs, 
226Ra and 232Th in the case of pelagic fish are: 2.710-

4, 9.110-4, 1.510-7 Gy/h per Bq/kg, respectively; 
while DCCin – 1.910-4, 1.410-1, 2.310-2 Gy/h per 
Bq/kg, respectively 12 . 

The UNSCEAR report (2008) did not propose 
the dose conversion coefficients for 40K, so a value of 
2.610-6 Gy/y per Bq/kg (external exposure) and 
3.410-6 Gy/y per Bq/kg (internal exposure) as given 
by Amiro 13 and applied in some previous studies 
(e.g., 1, 14), was also used in this work (after 
conversion into Gy/h per Bq/kg). 
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Although concentration factors (CFs) for 
transfer of some radionuclides from water to fish 
have been previously analyzed e.g. 15, 16, and 
showed a considerable ability for fish to accumulate 
them from water, even when they were present in 
very small concentrations, radionuclides uptake, 
distribution and bioaccumulation in different fish 
species are not well known.  

In the present study, CFs for selected 
radionuclides – 137Cs, 40K, 226Ra and 232Th (for 
seawater to fish) were calculated using the formula 

.
 Bq/L
 Bq/kg

rof seawate

 fishof wet wt 
CF   (2) 

4.  RESULTS AND DISCUSSION 

 Radionuclide activity concentrations in four 
individuals of L. ramada are given in Table 1, while 
corresponding total dose rate (D), calculated by Eq. 
(1) using these and known radionuclide activity 
concentrations in seawater (137Cs, 40K, 226Ra and 
232Th – 0.05±0.02, 7.91±0.65, 0.08±0.02 and 
0.10±0.03 Bq/L, respectively) is shown in Fig. 1. 

Table 1 Radionuclide activity concentrations in 
whole individuals of L. ramada 

L. 
ramada 

 

C(137Cs), 
Bq/kg 

C(40K), 
Bq/kg 

C(226Ra), 
Bq/kg 

C(232Th), 
Bq/kg 

1 
2 
3 
4 

0.860.14 
0.540.09 
0.470.10 
1.040.22 

84.68.47 
89.079.91 
55.93.63 
92.55.83 

0.950.20 
0.590.16 
1.180.22 
0.990.26 

0.710.17 
0.700.18 
0.860.17 
0.930.24 

 

An average 137Cs, 40K, 226Ra and 232Th activity 
concentration in whole fish was – 0.7, 80.5, 0.9 and 
0.8 Bq/kg, respectively. 

Liza ramada cesium activity concentrations 
were found to be significantly lower than, for 
example, those for sprat from the Baltic Sea (5.09 
Bq/kg in 2008 17), where radium activity 
concentration was found to be 0.7 Bq/kg, i.e., 
comparable with values reported for whole benthic 
fish from Puget Sound, Washington, USA, with 
maximum measured radium activity of 0.75 Bq/kg 
15. In L. ramada, radium activity concentrations 
were slightly higher (except for sample 2). On the 
other hand, 40K activity concentration is lower than 
in sprat from the Baltic Sea – measured as whole 
fish without head (11810.5 Bq/kg 17). 

CFs for seawater to whole fish calculated using 
Eq. (2), are presented in Table 2, and showed mean 
values 14.5, 10.2, 11 and 8 – for 137Cs, 40K, 226Ra and 
232Th, respectively.  

Cesium-137 and 226Ra (radioecologically 
important, as significant contributors to dose rates) 
in the case of L. ramada showed the highest CFs 
(14.5 and 11, respectively).  

From a comparison of these results with ones 
obtained for Chelon labrosus Risso 1826 (another 
mullet species from the South Adriatic Sea) follows 

that L. ramada CF for 137Cs is lower (for C. labrosus 
an average was 20.4), whilst that for 226Ra is higher 
(in the case of C. labrosus it was 8.6) 18. 

Table 2 Concentration factors (CFs) for seawater to 
L. ramada 

L. 
ramada 

 

CF(137Cs) 
 

CF(40K) 
 

CF(226Ra) 
 

CF(232Th) 
 

1 
2 
3 
4 

17.2 
10.8 
9.4 

20.8 

10.7 
11.3 
7.1 
11.7 

11.9 
7.4 
12.5 
12.4 

7.1 
7 

8.6 
9.3 

 
Fig. 2 Total dose rates – four individuals of L. ramada 

The highest dose rate (about 5.02 Gy/d) was 
found for sample 3 (caused by somewhat higher 
226Ra activity), whilst the lowest – for sample 2 
(about 3.26 Gy/d).  

However, in all cases, total doses are 
significanlty lower (0.05 %) than the dose limit 
400 Gy h-1.  

According to the UNSCEAR report 12, 
maximum dose rates of 400 Gy h-1 to a small 
proportion of the individuals in aquatic organisms 
populations would not have any detrimental effect 
at the population level.  

The NCRP report 19 also provided guidance for 
protecting populations of aquatic organisms, and 
concluded that a chronic dose of 10 mGy/d to the 
maximally exposed individual in a population of 
aquatic organisms, would ensure protection of the 
population, based on no ecologically significant 
effects on individuals below this level. 

In the present study obtained dose rates seem to 
be very low, and the effects could not be expected. 

However, all these calculations assumed a 
homogeneous radionuclide activity distribution in 
organism. On the other hand, some our previous 
research on mullets showed that 137Cs accumulation 
in muscles and 226Ra in skeleton is higher than in 
whole individuals 18. It is still not clear how it 
could affect accuracy of the assessment.  

Finally, as highlighted in some previous 
research, uncertainty remains about the radiation 
doses experienced by biota throughout lifetimes, but 
also about predicting the likelihood of deterministic 
and stochastic effects which could be applied in a 
generic way for individuals, populations, or whole 
ecosystems. Furthermore, in considering complex 
systems as a key to modern ecological 
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understanding, dose-effect relationships of the 
subsystem components may lose their predictive 
ability at the system level 20.  

5.  CONCLUSIONS 

This work demonstrates that the mullet species 
L. ramada from the South Adriatic Sea (Boka 
Kotorska Bay, Montenegro) received a negligible 
radiation exposure due to natural (40K, 226Ra and 
232Th) and anthropogenic (137Cs) sources contained 
in both – surrounding water and individuals 
themselves. 

This approach could be used in considering 
possible effects of ionizing radiation to the other 
species (aquatic and terrestrial, including rare 
and/or endangered species) – to assure that there 
are no (and cannot be expected) relevant 
consequences, or that a further research on specific 
effects should be performed. 
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Abstract. The purpose of this research was determination of the radiological profile of the fly and bottom ash, by-
product of coal burning in the thermoelectric unit of the former “Simo Dimic“ sulfate pulp factory. The characterization 
was done in order to classify the waste material, assess its impact to the environment and exposed population and 
recommend appropriate management solution. The research involves determination of the activities of the 
radionuclides using a HPGe GR1520 semiconductor detector coupled with a multichannel analyzer LYNX and in situ 
measurement of an effective dose rate above the landfill using RadEye PRD-ER device. The mean value of the total 
effective dose rate measured in the air at the height of 1 m for all samples of ash was 1.60 mSv/yr which is two times 
higher compared to Croatian average (0.7015 mSv/yr), and 11.4 times higher compared to the local background (0.14 
mSv/yr). In the samples of ash regardless of the sampling position the activity concentrations of the radionuclides in 
Bq/kg vary in the following ranges:  226Ra from 82.10 to 314.90 (mean value 144.3), 232Th from 32.50 to 223.60 (mean 
value 72.7) and 238U from 69.10 to 243.20 (mean value 129.6). Compared to the mean values found in the background 
soil 226Ra and 238U mean activity concentrations increased 6.4 times and 232Th 4.3 times. In order to reduce total 
effective dose rate to the local “background“ values and to prevent redistribution of the radionuclides from the 
deposited material into the environment fly and bottom ash landfill must be sealed with 10 cm thick layer of the 
material with low permeability. 

Key words: fly and bottom ash landfill, Plaski, total effective dose rate, radionuclides 

1. INTRODUCTION 

The purpose of the present investigation was to 
examine the radiological characteristics of the fly and 
bottom ash which resulted as a by-product of the coal 
burning process. This waste material had been 
accumulated in the thermoelectric unit of the former 
“Simo Dimic“ sulfate pulp factory, situated in a small 
Croatian town of Plaski, near the city of Ogulin, in the 
Karlovac county. The fly and bottom ash landfill 
(FBAL) contains about 70,000 m3 of the waste ash 
accumulated during the production period. Since the 
production ceased 20 years ago, and thereafter the 
location has not been in use, the surface plateau of the 
FBAL has been covered mostly by vegetation that 
partially prevents the waste dispersal. The FBAL height 
varies from 3.5 to about 13 meters. Its open sections 
clearly evidence the environmental agents' influence, 
such as the cementation of their surface due to 
reactions between calcium and sulfate from the ash in 
contact with precipitation. However, this has 
prevented further heavy metal and radionuclide 
leaching into the environment. During the whole 
production period, the fly and bottom ash was 
deposited directly on the land with no protective cover, 
and left to the weathering processes. The informations 

and data are lacking about the chemical and 
radiological characteristics of the waste material as 
well as the origin and chemical composition of the 
former coal. Therefore, the present work was carried 
out in order to assess whether the waste material poses 
a potential threat to the environment. It is well known 
that the by-products of the coal burning processes 
could be enriched in naturally occurring radionuclides 
from the U and Th decay series. The slag and ash from 
the former Adriavinil chemical factory in the Kastel 
Sucurac (Croatia) could be taken as an example of such 
technologically enhanced naturally occurring 
radioactive material, having the activity concentrations 
of 238U as high as 2500 Bq/kg, and 226Ra up to 3500 
Bq/kg.[1, 2] 

2. MATERIALS AND METHODS 

The samples were collected as follows: 14 samples 
removed from the surface of the FBAL (P); 17 samples 
of the FBAL's two open profiles (P1, P2); and, 2 control 
soil samples (BG) taken at the distances of 5 km and 15 
km away from the landfill, thus representing the local 
background data, collected from the uncultivated land, 
non-polluted by the artificial fertilizers, pesticides, or 
industrial sources. The P1 and P2 profiles were 
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sampled using a corer perpendicular to the main body 
of the FBAL. The in situ effective dose rate 
measurements were performed in air at the height of 1 
m above the soil/ash surface, using the RadEye PRD-
ER device (High-Sensitivity Personal Radiation 
Detectors) (Thermo Fisher Scientific Inc.), operating as 
follows: detector: NaI (Tl); the measurement area: 0.01 
μSv/h to 100 mSv/h; the energy range: 60 keV to 1.3 
MeV. The samples were prepared for gamma 
spectrometry according to previously described 
protocol [1,2] and analyzed using a HPGe GR1520 
semiconductor detector with 15% relative efficiency 
coupled with the multichannel analyzer LYNX with 
8192 channels (Canberra Industries). The detector 
resolution was 1.89 keV at 1332.5 keV (60Co). Spectra 
were collected for 10000 s and analyzed by the Genie 
2000 software (Canberra Industries). [1, 2] The 40K 
activity concentration was determined through the 
1460.75 keV peak. The activity of 226Ra, 232Th and238U 
were determined indirectly as described by Orescanin 
et al., [1, 2] The top layer thickness, i.e. the proposed clay 
cover over the FBAL, was determined by measuring the 
effective dose rate in air at the height of 1 m above the 
composite sample of the waste material, by packing 
them in a polyethylene container with a diameter of 30 
cm and a height of 180 cm. This material was lifted 1 m 
above the ground and was not homogenized in order to 
simulate as much as possible the real field conditions. 
A layer of the clay material having the effective dose 
rate of 0.53 mSv/yr was placed on the top of the waste 
material. The effective dose rate measurements were 
carried out following the additions from 3 to15 cm of 
the clay material. The clay thickness was gradually 
raised until the waste material no longer contributed to 
the effective dose rate. 

3. RESULTS AND DISCUSSION 

The basic statistical parameters for the total 
effective dose rate in air at the height of 1 m measured 
above the P, P1, and P2 sites of the FBAL, as well as BG 
sites are presented in Table 1. Concerning the P, P1, 
and P2 sites, mean values of the total effective dose 

rate were as follows (in mSv/yr), respectively: 1.41, 
2.03, and 1.53. Taking into account all the three site 
types together, their mean value of the total effective 
dose rate was 1.60 mSv/yr. This value equals a dose of 
an exposed worker receiving it during a whole year 
staying 24 hours a day on the landfill. According to 
UNSCEAR, 2008 [3], the total effective dose rate in 
Croatia due to exposure to the cosmic and terrestrial 
radiation ranges from 0.427 to 0.854 mSv/yr (average 
0.7015 mSv/yr). The ranges of the total effective dose 
rates per person were determined for the inhabitants 
of the region of Istria to be between 0.478 and 1.58 
mSv/yr (average 0.8122 mSv/yr). [4] By comparison to 
the Croatian and the Istrian average, mean value of the 
total effective dose rate found for the FBAL was 
increased twofold. However, the FBAL's mean effective 
dose rate was increased 11.4-fold in relation to the BG 
site having a very low content of naturally occurring 
radionuclides and the average effective dose rate of 
0.14 mSv/yr. 

Table 1 Basic statistical parameters of the total effective dose 
rate in mSv/h measured in air at the height of 1 meter above 
the sampling groups: BG - control soil; P - surface plateau of 
the landfill; P1- 1st open profile of the landfill; P2 - 2nd open 

profile of the landfillX - mean value; SD - standard deviation. 

Measuring site Stat. 
param. P P1 P2 BG 
X±SD 1.41±0.22 2.03±0.27 1.53±0.14 0.14±0.06 

Min. 1.14 1.49 1.31 0.09 
Max. 1.93 2.28 1.75 0.18 

The basic statistical parameters for selected 
radionuclide activity concentrations measured in the P, 
P1, P2, and BG samples are presented in Table 2. In the 
P, P1, P2, and T samples the radionuclide activity 
concentrations ranged as follows (in Bq/kg): 226Ra, 
82.10-314.90 (mean 145.99); 232Th, 32.50-223.60 
(mean 76.76); and, 238U, 69.10-243.20 (mean 134.38). 
The highest mean values of radium, thorium, and 
uranium were found in the P samples, followed by the 
P2 samples in the case of 226Ra. In relation to the BG 
site, the 226Ra and 238U mean activity concentrations 
were increased 6.4-fold and 4.3-fold, respectively. 

Table 2 Basic statistical parameters of the naturally occurring radionuclide activity concentrations in various sampling groups. P-
surface plateau of the ash landfill; P1-1st open profile of the ash landfill; P2-2nd open profile of the ash landfill. X -mean value; SD-

standard deviation 

Group Stat. parametar 40K (Bq/kg) 226Ra (Bq/kg) 232Th (Bq/kg) 238U (Bq/kg) 
X±SD 383.80±134.35 24.05±0.78 21.30±0.28 24.05±2.62 

Minimum 288.80 23.50 21.10 22.20 BG 
Maximum 478.80 24.60 21.50 25.90 
X±SD 108.33±33.53 154.49±55.76 92.05±43.81 152.91±41.63 

Minimum 57.80 83.00 32.50 71.60 P 
Maximum 185.90 314.90 223.60 243.20 
X±SD 88.73±13.26 119.74±30.20 58.13±19.99 111.81±25.40 

Minimum 73.40 82.10 44.70 79.00 P1 
Maximum 105.90 168.60 97.60 142.00 
X±SD 101.33±28.12 147.32±58.71 55.88±15.88 109.56±37.19 

Minimum 65.90 101.60 32.90 69.10 P2 
Maximum 153.20 270.40 81.30 185.20 
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The required thickness of the clay material was 
determined experimentally and the results are shown 
in Table 3. Following the application of 8 cm thick clay 

layer, the total effective dose rate in air at the height of 
1 m was reduced closely to the background value.

Table 3 Determination of the clay material thickness. EDR-effective dose rate 

Depth of clay (cm) 0 3 6 8 10 12 15 
EDR (mSv/yr) 1.57 0.76 0.46 0.20 0.09 0.02 0.00 

4. RESULTS AND DISCUSSION 

The mean value of the effective dose rate above the 
landfill was found to be 1.60 mSv/yr. It is a two-fold 
increase compared to the Croatian (0.7015 mSv/yr) 
and the Istrian (0.8122 mSv/yr) average levels. 
However, it is still lower than the average effective 
dose rate of 3 mSv/yr per person as a result of the 
natural and artificial sources. By comparison with 
mean values of the control soil, 226Ra and 238U mean 
activity concentrations increased from 1.6 to 6.4 times, 
whereas 232Th values increased from 1.4 to 4.3 times. 
The results of this study indicate that the fly and 
bottom ash landfill should be sealed with a 10 cm thick 
layer of the low-permeability material (e.g. clay), thus 
preventing its radionuclide emission into the 
environment. 
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Abstract: This paper presents the uranium adoption aptitude by the shoots Virginia and Burley, two varieties of a 
tobacco plant (Nicotiana tabacum L.), bred in natural conditions. Plants were grown on uranium mine tailings with 
an average uranium content of 15.3 mg kg-1. Each shoot sample was cross-sectioned into five uniform groups of leaves 
and stem segments. Statistical analysis of the results showed a substantial variance in uranium uptake subject to the 
section elderliness and origin of the parts. The highest concentrations of uranium values recorded in leaves of Burleys 
and Virginias nearest root shoot sections were 4.18 mg kg-1and 3.50 mg kg-1, respectively. These are 60 times higher 
rates than those previously published for leaves of cultivars grown under similar conditions. Taking into account the 
level of soil contamination, the content of accumulated uranium demonstrates prospective uranium 
hyperaccumulatory properties of tobacco plant and its potential utilization in phytoremediation of uranium 
contaminated mediums.  
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1. INTRODUCTION 
 

Considerable amounts of uranium inputs have 
occurred over the last 50 years, mainly through the 
processes of soil fertilization, mining, nuclear industry 
and military activities [1]. Since uranium is chemically 
toxic to kidneys and its insoluble compounds are 
highly carcinogenic [2], inappropriate counseling of 
uranium contaminated soils may represent significant 
risks to human health, primarily via food chain [3]. 

Regular concentration range of uranium in non-
contaminated soils ranges from 0.40 mg kg-1 to 6.00 
mg kg-1 [4]. Even though uranium has not been shown 
to be essential to either plants or animals, plants will 
absorb uranium and incorporate it into their biomass, 
mainly in roots along with other heavy metals. This 
observation suggests the possibility for remediation of 
uranium contaminated soils through plant uptake [5].  

The uranium uptake has commonly been studied in 
plant roots indigenous to mine sites rather than the 
above ground parts of cultivars, which are normally 
consumed by humans [6-8]. Contrary of this can be 
seen in study of Saric’s et al., which reported the levels 
of adopted uranium concentrations in older leaves of 
different cultivars grown in real conditions at medium 
polluted uranium tailings, ranged from 0.15 mg kg-1 
and 0.76 mg kg-1, respectively [9]. Later, Ebbs et al. in 
their pot study reported levels of uranium adopted in 
beet and vetch shoots to be 2.80 and 3.50 mg kg−1, 
respectively [10]. Similarly, Shahandeh and Hosssner, 
studying uranium uptake at uranium mine tailing and 
soils contaminated with 100 mg U kg−1, found the 
highest uranium accumulation in Sunflowers and 
Indian mustards the above ground parts of 24.6 and 

21.8 mg kg−1, respectively [11]. Sand culture method 
was also used and cultivated plants accumulated from 
4.00 to 416 mg U kg-1 dry tissue weight, as 
demonstrated in Hashimoto et al.’s research [12]. 
Recently, Straczek et al. reported the results of a 
hydroponic experiment where cultivars have been 
exposed for 7 days to 100 mmol L-1 U nutrient 
solution. In relation to the other plant species, Indian 
mustard exhibited the highest shoot uranium uptake 
(122 ± 46.0 mg kg-1), which could be expected for 
hyperaccumulators [13]. Nevertheless it has been 
noted that plants vary in their uranium uptake 
capacities, assortment of plant species plays a key role 
in the development of phytoremediation method. 
Therefore, an increasing attention has been paid to the 
identification of the novel plant species with a high 
heavy metal accumulating potential. 

In order to define the extent of carcinogenic 
pollutants, such as cadmium and lead which  people 
are directly exposed to, heavy metal mass abilities of 
tobacco plant (Nicotiana tabacum L.) have been 
studied extensively [14, 15].  

Keeping the above findings, the paper presented 
here provides the results of a study aimed at 
monitoring uranium adoption levels and distribution 
trends in two tobacco plant varieties across shoot 
sections from near mine, medium-polluted soils. By 
using multivariate analysis, it has been investigated 
whether it is possible, based on adopted uranium 
levels, to distinguish the tobacco types and its above 
ground parts regarding their origin and the position 
and to establish tobacco plant as bioindicator and 
potential uranium hyperaccumulator. 
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2. EXPERIMENTAL  

An experiment was conducted on the barren soil of 
closed Kalna-Gabrovnica uranium mine in southeast 
Serbia. Following a period of exploitation, which 
lasted from 1953 to 1962, the place was covered 
in tailings. Nowadays, deposit tailings cover an area of 
approximately 0.1 km2, which on average contains 15.3 
mg U kg-1 at 8.24 pH values [9]. 

Two  types of tobacco plant (Nicotiana tabacum L.), 
Virginian and Burley were planted on deposit during 
the last week of May and picked in September, during 
the phase of full maturation. The experiment was 
carried out in five repetitions on the elementary plots 
of one square meter in size. During the vegetative 
period of plants, nitrogen, phosphorous and potassium 
mineral fertilizers were applied. After the 
vegetation period, plant shoots were cross-sectioned 
into five equal segments of leaves and stems, rinsed 
with distilled water and dried at 105 ˚C. 

Dried ground samples (20 g) of above-ground plant 
parts, leaves and stalk sections, were ashed at 450oC in 
a muffle furnace for 2h, after which the ash was 
dissolved in 5.0 ml 10.3 M HN03 + 5.0 ml of 24 M HF 
and then dried on a hot plate. This residue was re-
dissolved in 5.0 ml 10.3M HNO3 and dried again, to be 
followed by dissolution in 5.0 ml 10.3M HNO3 and 
dried again in order to remove free fluoride. The final 
ash was dissolved in 25.0 ml 12.7M HNO3 for 
determination of U. Aliquot samples (5.0 to 10.0 ml) of 
the dissolved ash were transferred to 125-ml separate 
funnels containing 10.0 ml saturated Al(NO3)3 and 
10.0 ml 0.1M TOPO (trioctylphosphinoxide, 
[CH3(CH2)7]3PO] in ethyl acetate. Funnels were 
shaken vigorously (5 min.) and the organic (upper) and 
aqueous (lower) phases were allowed to separate. The 
uranium complex separated into the organic phase. 
Small volumes (0.1 ml) of the organic phase were 
transferred to platinum fusion dishes (10-mm in 
diameter) containing 0.75 mg 9% NaF + 91% NaKCO3 
pellets, dried under high intensity lamps, and fused at 
700oC for 5 min., and then cooled. The intensity of 
fluorescence was determined in a fluorimeter Thermo-
Jarrell Ash Corp., Franklin. The concentration of U was 
determined from standard U calibration curves 
(detection limit 0.005mg kg-1, rang 0.05mg kg-1 5mg 
kg-1, correlation coefficient R> 0.997). 

2.1. Statistical analysis 

Statistical analyses were performed using software 
package Minitab 16 (Minitab Inc.). Normality was 
assessed with the Anderson-Darling test. Even when 
no normal distribution of the data transformation 
(logarithmic, exponential, power) was obtained, data 
treatment was done with the original data, unless 
indicated differently. Significant differences were 
considered at p = 0.05, and mean values were ranked 
by Tukey’s multiple range tests when more than tw o 
groups were compared with ANOVA. Single parameter 
regression analysis was performed with Minitab 16. 
Marked correlations are significant at p < 0.05 level, 
unless otherwise mentioned. 

3. RESULTS AND DISCUSSION 

The uranium concentrations in different shoot 
sections and their standard deviations for two tobacco 
types are given in Table 1.  

The uranium content in both of the types 
aries according to the age of their leaves and 
corresponding stem sections. The mean values of  

uranium concentrations in the uppermost sections 
were 0.29 mg kg-1 for Virginia and 0.36 mg kg-1 for 
Burley type, whereas the means of uranium for the 
nearest root parts were 2.36 mg kg-1 and 2.80 mg kg-1, 
respectively. Latter concentrations are four times 
higher than the uranium levels accumulated in oldest 
leaves of maize, potato, cabbage, sunflower and bean, 
grown under the same conditions previously reported 
by [9].  

Table 1. Average uranium concentrations and their standard 
deviations in tobacco plant types across five shoot sections 

(N=5) 

U (mg kg−1) in 

Virginia type Burley type Se
ct

io
n

 

leaves stem leaves stem 

1.a 3.54  0.36 1.17  0.06 4.18  0.15 1.42  0.05 

2. 1.24  0.04 0.29  0.07 1.65  0.20 0.40  0.02 
3. 0.64 0.04 0.27  0.04 0.74  0.06 0.37  0.02 
4. 0.44  0.03 0.27  0.05 0.58  0.06 0.38  0.02 
5.b 0.38  0.07 0.20  0.04 0.42  0.06 0.22  0.04 
a Nearest root shoot section 
b Uppermost shoot section 

 

The highest concentrations and their standard 
deviations of mean uranium values recorded in Burleys 
oldest leaves and stems were 4.18  0.15 mg kg-1 and 
1.42  0.05 mg kg-1, respectively. Corresponding 
uranium values for Virginia type were 3.54  0.36 mg 
kg-1 for leaves and 1.17  0.06 mg kg-1 for stems. These 
are almost 60 times higher uranium concentrations 
registered in leaves than in the leaves of crops 
cultivated on soil of a similar pollution level [9]. The 
lowest uptake of uranium was observed in the 
uppermost sections of both tobacco types, for Virginia 
type of 0.38 0.07 mg kg-1 in leaves and 0.20  0.04 
mg kg-1 in stems, and for Burley type leaves and stem 
of 0.45  0.06 mg kg-1 and 0.22  0.04 mg kg-1, 
respectively. From the results, it can be observed that 
with the growth period uranium content in various 
sections of the plant increases gradually. Lower, nearer 
root shoot sections generally accumulated more 
uranium than the younger, upper ones. Also, leaves 
accumulated more of uranium than their 
corresponding stems. 

Regression analysis of uranium uptake for both 
tobacco types is given in Fig. 1. The positive correlation 
between uranium concentrations in Virginia leaves and 
stems via different sections was statistically significant, 
with p = 0.004 (p < 0.05) and R2 = 0.94 of variation in 
Virginia leaves accounted by the regression model (see 
Fig.1a). The relationship between uranium content in 
Virginia leaves and Burley leaves and Virginia stems 
and Burley stems was equal, highly statistically 
significant with p = 0.000 (p < 0.05) in both cases and 
with R2 = 0. 99. The relationship between uranium 
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content in Virginia stems and Burley leaves was 
notable statistically significant as well with p = 0.007 
(p < 0.05) and with R2 = 0.91. The correlation between 
uranium concentrations in leaves and in stem sections 
in Burley tobacco was positive and statistically 
significant with p = 0.006 (p < 0.05) and R2 = 0.92 
(see Fig.1b). Also, positive correlation was found 
between Virginia leaves and Burley stems with p value 
of 0.004 and R2= 0.95. These six strong positive 
correlations and results suggest that the trend of the 
uranium uptake is very similar within the types of 
Nicotiana tabacum genus, as well as within different 
shoot sections across both of the types. 

 

 

Fig.1. The relationship between uranium concentrations in 
Virginia (a) and Burley (b) leaves and stems are statistically 

significant (p < 0.05), with p = 0.004 (R2 = 0.94) and p = 
0.006 (R2 = 0.92), respectively.  

When considering each tobacco type separately, the 
allocation of the uranium via sections deviated from a 
normal distribution (Anderson - Darling test, P < 0.05, 
for each tobacco type). The p-value of 0.05 indicates 
that the null hypothesis of normality should be rejected 
at a confidence level of 95 percent. Despite this, 
variations within the type did not significantly affect 
uranium concentration (one-way ANOVA, F= 0.15, 
P=0.704). Although, not significantly different, stem 
samples showed a generally lower mean uranium 
concentration than leaves from the same section in the 
both of the types (one-way ANOVA, F= 3.75, P = 
0.069). The mean values of uranium, significantly 

differed over the sections within the types (one-way 
ANOVA, F= 6. 38, P = 0.003) 

A wide variation in uranium concentration was 
found in both of the types regarding the position of the 
stalk section and part of the plant (see Fig. 2.). Analysis 
of variance using general linear model ANOVA 
indicated that the interaction regarding part and type 
of the plant did not significantly affect uranium 
concentration (F= 0.02, P=0.880), as well as 
interaction regarding the type and section (F= 0.03, 
P=0.998). In contrast to this, the position of the 
section affected uranium concentration (F = 101.04, P 
= 0.000), in relation to origin of plant organ (F= 
110.68, P=0.000). The interaction term (i.e., part x 
section) was also highly significant (F = 29.23, P = 
0.000), which confirms that there were a substantial 
variance of uranium uptake in relation to section 
elderliness and plant parts genre.  

 
Fig.2. The uranium concentration in a different plant parts 
across five shoot sections, Minitab Inc. Trend of data means 
connected with dashed line indicate that the position of the 

shoot section (ANOVA, F = 101.04, P = 0.000) and the origin 
of plant organ (ANOVA, F= 110.68, P=0.000) significantly 

affect uranium mass. 

4. CONCLUSION 

 

The trend of uranium uptake is very similar within 
the types of the genus, as well as within different shoot 
sections across the types. Substantial variance of 
uranium uptake was found in relation to section 
elderliness and the plant parts origin. 

Lower parts of the tobacco plant accumulated more 
uranium than the younger, upper ones and leaves 
accumulated more of uranium than the corresponding 
stems. Stems generally showed a lower adoption 
capability of uranium than leaves from the same 
section in the both of the tested types. The values of 
uranium accumulated in oldest leaves of both tobacco 
varieties are almost 60 times higher than the uranium 
levels in oldest leaves previously issued in cultivars 
grown under the similar conditions. 

Considering the level of soil contamination, values 
of accumulated uranium in nearest root sections of 
tobacco plant could speak in favor of the potential 
hyperaccumulatory properties of tobacco plant. 

Acknowledgement: This study is a part of the project 
TR31003 supported by the Ministry of Science and 
Technological Development of the Republic of Serbia. 
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Abstract. The 137Cs ion is a chemical homologue of potassium and follows its metabolism in organisms. It has a half-
life time of 30.2 years and is completely dissolvable in body fluids and is uniformly distributed in organisms. Absorbed 
doses of 137Cs in moss (72 samples) and lichen (12 samples) from the NP Djerdap territory collected between 2003 and 
2010 were determined. The measured specific activity of 137Cs in samples was converted into doses with the assumption 
that all emitted particles (gamma and beta) were absorbed in tissue that accumulated 137Cs. The strength of the 
absorbed dose in the observed period in investigated moss samples was between 0.00082 mGy/year (locality River on 
the right, 2010) and 14.1 mGy/year (locality Ploče, 2003) and in lichen samples it was between 0.02 mGY/year 
(locality River on the right, 2010) to 4.63 (Oman, 2003). Higher values of the absorbed 137Cs dose strength in moss 
were noted on localities Veliki kazan, Šomrda, Alibeg's steam and Crni vrh, and in lichen on localities Oman and Ploče, 
The average value of the absorbed dose in moss in 2003 was 4.33 mGy/year, in 2006 2.08 mGy/year, 2008 0.29 
mGy/year; 2009 0.10 mGy/year and in 2010 0.71 mGy/year. This increase in the average value of the absorbed dose 
in moss in 2010 was the consequence of including samples from Crni vrh, where moss in 2003 had higher values of the 
absorbed 137Cs dose strength. Absorbed dose strengths on the territory of NP Djerdap in moss and lichen are lower 
than doses causing changes in reproductive cycles of flora and fauna (0.4 to 1 Gy a year) and lethal doses (4 Gy and 
0.4 Gy a year). This indicates that the obtained data was reliable. 

Key words: 137Cs, moss, NP Djerdap, absorbed dose 

1. INTRODUCTION 

Radioactivity and ionizing radiation are a constant 
and natural occurrence in the environment. During 
their lifetime organisms are permanently exposed to 
radiation of a different nature and origin. Sources of 
ionizing radiation can be: natural, artificial, useful and 
harmful, internal and external. Exposure to ionizing 
radiation leads to irradiation of the organism that can 
be both useful and harmful. Exposure to ionizing 
radiation can be: acute or chronic and it can lead to 
functional, morphological and genetic changes in the 
organism. If an organism is exposed high doses of 
ionizing radiation it can lead to death. Direct 
measurement of the emission of radioactive in the 
environment is performed by dosimetry. 

The accident in the Lenin nuclear power plant in 
Chernobyl (1986) emitted about 12x1018 Bq of 
radioactive material into the environment1. The most 
significant and dangerous emitted radionuclides were 
131I, 134Cs i 137Cs. Of the total amount of emitted gases 
(without inert gases) about 2.4% was deposited on the 
territory of former Yugoslavia: 1.3x1018 Bq 131I, 3.0x1017 
Bq 133I, 8.9x1016 Bq 137Cs and 2.0x1016 Bq 134Cs2. The 
leading radionuclide from the viewpoint of observing 
the formation of tissue doses and radio-biological 
consequences is 137Cs (half-life 30.17 years). The 
cesium ion is the chemical and biochemical homologue 
of potassium, it follows its metabolism in an organism, 

is completely soluble in body fluids and is evenly 
distributed in an organism. The intensity of radiation 
of fallouts that contaminated the region of eastern 
Serbia and the NP Đerdap region was 1.41-2.56 μGy/L. 
This intensity is lower than the total level of 
contamination with radioactive fallout in Northeastern 
Slovenia (5.11-6.40 μGy/L), but significantly higher 
than the intensity of radioactive fallout in Central 
Serbia and the Adriatic coast (0.08-0.44 μGy/L)2. 
Radionuclides, natural and artificial, by migration 
process, collection and elimination processes reach the 
soil and water and through them plant and animal 
produces and contribute to the complete human 
radiation load. 

2. MATERIALS AND METHODS 

Samples of mosses (72) and lichen (12) were 
collected in the period 2003-2010 in the region of the 
Đerdap National Park (NP) from 31 localities. The 
samples of mosses and lichens were dried in air and 
then homogenized, and the activities were measured 
gammaspectrometrically. Radioactivity measurements 
were performed using an HPGe gamma-ray 
spectrometer (ORTEC-AMETEK, with 8192 channels, 
resolution of 1.65 keV and relative efficiency of 34% at 
1.33 MeV for 60Co). Samples were measured in 
Marinelli vessels. Sample weight was about 0.1 kg. The 
counting time for each sample was 60000s. The 
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relative error for sample preparation and measurement 
was 10%. Gamma Vision 32 MCA emulation software 
was used to analyze gamma-ray spectra3. The specific 
activity of the artificially produced radionuclide 137Cs 
was measured via the -line at the energy of 661.6 keV. 
Nuclides were identified using a library driven search 
routine and quantitative analyses were carried out 
using the appropriate detector calibration. Measured 
activity was converted into doses with the assumption 
that all emitted particles (gamma and beta) were 
absorbed in the tissue that accumulated 137Cs4. 

3. RESULTS AND DISCUSSION 

Depending on the moss type and age, 
morphological and physiological characteristics, 
locality and substrate, altitude it has been shown that 
mosses and lichen adsorb 137Cs. Evaluation of the 
radiation load of organisms from the environment, in 
this case, moss and lichen is complex. Dose evaluation 
requires information on internal and external 
radionuclide distribution, their behavior in the 
environment. This is not available to a great extent, 

especially for individual species, so it is necessary to 
perform certain data simplification and generalization. 

In lichen from the area of former Yugoslavia in the 
second half of 1986 and at the beginning of 1987 the 
average value of the absorbed dose was 20 mGy/year, 
i.e. 39 mGy/year5. Minimal, maximal and average 
values of absorbed dose strength with a standard 
deviation in moss and lichen samples collected on the 
territory of NP Đerdap are given in Table 1. 

The absorbed dose strength in the period from 
2003 to 2010 in investigated moss samples was from 
0.001 mGy/year (locality River on the right, 2010) to 
14.1 mGy/year (locality Ploče, 2003), and in lichen 
samples it was from 0.02 mGy/year (locality River on 
the right, 2010) to 4.63 (Oman, 2003). Increase of the 
average strength value of the absorbed dose in 2010 in 
moss is the consequence of taking samples on the 
locality of Crni vrh, where moss in 2003 had higher 
absorbed dose strength values of 137Cs6. 

Strengths of absorbed doses (mGy/y) in moss and 
lichen samples from the territory of NP Đerdap 
collected in 2010 are given in Table 2. 

Table 1 Minimal, maximal and average values of absorbed dose strength (mGy/y) standard 
deviation, in moss and lichen samples from the territory of NP Đerdap 

MOSS 
Year 2003 2006 2008 2009 2010 
Min 0.22 0.20 0.02 0.02 0.001 
Max 14.1 9.84 1.18 0.32 3.21 

Av. and st. dev. 4.33±4.30 2.08±2.64 0.29±0.39 0.10±0.12 0.71±0.89 
LICHEN 

Min 0.20 --- --- --- 0.02 
Max 4.63  --- --- --- 0.70 

Av. and st.dev. 1.72±1.74 --- --- --- 0.38±0.27 

Table 2 Strength of absorbed doses (mGy/y) in moss and lichen samples from the territory of NP Đerdap 
collected in 2010 

No SAMPLE LOCALITY ABSORBED DOSE STRENGTH (mGy/y) 
1. Moss G.J.* Zlatica, section 86c  0.878 
2. Moss G.J. Zlatica, section 86b 0.247 
3. Moss G.J. Zlatica, section 72a 0.313 
4. Moss G.J. Poreč wood, section 60  0.570 
5. Moss G.J. Poreč wood, section 45  0.250 
6. Moss B. river, section 2 0.656 
7. Moss B. river, section 10  0.304 
8. Moss B. reka, section 9  0.530 
9. Moss Crni vrh, section 13b 3.213 
10. Moss Crni vrh, section 1b 2.406 
11. Moss Crni vrh, section 1a 1.281 
12. Moss G.J. Kožica, section 26a 0.361 
13. Moss Peč pond, section 33a 0.022 
14. Moss G.J. Desna reka, section 16a 0.001 
15. Moss G.J. Čezava 0.142 
16. Moss Leva reka,  section 13c 0.222 
1. Lichen G.J. Poreč wood, section 44  0.580 
2. Lichen G.J. Poreč wood, section 60  0.378 
3. Lichen G.J. Poreč wood, section 45  0.433 
4. Lichen B. river, section 9  0.659 
5. Lichen G.J. Zlatica, section 72a 0.702 
6. Lichen G.J. Kožica, section 26a 0.224 
7. Lichen G.J. Desna reka, section 73a 0.023 
8. Lichen G.J. Čezava 0.122 

G.J.*-governing unit 
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The values of the strength of the absorbed dose of 
137Cs in mosses are from 0.001 mGy/y for the locality 
G.J. Desna reka, section 16a, to 3.213 mGy/y for the 
locality Crni vrh. Values of the strength of the absorbed 
dose of 137Cs (mGy/y) in lichen are from  0.023 mGy/y 
for the locality G.J. Desna reka, section 73a to 0.702 
mGy/y for the locality G.J. Zlatica, section 72a. 
Variability of the strength of the absorbed dose 
indicated a different radiation load of moss and lichen 
analyzed in this work. All these results indicate the 
large capacity of moss and lichen for absorbing 
radiocesium. Radiation load was higher in moss than 
in lichen due to their different morphological structure 
and physiological characteristics. 

4. CONCLUSION 

Moss and lichen are good models for investigating 
absorbed dose strength not only on the territory of NP 
Đerdap. 

The strength of the absorbed dose decreases both 
in moss and lichen in the observed time period. 

The strength of the absorbed dose on the territory 
of NP Đerdap in moss and lichen are lower than the 
doses that cause changes in the reproduction cycle of 
plant and animal species (0.4 to 1 Gy a year) and lethal 
doses (4 Gy and 0.4 Gy a year)7,8. 

Acknowledgement: This work was supported by 
the Ministry of Education and Science of the Republic 
of Serbia, project code III 43009. 

REFERENCES 

1. A. Aakrog, The radiolocical impact of Chernobyl debris 
compared with from nuclear weapons fallout, J. 
Environ. Radioact., 6 (1988) 151-162. 

2. Nivoi radioaktivne kontaminacije čovekove sredine i 
ozračenost stanovništva Jugoslavije 1986. godine usled 
havarije nuklearne elektrane u Černobilju, Beograd, 
1987, Savezni komitet za rad, zdravstvo i socijalnu 
zaštitu. 

3. ORTEC, 2001, Gamma Vision 32, Gamma–Ray 
Spectrum Analysis and MCA Emulation, ORTEC, Oak 
Ridge, Version 5.3. 

4. DOE-STD-1153-2002, A Graded Approach for Evaluting 
Radiation Doses to Aquatic and Terrestrial Biota, 
Module 3, Methods Derivation, US Department of 
Energy, Washington, 2002. 

5. A. Stanković, Nivoi aktivnosti Cs-134 i Cs-137 u lišajima, 
u post-černobiljskom periodu, magistarska teza, 
Univerzitet u Beogradu, Fakultet za fizičku hemiju, 
Beograd, 1994. 

6. S. Dragović, A. Čučulović, Radijaciono opterećenje 
nekih bioindikatorskih vrsta, Zbornik radova, XXIII 
Simpozijum DZZSCG, Donji Milanovac, 2005, 65-68. 

7. IAEA, Effects of ionizing radiation on plants and 
animals at levels implied by current radiation protection 
standards, Technical Report Series, No. 332, IAEA, 
Vienna; Annals of the icrp, pergamon Press, Oxford, 
Publ. 54 (1992) 1988. 

8. Annals of the ICRP, Pergamon Press, Oxford, Publ. 54, 
1988. 
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Abstract. Laboratory for Measurements of Low-level Radioactivities, Ruđer Bošković Institute (RBI) from Zagreb, 
Croatia, and Laboratory for Nuclear Physics, Department of Physics of the University of Novi Sad (DP-UNS), Serbia, 
have performed inter-laboratory comparisons of measurements of tritium (3H) and radiocarbon (14C) activities in 
various environmental samples. Both laboratories have the same type of detector, ultra low-level liquid scintillation 
counter (LSC) Quantulus 1220, but use different sample preparation techniques. Both methods of 3H measurements, 
the direct measurement at DP-UNS and electrolytic enrichment at RBI, give comparable results, with better precision 
and lower MDA of the enrichment method. Direct comparison of methods for 14C measurement was not possible 
because in the DP-UNS sample preparation method the exact proportion of carbon in the sample is not known   

Key words: tritium, radiocarbon 14C, intercomparison, Quantulus 

1. INTRODUCTION 

Laboratory for Measurements of Low-level 
Radioactivities, Ruđer Bošković Institute (RBI), 
Zagreb, Croatia, and Laboratory for Nuclear Physics, 
Department of Physics of the University of Novi Sad 
(DP-UNS), Serbia, have started recently inter-
laboratory comparisons of tritium (3H) and 
radiocarbon (14C) activity measurements in various 
environmental samples within the bilateral research 
project. Both laboratories have the same type of 
detector, ultra low-level liquid scintillation counter 
(LSC) Quantulus 1220 (PerkinElmer Life Sciences), but 
the sample preparation techniques differ. Here we 
present short description of the respective preparation 
and measurement methods and we evaluate the results 
of intercomparison of tritium activity measurement in 
water samples and 14C activity measurement in wood 
and plant samples. 

2. TRITIUM 

2.1. Method at DP-UNS 

In DP-UNS a rapid tritium activity determination 
method was performed. This technique involves 
mixing the sample with a proper scintillation cocktail 
to be counted in a liquid scintillation counter according 
to the ASTM Standard Test Method [1].  

As a background sample distilled deep-well water is 
prepared. The commercial standard (DPM 3H Spec, 
PerkinElmer) of tritium activity 1.48  106 dpm/mL ± 

0.82% on the day 9.7.2008 is used. In each set of 
measurements it is important to measure background 
and standard prepared by the same method as 
samples, to obtain the same measuring conditions. 
Each water sample was filtered through a slow depth 
filter and then distilled. After the distillation, the 
samples (aliquots of 8 mL) were mixed with the 
Optiphase HiSafe 3 scintillator (12 mL) in standard 
20 mL polyethylene vials. The prepared cocktails were 
stored for one day in the LSC sample holders to allow 
full decay of chemiluminescence and photolu-
minescence. The samples were then measured by LSC 
counter Quantulus 1220. 

We calculated the minimum detectable activity 
(MDA) according to the used Standard Test Method 
[1]. The MDA was 2.1 Bq/L for a total counting time of 
300 minutes. The counting efficiency, , of (23.25 ± 
0.05) % was determined by using the DPM 3H Spec 
standard. The tritium activity concentrations were 
calculated according to [1] by using eq. (1) 

t
ba

eVF

RR
A 


  (1) 

where Ra and Rb are the sample and the 
background gross count rate, respectively,  is the 
counting efficiency, F is the recovery factor (in our 
measurements it was determined to be 0.9), V is 
volume of the sample aliquot (8 mL),  is decay 
constant for tritium ( = ln2/T1/2; T1/2 = 4500 days, 
half life of tritium) and t is the elapsed time between 
sampling and counting (in days). 



 280 

2.2. Method at RBI 

Tritium (3H) activity of natural waters 
(precipitation, groundwater, surface waters) has 
recently become too low to be directly measured by 
low-level liquid scintillation (LSC) techniques if one 
wants to apply the results in hydrogeological studies. It 
is therefore necessary to perform electrolytic 
enrichment of tritium in such waters prior to LSC 
measurements. Electrolytic enrichment procedure has 
been implemented in the RBI laboratory in 2008. The 
electrolysis system was obtained from AGH University 
of Science and Technology, Krakow, Poland. It consists 
of 20 cells of 500 mL volume. During electrolysis the 
cells are kept in a freezer/refrigerator at constant 
temperature (2-3°C). Water samples have to be 
distilled prior to electrolysis (primary distillation) and 
after the electrolysis (secondary distillation). After 
primary distillation the conductivity should be below 
50 µS cm-1. In each electrolysis run there are 15 
unknown samples, 3 "spike" samples (known activity) 
and two "background" samples (without 3H). 
Enrichment procedure takes 8 days, i.e., 1420 Ah. The 
initial water volume of 500 mL is reduced to (18 ± 
1) mL and the mean enrichment factor is (22.8 ± 0.8) 
[2,3]. 

After second distillation a sample aliquot of 8 mL is 
mixed with 12 mL of UltimaGold LLT scintillator in 20 
mL PET vials. Each measurement run consists of 20 
enriched waters and 4 original samples (2 
"backgrounds", a "spike" and a reference standard). 
Samples are measured in 6 - 10 cycles, 50 min each, 
resulting in total counting time of 300 - 500 min. The 
MDA of this method is 0.03 – 0.05 Bq/L [2,3]. 

The RBI laboratory participated in the 
international intercomparison TRIC2008, organized 
by IAEA and the results for all 6 samples were 
acceptable, the mean z-value for all samples was 0.28 
± 0.40 [3].  

2.3. Results of 3H intercomparison 

The results of measurement of 3H activity 
concentration in environmental water samples 
obtained at two laboratories by previously described 
methods are presented in Table 1. 

The z-values shown in the last column of Table 1 
are calculated as [4] 

UNSDP

RBIUNSDP AA
z








  (2)  

where ADP-UNS and ARBI are 3H activity concentrations 
measured in DP-UNS and RBI laboratories, and DP-

UNS is the reported error of the DP-UNS results (Table 
1). It is commonly assumed that the z-score should 
have a normal distribution with zero mean. A z-score 
value near zero implies a perfect result. A z-score value 
between -2 and +2 is generally considered as 
complying with fitness for purpose [4].  

The obtained z-values for the presented set of 
results range from -1.06 to 0.76, with the mean value of 
(-0.1 ± 0.3), which is very close to the expected value. 
Therefore, it means that the DP-UNS measured 3H 
activity concentrations do not differ from the RBI 
results, taking into account their precision.  

Table 1 Comparison of measured tritium activity 
concentrations in environmental water samples: direct 

measurement at DP-UNS and after electrolytic enrichment 
(RBI).  

3H activity concentration 
A [BqL] Sample ID 

DP-UNS RBI 

z-
value 

T-4295 0.6 ± 0.8 0.78 ± 0.11 -0.23 
T-4235 3.4 ± 1.0 3.10 ± 0.38 0.30 
T-4268 3.0 ± 0.9 2.89 ± 0.41 0.12 
T-4292 3.2 ± 0.9 2.94 ± 0.40 0.29 
T-4234 4.0 ± 1.0 3.54 ± 0.43 0.46 
T-4231 3.6 ± 1.0 3.50 ± 0.41 0.10 
T-4294 0.8 ± 0.8 0.75 ± 0.12 0.06 
T-4291 4.4 ± 1.0 3.64 ± 0.48 0.76 
T-4303 < MDA 0.85 ± 0.12 -1.06 
T-4296 < MDA 0.85 ± 0.13 -1.06 
T-4293 < MDA 0.85 ± 0.12 -1.06 
T-4232 2.2 ± 0.9 2.94 ± 0.36 -0.82 
T-4126 < MDA 0.05 ± 0.02 -0.06 
T-4300 1.4 ± 0.9 1.49 ± 0.12 -0.10 
T-4269 3.6 ± 1.0 3.31 ± 0.48 0.29 
T-4310 1.6 ± 0.9 1.51 ± 0.19 0.10 
T-4233 4.8 ± 1.1 4.56 ± 0.54 0.22 

3. RADIOCARBON, 14C  

3.1. Method at DP-UNS 

14C in the samples was determined by combusting 
the samples in an oxygen atmosphere to carbon 
dioxide and water, absorbing the carbon dioxide with a 
special reagent and counting in the LSC Quantulus.  

The combustion of the samples was performed by 
using the 307 Sample Oxidizer (PerkinElmer). The 
dried samples were weighed and added to combustion 
cups. The cups are made of potato starch (80%) and 
natural cellulose fiber (20%) and give off no residue in 
the combustion process and have no effect on the 
sample measurements. A few hundred milligrams of 
dried sample material, varying between 0.4919 and 
0.7385 g dry weight (d.w.), were combusted until no 
visible residue was seen, which usually took 1 to 2 min. 
After the combustion, two separate samples (a sample 
of 3H [water] and 14C [carbon dioxide]) were trapped at 
ambient temperature, thus reducing the cross-
contamination. The CO2 formed in the process is then 
directly absorbed into the 10 mL of Carbo-Sorb E in 
the 20-mL LSC glass vial, which is placed in the 
designated position in the combustion instrument 
beforehand. Carbo-Sorb E is an amine, accepting up to 
4.8 mM CO2 per mL with a trapping efficiency of 97% 
at a minimum. After absorption of the CO2, the 
instrument automatically adds 10 mL of the 
scintillation solution Permafluor E+ to the sample, 
making the sample ready for measurement [5].  

The counting time with the Quantulus 1220 was 
600 min for each sample. The optimal counting 
window, corresponding to the highest figure of merit, 
was determined to be between channels 100 and 450. 

Because 14C is a low-energy beta emitter, its 
measurement is strongly prone to chemical quenching. 
A quench calibration curve was therefore performed to 
determine the counting efficiency of each sample 
measurement. The curve was obtained by preparing 6 
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calibration samples with different amounts of Carbo-
Sorb E (2, 4, 6, 8, 9, and 10 mL) and with the same 
amount of carbon standard (9.19·105 dpm/mL ± 3% on 
the day 9.7.2008.). The combustion times of the 
calibration samples were 0.2, 0.2, 0.3, 0.5, 0.7, and 1.0 
min, respectively. Each calibration sample was 
measured for 20 min 6. The counting efficiencies of 
the calibration samples were calculated and plotted 
against the quench parameter SQP(E) of the LSC 
Quantulus. The efficiencies of the samples were then 
obtained from this quenching curve on the basis of the 
SQP(E) for each sample. Each measured SQP(E) 
parameter corresponds to the appropriate detection 
efficiency of the sample measurements that varied 
between 60% and 80%. 

In every set of samples, also a background sample 
was combusted with similar reagent amounts as in the 
samples, as recommended by the instrument producer 
[7]. This was found problematic because practically no 
Carbo-Sorb was used in the combustion process due to 
the low carbon content in the cellulose cups used as 
sample containers. Thus, the background sample 
consisted of 10 mL of pure Carbo-Sorb and it was 
strongly quenched; the background count rates in the 
beginning of the spectrum (where the 14C was 
recorded) were increased. 

One of the problems in the Sample Oxidizer 
process is the relatively small sample size that can be 
used. The maximum Carbo-Sorb E amount (10 mL) 
can take up 48 mM of carbon (0.58 g C), which limits 
the sample size for environmental samples to about 1 g. 
With such a small sample size, it is very challenging to 
create a representative environmental sample, 
whereupon the homogeneity of the sample material 
must be carefully checked and parallel samples must 
be measured. 

3.2. Method at RBI 

Radiocarbon Laboratory of the RBI was established 
in 1968, started with the gas proportional counting 
(GPC) technique and later introduced liquid 
scintillation counting (LSC) [8]. Recently preparation 
of graphite for accelerator mass spectrometry (AMS) 
has been implemented [9]. Laboratory performs 14C 
measurements for dating in archaeology and 
geosciences, and for various environmental 
applications, in approximately equal proportions, as 
well as for some art-historic or forensic applications. 

Two different sample preparation techniques for 
LSC measurement have been developed [8], depending 
on the kind of application and required precision 
[10,11]. For dating purposes benzene is prepared from 
the sample [8] resulting in low detection limit and 
good precision (± 0.5 pMC1, i.e., ± 1 Bq/kg C), but the 
procedure is rather complicated and requires 
considerable analytical skills. For general 
environmental monitoring, however, the detection 
limit is not of great importance, and even the 
requirement for precision and sensitivity is not so 
strict. Additionally, monitoring requires measurement 
of a lot of samples in a short time. Therefore, a simpler 
and faster preparation technique was developed mostly 

                                                           
1 pMC = percent Modern Carbon, a unit for radiocarbon relative 
specific activity a14C, 100 pMC = 226 Bq/kg C; 100 pMC is 
equivalent to the natural equilibrium atmospheric 14C activity . 

for 14C monitoring, i.e., a direct absorption of CO2 in a 
mixture of Carbo-Sorb E and Permafluor E [8,10] with 
a precision of ±3 pMC, i.e., 6 Bq/kg C. 

The procedures of sample preparation at RBI can 
be briefly described as follows. Samples are first 
mechanically cleaned and then treated by standard 
acid-base-acid method that should remove all possible 
contaminants containing either modern or fossil 
carbon. Organic samples are then combusted in a 
vacuum line in a stream of pure oxygen and CO2 is 
obtained. If appropriate, samples (wood, charcoal, 
some biological samples) can be first carbonized at 
600ºC and then combusted. A separate vacuum line 
for the “direct absorption” method (LSC-A) has been 
constructed and the optimal preparation procedure 
determined [7,10]. The CO2 obtained by combustion is 
absorbed in an absorbing-scintillation cocktail (Carbo-
Sorb E and Permafluor E, ratio 1:1, total volume 20 mL, 
low-potassium glass vials). About 2.2 g of CO2 (0.6 g of 
carbon) can be absorbed in such a cocktail. The mass of 
absorbed CO2 is determined by weighing the vial with 
the cocktail before and after absorption of CO2. The 
obtained masses are close to the theoretical value, but 
can range between 1.9 and 2.4 g CO2, although the 
absoprtion procedure is the same.  

A counting run of absorbed-CO2 samples consists of 
two standard samples (reference activity and 
background), both in duplicates and prepared at the 
same time as the unknown samples, and usually 10 
unknown samples prepared in duplicates. Samples are 
measured in 20 intervals of 30-minutes resulting in 
total of 600 min per sample. 

3.3. Results of 14C intercomparison 

Although both methods for 14C measurements at 
DP-UNS and RBI use the same absorption-scintillation 
cocktail and samples are measured with the same kind 
of the counter, the obtained results can not be directly 
compared. The RBI method allows exact determination 
of the absorbed quantity of CO2, and thus also the 
quantity of carbon in the cocktail, and the results can 
be expressed as specific 14C activity in absolute units 
(Bq/kg C). The method used at DP-UNS is simpler and 
faster, but one knows only the exact amount/mass of 
the dry sample. With this method, either a fresh or 
dried sample can be taken for analysis. The mass of 
CO2 absorbed cannot be measured directly [12]. The 
measured results are expressed in units "Bq/kg d.w.". 
Therefore, to compare the 14C activity concentrations 
obtained using both methods; an independent 
measurement of the carbon content of the samples was 
required. Further complication presents the 
dependence of quenching, i.e., of the SQP(E) 
parameter, on the mass of absorbed CO2, because 
unreacted Carbo-Sorb is a very strong quenching 
agent. In addition, the limited quantity of the dry 
sample than can be combusted in the Sample Oxidizer 
(<1 g d.w.) can not produce the optimal amount of CO2 
to be absorbed by Carbo-Sorb up to saturation thus 
reducing the quenching. In the combusion line at RBI, 
on the contrary, one can combust larger amount of 
samples, up to 10 g of dry sample, and thus the 
obtained CO2 quantity is sufficient for producing at 
least two sample cocktails under complete saturation 
of CO2. 
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In order to be able to compare the DP-UNS 14C 
results with the RBI results, one should know the 
proportion of carbon in the dry sample that is 
combusted. 

In this study, the total carbon content in the 
samples was not measured, but if the carbon content is 
assumed to be 50%, most results are in a good 
agreement with the present environmental 14C activity 
of 250 Bq/kg of carbon.  

4. CONCLUSION 

In this paper we presented comparison of the 
results of measurement of 3H activity concentration in 
environmental water samples and that of 14C activity 
measurements in several environmental samples 
obtained in two laboratories (DP-UNS at RBI). Both 
laboratories have the same kind of liquid scintillation 
counter (Quantulus 1220), but their sample 
preparation methods differ. 

The electrolytic enrichment of water samples that is 
used for water sample preparation at RBI results in 
lower minimum detectable activity and better 
precision. However, the simpler direct method at DP-
UNS gives comparable results with the mean z-value of 
(-0.1 ± 0.3). 

Direct comparison of the methods for 14C 
measurement is currently not possible, because in the 
DP-UNS sample preparation method the exact 
proportion of carbon in the sample is not known.   

Acknowledgement: The paper is a part of the 
research done within the projects 098-0982709-2741 
(Croatia) and 43002 and 114-451-1935/2011 (Serbia) 
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Abstract. There is a concentration of radioactive coals in the Priske-Mollas area which has been exploited many 

years ago. We conducted a study, in order to assessment the environmental risks in the dumps there. The article gives 

details on the level of natural radionuclides in the dumps and in the surrounding area as well as the dose that the 

population might receive.  

Key words : Radon, dose, industrial tailing, stockpile, dump, soil

1. INTRODUCTION 

The area is 12 km away from Tirana, to the east. 
The location, at the footstep of Dajti Mountain, is 
preferred by people as a picnic spot and lately 
residential constructions are being built. 
Radioactive coal can still be found on the surface 
around the area.  

It is well known that industrial wastes in all 
countries have an important impact on the 
environment. Namely by the dispersion of 
contaminants of different kinds and their migration, 
waste coal contains appreciable amount of 
radioactive elements. For example, in Slovenia, in 
the old coal mining of Kocevje, average outdoor-  
radon levels, were  of 80Bq/m3, or in Bosnia – 
Herzegovina, the coal mine of Tusnica is a high level 
of  activities of U-238 etc.  

So, in the E.U project: Assessment of 
environmental risk for use of radioactively 
contaminated industrial tailings for this area, 
proceed by: 

 Assembling information about the 
localization of coal wastes containing 
radionuclides 

 Defining the geographical extent of these 
dumps, stockpiles and the relation to 
inhabited areas. 

 Assembling the quantitative information 
about content of radionuclides in the 
environment (soil, surface, and the study the 
radiological impact on the population). 

For the evaluation of contamination were carried 
out: 

 The measurements of natural radionuclides 
eU-238, Th-232 and K-40 

 The measurements of Radon concentration 
in soil  

 The measurements of Radon indoors 

2. RESULTS OF THE STUDY 

Table.1 Data for Radioactive Priske-Mollas coal mine. 

 
Period 

of 
activity 

 
 

Finish 

 
Mass of 
exploite
d coal, t 

 
Mass of 
burn 
coal, t 

 
Mass of 
dump 
coal, t 

 
 

Use 

 
1939 

 
1943 

 
4.4. 104 

 
3.5.104 

 
- 

Transported 
in Italy 

 
1950 

 
1951 

 
1. 105 

 
1. 105 

 
9.86.103 

Private 
furnace of 
houses 
hospitals, 
hotels 

 

2.1 Characteristics of landfill, Type C (natural 
containment)  

Volume (m3 ): 6575; areas (ha): 10000; average 
of depth (m): 0.5 (0.2-1.0); waste density 
(kg/m3):1500; waste coal (kt): 0.986. 

The Districts include three sectors: Lalaj, Surrel 
Village and Shermine-Shpoze.  

The three sectors are located at Tirana-Dajti 
highway, along 5 km line. They are at Dajti steep 
slope, respectively 560 m, 420 m and 400 m above 
sea level. 

The gradient of slope is 350 to 450, with SW dip, 
towards Tirana capital and a lot of villages around. 
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Fig. 1 Geographical Map of the area 

2.2 Geological data 

The Quaternary overburden it is not developed, 
it ranges form 0.2 to 0.4m and it is not uniform. It 
comprises silt where is grown grass, and scarce 
woods. 

The area consists by Tortonian sandstone, 
argilitic slates, silts and lithotamnic limestone. 

2.3 Contaminate sources 

At Priska area the coal and coal slates of dumps 
and stockpiles are a point of pollution. The 
remained coal and radioactive coal slates, reworked 
and flow down as mass flows, in this way they 
contaminate the deeper part of stockpiles and 
dumps, surrounding area and disseminate also from 
wind in a larger distance. The developed tributary 
network gives way to big deposits at Lana River. 

2.4 Investigated objects 

For the evaluation of contamination were carried 
out: 

 The measurements of natural radionuclides 
eU-238, Th-232 and K-40 

 The measurements of Radon concentration 
in soil  

 The measurements of Radon indoors 

Following are listed the results of 
measurements. 

2.5 The measurements of natural radionuclides 
U-238, Th-232 and K-40 

The measurements of natural radionuclides eU-
238, Th-232 and K-40 carried out only in Stockpile 
Nr. 1, it is the biggest stockpile, located at a meadow 
with 100 steep of the slope. The flow goes only 
westwards. The southern tributary, in contact with 
dump transport all mass flows. At east of the 
stockpile it is highway, whereas in the west “coal 
outcrop” from which it was extracted coal 
previously. The stockpile is in contact with coal 
outcrop. The total stockpile and coal outcrop 
surface it is 4.4 ha, whilst the stockpile it is 0.35 ha. 
The stockpile is located in a pastoral meadow. All 
along this area you can see coal contamination re-
deposited in time. 

They have been defined with Equipment Gamma 
Ray spectrometer  Kristal NaITl (3x3) Inç, T meas 
10min, grid (20x20)m, in situ measurements. 
 

 

Fig. 2 The map of eU-238 concentration 

 

Fig. 3 The map of K concentration 
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Fig. 4 The map of Th-232 concentration 
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Table.2 Concentration of radionuclides outside the dump 

 K 40 
(Bq/kg) 

eU 
(Bq/kg) 

eTh 
(Bq/kg) 

Minimum 31 34.58 6.53 
Maximum 120 103.74 44.25 

Average 58 57.13 22.30 

Table.3 Concentration of radionuclides inside the dump 

 K 40 
(Bq/kg) 

eU 
(Bq/kg) 

eTh 
(Bq/kg) 

Minimum 60 159.32 15.43 
Maximum 509 410.02 59.28 

Average 260 221.23 27.15 

3. ASSESSMENT OF MIGRATION PROCESSES AND 

PATHWAYS OF RADIONUCLIDES FROM WASTES TO THE 

ENVIRONMENT, (RADON MEASUREMENTS IN SOIL). 

The radon measurements have been conducted 
in the Linze – Priske area, an area with dwellings. 
The measurements have been made along the 
pathways from dump to environment. 

Measurements were made through the use of the 
portable Luk-4 device. The measurements were 
made 6 minutes after the introduction of the gas in 
Lucas-cells, V= 125 cm3.  

In all, measurements have been made in 30 
squares. In each of the squares, 12 measurements 
have been made in a quadratic grid 3x3m or 5x5 m. 
The measurements are taken only at 0.5 m, because 
ground pores, for 0.3 m were full of water.  

As it is noticed from the above table, on the 
overburden there are encountered very high values 
till to 175000Bq/m3. As it seems, the isoline in the 
Radon concentration map that takes a value of 
50000Bq/m3 has its dimensions (360 x 240) m. 

Since the dump parameters are small, the 
influence in the surrounding medium is felt only in 
the south-west direction till to 50 m distance.  

Tab.4 Levels of Radon concentration in soil 

 AvRn inside  
(kBq/m3) 

AvRn outside 
(kBq/m3) 

Minimum 66 5.44 
Maximum 175 94 

Average 98.55 35.51 
 

The high Radon volume activity values in soil 
over 100kBq/m3, and the U238 contents  that  reach 
up to 410Bq/kg make necessary to be taken ant 
Radon measures if there is going to build on   and 
near the dump. 
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Fig. 5 Map of levels Radon concentration in soil (0.5m 
depth), Priske – Mollas area. 

Area where are the stockpile of coal, has a dense 
water network and the slope of the terrain has 
become possible that only in specific parts of the 
relief (in the vicinity of dumps, at surface with small 
sloping) to penetrate inside soil the coal taken from 
surface waters.  

4. INDOOR RADON INVESTIGATION 

Are carried out 8 indoor measurements, in 
which medium are carried uninterrupted 
measurements along 24 hours with monitors Filtra-
2. In all measurements the mean Radon-222 are 
lower than limit of 200Bq/m3, and only in one 
house the mean level of Rn-222  is 210Bq/m3. This 
house has just been completed and it is located 
about 50m to the west of the dump. 
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Fig. 6  The map of Radon indoor measurements Priske – 
Mollas areas 
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5. RADON EMANATION IN HOUSES 

In the total carried out 14 measurements, 
measurements have been made with an active 
detector Fritra-2, Tmeas 24h. The indoor Radon 
minimal levels vary from 2 to 34Bq/m3, the indoor 
Radon maximal levels vary from 34 to 344Bq/m3, 
the average values however vary from 18 to 
210Bq/m3 (table 5). 

Table.5 Levels of indoor Radon concentration 

 The ranges of AvRn indoor 
(Bq/m3) 

Minimum 2-34 
Maximum 84-344 

Average 21-201 

6. OUTDOOR RADON INVESTIGATION 

Several measurements at area stockpile nr.1, 
have been carried out.  The total number of 
measurements is 54, each 10 minutes by active 
device. Values range from 20 to 98Bq/m3. Perhaps 
change of weather gives impact in obtained values 
(e.g. wind). 

So, the dump mater it is emanating. Above dump 
are generated Radon volume activities several times 
higher than Radon normal limit out door. High 
AvRn values show that emanating object has high 
diffusion and communicate with air. Also, two 
outdoor measurements with passive detectors have 
been carried out, where their results are analyzed in 
Ljubljana Slovenia (ZVD). The results of them are 
given in the following table 6. 

Table 6 Levels of outdoor Radon with passive detectors 

No. detector Time Rn, Bq/m3 

182 
06.06.06 -
30.08.06 

91 

185 
06.06.06 -
30.08.06 

92 

7. DOSE ASSESSMENT  FOR  THE  POPULATION   

Table. 7 Dose assessment for the population (Average 
Annual Effective Dose) 

Areas The External Exposure 
Pathway 

Inhalation pathway 

 

The average annual 
effective inhalation 
dose of radon gas, 

mSv/y 

 

Value EExt 

radiation 
on the 

depository, 
mSv/y 

Value EExt 

radiation 
nearby 

depository
, mSv/y Indoor Outdoor 

Shermine 0.11 0.074   

Shpoze 0.2 0.015   

Lalaj 0.21 0.015   

Priska in 
residence 

  1.504 0.071 

a. On 
depository 
b. Nearby 
depository 

   1.071 
 

0.235 

8. CONCLUSIONS 

1. At the stockpile, the uranium content is high 
up to 410Bq/kg. The Uranium content in the 
stockpile ranges from 161 to 222Bq/kg. These levels 
are considered to provide a low impact on the 
surrounding environment. 

 2. At the stockpile of potassium content, the 
level is up to 508Bq/kg. The potassium content in 
the stockpile ranges from 200 to 400Bq/kg. 

3. At the stockpile of thorium content is high up 
to 59Bq/kg. The thorium content in the stockpile 
ranges from 12 to 20Bq/kg. 

4. The high values of radon volume activity in 
soil, which is over 100000Bq/m3 and the contents of 
radionuclides that goes up to 350Bq/kg, make 
necessary the taking into account measures of radon 
protection, in cases of house building. 

5.  Mass of dump coal is low; consequently the 
impact on the surrounding environment is limited.  

6. The high gradient of slope mountain, has 
made the transportation of coal waste to occur at a 
distance far from the studied area, and only a small 
part of them is deposited near the dumps which is 
confirmed by the high levels of radon in the soil. 

 7. In the overburden, the concentration level of 
outdoor radon is high, 91Bq/m3. 
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Abstract.  The inventory analysis of the alkaline low level liquid and solid radioactive waste collected during more 
than 30 years of NPP “Kozloduy” operation requires determination of several α - (U, Pu, Am and Cm), β - (Sr, Ni, Fe, 
Tc, and C) and γ - emitters (Cs, Co, Nb and I). Alpha isotopes of interest are 233U, 234U, 235U, 238U; 238Pu, 239/240Pu, 242Pu; 
241Am and 242Cm and 244Cm. The characterization is needed to confirm that the waste is in compliance with the 
operating license of the treatment and conditioning facilities, to facilitate the routing of the waste to the appropriate 
treatment and conditioning process and environmental protection and long term safety. 
Different measurements and separation techniques such as gamma and alpha spectrometry, ICP OES, ionic exchange 
chromatography with AG and TEVA, UTEVA and TRU Eichrom Resins were applied. Essential challenges for 
determination of actinides are due to its low concentration in the complex matrix and need of more accurate alpha 
spectra. The application of tracer 236Pu and 242Pu as standard addition; 232U and 233U, 243Am as well 244Cm allows 
control of the isotope exchange and validation of chemical recovery. The sources were prepared by micro co - 
precipitation with NdF3 and electrodeposition and counted by alpha spectrometry with PIPS detectors. In order to 
calibrate the spectrometer four calibration sources were prepared for the respective type of samples’ geometry. 
In the paper results from the analyses are presented as well as a discussion of the problems aroused during analysis.  
It has been proved that the procedure applied for analysis of wastes is a balanced one where the NPP demands for 
very limited period of time were abided from one side and from the other it leads to results with good precision and 
accuracy. 

Key words: radioactive  waste, alpha spectrometry 

1. INTRODUCTION 

Radioactive waste (RAW) is a serious problem for 
the environment and human health, and is regulated 
by government agencies in order to protect human 
health and the environment.  

Bulgarian legislation classifies the radioactive 
waste in 3 categories: Category 1- transitional waste 
that can be cleared from regulatory control after 
appropriate processing and/or temporary storage for a 
period not longer than five years when the waste 
specific activity reduces below the clearance levels; 
Category 2 - low and intermediate level waste 
containing radionuclides in concentrations, not 
requiring special measures for heat removal during its 
storage and disposal; this category of waste is 
additionally categorized as 2a. and 2b subcategories; 
Category 3 - high level waste with such a concentration 
of radionuclides that heat generation shall be 
considered during storage and disposal. 

The characterization of evaporated bottom (2b 
subcategories) includes the activities made from 
personal of NPP and our laboratory. 

The inventory analysis of the alkaline low level 
liquid and solid radioactive waste collected during 
more than 30 years of NPP “Kozloduy” operation 

requires determination of several α - (U, Pu, Am and 
Cm), β - (Sr, Ni, Fe, Tc, and C) and γ - emitters (Cs, Co, 
Nb and I). Alpha isotopes of interest are 233U, 234U, 
235U, 238U; 238Pu, 239/240Pu, 242Pu; 241Am and 242Cm and 
244Cm [1]. 

In this paper the main procedure for separation of 
radionuclide in the alkaline low level liquid and solid 
radioactive waste was presented, with relation to alpha 
emitters. 

Under the contract analyses had to be performed of 
Pu, U, Am (Cm), Fe and Sr in 25 samples with 3 or 4 
aliquots for 8 months (16 liquid and 9 solid samples). 
The required minimum detection limit (MDL) for all 
alpha nuclides was 1 Bq/kg at 30 % uncertainty.  

It has been proved that the procedure applied for 
analysis of wastes is a balanced one where the NPP 
demands for very limited period of time were abided 
from one side and from the other it leads to results 
with good precision and accuracy. 

In the paper results from the analyses are 
presented as well as a discussion of the problems 
aroused during analysis. 

2. PROCEDURE 

As sample pretreatment is tedious and time 
consuming, we developed a procedure for sequential 
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separation of four analytes – Am(Cm), U, Pu shown in 
Fig. 1. This main scheme has some variation for liquid 
and solid samples. The cation exchanger AMP 
(ammonium molibdophosphate) was used for removal 
of Cs. Prior to this step potassium persulphate was 
added to the samples to oxidize U, Pu and Am(Cm) to 
their higher oxidation states and in order to minimize 
the affinity of Americium to AMP [2]. 

 

Fig. 1. Main steps of the sequential procedure for separation of 
actinides in radioactive wastes. 

To avoid matrix interferences and to transform the 
present analytes into ionic form, vigorous oxidizing of 
the organics with HNO3 and H2O2 and destruction of 
boric acid with CH3OH was necessary. Calcium 
phosphate co-precipitation in the presence of a few 
milligrams of iron and anion exchange 
chromatography [3] were used for further Am (Cm, 
Sr), U, and Pu separation from precipitate [4]. The 
selective ion-chromatographic resins TRU, TEVA, 
UTEVA were used [5]. According to our procedure the 

supernate of the calcium phosphate coprecipitation is 
set aside for Ni, Tc and I determination [6]. 

The sources were prepared by micro co-
precipitation with NdF3 and electrodeposition and 
counted by alpha spectrometry with PIPS detectors. 
Before source preparation a separate liquid fraction of 
americium was measured for gamma emission. The 
results are presented in Table 4 for three solid samples. 

Yield determination was carried out by addition of 
tracers for U – 232U, for Pu – 236Pu, for Am – 243Am 
and spikes for control of yields from tracers – for U – 
233U, for Pu – 242Pu, for Am – 244Cm. The specific 
scheme of tracer addition for liquid, Table 1 and solid, 
Table 2, in tree aliquot for liquid and four aliquot for 
solid assures the quality of results.  

Table 1 Tracers for liquid samples 

Aliquote 243Аm 232U  236Pu 233U 242Pu 244Cm 

1 + + +    

2 + + +   + 

3 + + + + +  

Table 2 Tracers for solid samples 

Aliquote 
243Аm 232U  236Pu 233U 242Pu 244Cm 

1.1 + + + + + 94Nb 

1 + + +       

2 + + +     + 

3 + + + + +   

Niobium has similar behavior as plutonium and 
has been used for gamma control of plutonium yield by 
gamma spectrometry. Niobium yield was determined 
by ICP-OES.  

The used tracers with some of their characteristics 
are given in Table 3. 

Table 3 The energy characteristics of tracers 

Nuclides Half-life, 
Т1/2, 
years 

Used 
as 

Impurities or daughter 
(sertificate) 

232U 68.9 Basic  Th-228+Th-228 
daughters in equil. 

233U 1.59E+05 Spike U-232-0.2% 
U-236 – 0.01% 
U-234-0.2% 

236Pu 2.85 Basic  Pu-238 – 0.15-0.29% 
U-232 – 1-2% (Sep’05-
Sep’06) 

242Pu 373500 Spike Pu-241 < 0.35% 
(1994) 
Am-241 <0.2% (2006) 

243Am 7380 Basic  Am-241< 0.06% 

244Cm 18.1 Spike Alpha impurities < 
0.1% 

Alpha spectrometry was performed by ORTEC 
Octete Alpha Spectrometry System equipped with 8 
chambers and ion implanted type ULTRA-SATM 
detectors with 300 mm2 active area. The energy 

Dissolve sample 
(k.HNO3, k.HCl) 

Added tracers 
(243Am, 232U, 236Pu) 

Removal of Cs 
with AMP 

Destruction of 
organics, borates 

Phosphates co-precipitation 
(Ca3(PO4)2) 

Anion exchange column 
(AG 1x8 Cl- form) 

Am 
fraction 

U 
fraction 

Pu 
fraction 

TRU 

UTEVA TEVA 

Am 

U Pu 

  
spectrometry 

  
spectrometry 

  
spectrometry 

Anion exchange 
column 

(AG 1x8 Cl- form) 
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resolution (FWHM) for 241Am 5.486 MeV is 20 keV for 
4cm sources to detector distance for all detectors. 

For calibration by energy and efficiency two 
certified calibration sources, depending on the type of 
samples were used. For co-precipitated samples 
"membrane filter" type for calibration we used "mixed 
source" - 238U, 234U, 239Pu, 241Am, and for 
electrodeposited sample - 241Am. 

For the alpha measurements different sources were 
made for additional calibration (after calibration with 
the certified sources, Fig.2). Four types of sources – 
directly dropped onto the metal disk, dropped onto 
filter through which are filtered co-precipitated 
nuclides, by co-precipitation with NdF3 of standard 
solutions and electrodeposited were prepared. 

3. RESULTS AND DISCUSSION 

The average chemical yield of the main tracer is as 
follows: 232U - 54.3%10; for 236Pu - 16.6%14 and 
243Am - 66.4%9. The analysis of yield results shows 
that the complex matrix affects most significantly the 
final yields of plutonium. On the other hand the low 
yield of plutonium improves the quality of source 
spectrum. Lower yield of plutonium in some solid 
samples is due to use of hydrofluoric acid for the 
complete dissolution of the sample. In order to verify 
236Pu yield standard addition of 242Pu was used. Such 
an approach is applied because in radiochemistry low 
yields are considered a prerequisite of incomplete 
isotopic exchange which is entirely possible for 
activities under 10Bq/kg. Determination of 242Pu on 
the basis of 236Pu tracer shows that the necessary 
isotope exchange between tracer and target isotopes of 
plutonium is made. 

Examples of the spectra of uranium, plutonium and 
americium aliquots in solid waste samples are shown 
in Fig.3, Fig.4 and Fig.5. 

 

Fig. 2 Mixed radionuclides standard source for energy and 
efficiency calibration, traceable to NIST. 

 

Fig. 3a) U isotopes spectrum. 

 

Fig. 3b) U isotopes spectrum+pulser signal. 

 

Fig. 4 Pu isotopes spectrum. 

 
Fig. 5 Am isotopes spectrum. 
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Evaluation of the chemical yield in the analysis of 
samples "membrane filters" type is accompanied by 
additional uncertainty due to the difference between 
the layers of the sample and calibrated standard 
source. This uncertainty is random and different from 
the statistical error, which is determined by the rate of 
counting alpha line in a radionuclide. The chemical 
yield is determined by the formula: 

TT

BAGA

mc

RR





)(

, (1) 

where ε is the efficiency of detection of alpha particles 
usually constant in the energy range 4-7 MeV. 

In the Table 4 are presented results for different 
aliquots of three solid samples. As can be seen from the 
presented results 241Am varies in a wide range. The 
samples where separation of final americium fractions 
was necessary due to high activity were separated into 
two parts one for gamma spectrometry and another 
part for neodymium co-precipitation for alpha 
spectrometry. The alpha result is about 40% lower 
than gamma results.  

Table 4 241Am from alpha and gamma measurement 

The results in Table 4 show that the tedious 
procedure influences the yield of aliquots. 

Due to high specific activity of Am and Cm nuclides 
co-precipitated as NdF3 sources in solid waste samples 
a correction is always required for the tail of 241Am in 
243Am peak. When the activity of 241Am is more than 
10 times higher than 243Am and FWHM > 0.06MeV 
there is a possibility of increase of measurement 
uncertainty up to 15%. 

The results for both Cm isotopes are calculated 
through the main tracer 243Am and 244Cm spike, 
introduced in one of the aliquots of each sample. Both 
244Cm and 242Cm are determined without problems 
when analytes are with high activity. However, an 
insurmountable problem in the lower activities is the 
243Cm presence with energy around 5.8 Mev which 
coincides with one of 242Cm lines. Moreover, 243Cm 
has a longer half-life (29.1y) than 244Cm (18.1y) and 
242Cm (162 d). 

233U is under the minimum detection limit for 
alpha spectrometry and it wasn’t measured. In most 
samples 235U is at concentrations around the given 
minimum detection limit. Some difficulties in 
analyzing the spectra of uranium were caused by the 
main tracer 232U, which is in equilibrium with 228Th. 

At the presence of other radionuclides in the 
sources the evaluation is with bigger uncertainty. 
Typical examples of this are some uranium sources, in 

which 2.5% impurity of 228Th (daughter of 232U) was 
observed. In this case significant presence of 
plutonium isotopes in uranium sources by 18% of the 
speed of counting tracer 232U was detected. Most 
important for the analysis of uranium in case of the 
determination of separated actinides in one sample, 
where all alpha-emitting tracers are added, is to find a 
correct assessment of possible impurities from 243Am 
in alpha spectrum. Contamination from 243Am is 
rejected only after comparison with results from other 
aliquots, absence of curium isotopes in uranium 
spectrum and comparable results for specific activities. 
Adding the control 233U tracer is debatable, because 
the results of the activities of 233U tracer in aliquots 
very often differ from those of tracer only with 232U. 

Because 239Pu and 240Pu have close energies it is 
common in α-spectrometry to report the sum activity 
of both nuclides as 239+240Pu. The yields of 
plutonium particularly for solid samples were very low. 
Control 242Pu tracer turns to be very useful and its 
activities, determined on the base of 236Pu tracer are 
very close to the declared as added. 

On the other hand in the radioactive waste 
samples, determination of specific activity of Pu-242 
within the sample due to the relatively low activity, it is 
only possible in aliquots free of 242Pu tracer. 

4. CONCLUSIONS 

It was the challenge analysis for determination of 
alpha emitters in evaporated bottom. For liquid and 
solid samples were achieved acquired minimal 
detection of limit and uncertainty. For characterization 
of waste were elaborated 300 sources and were made 
400 measurements with alpha spectrometry. Good 
precision and accuracy was obtained.  
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Sample 
aliquote  

Yield 
243Am 

Bq/kg 
α 

meass 

± 1σ  
meass, 
Bq/kg 

Bq/kg 
γ 

meass 

± 1σ 
meass, 
Bq/kg 

X1.1 0.80 1810 100 2960 10 
X1 0.92 2180 70 2480 10 
X2 0.80 2270 100 2920 10 
X3 0.48 2300 70 4920 20 
Y1 0.65 2200 100 2580 10 
Y2 0.58 2190 120 3420 10 
Y3 0.68 2260 90 2940 10 
S1.1 0.74 2650 270 3580 10 
S1 0.27 2820 200 4290 10 
S2 0.52 2750 40 3770 10 
S3 0.38 2800 180 4000 10 



 

 

RADIATION PROTECTION MONITORING IN THE VICINITY OF THE COAL-FIRED POWER PLANTS 
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Abstract. Fossil fuels used for power plants contain incombustible minerals with traces of natural radionuclides. The 
combustion of coal, in the process of electrical power production in coal-fired power plants, results in the enrichment 
of natural radionuclides in ashes and slag, which poses a threat to the environment. The results of systematic, several 
year, radioactivity monitoring of the working and the general environment in and around coal-fired power plants 
“Nikola Tesla A” and “Nikola Tesla B”, in the vicinity of Obrenovac are presented in this paper. Soil, plant and water 
samples as well as ashes and slag from the waste storage areas were examined. Concentrations of natural 
radionuclides 226Ra, 232Th, 40K, 238U, 235U and 137Cs - radionuclide produced, were determined by gamma-spectrometry 
in all the samples. For water samples additional gross alpha and beta measurements were made. Results indicated 
that the concentrations of radionuclides in ashes and slag are higher than corresponding concentrations in the earth 
crust, but not so elevated to raise significantly internal and external exposure. 

Key words: natural radionuclides, power plant, gamma-spectrometry, gross alpha and beta measurements 

1. INTRODUCTION 

In the process of electricity production in power 
plants, coal is burned at 1200-1700 0C with surplus of 
oxygen. Coal contains micro amounts of natural 
radionuclides from the uranium and thorium series as 
well as 40K. Radionuclides linked to the mineral part of 
coal are distributed and concentrated in slag and 
ash. Potassium, radium and thorium isotopes are 
melted with alumoinosilicates and dropped to the 
bottom.  Depending on the type of compound, uranium 
remains in the vitrified ashes, or volatilizes and 
condenses on the particles of fly ash. A very small part 
of total ash (1%) is discharged through the 
chimney. The rest is washed with water and disposed 
in landfill slag. 

Since 1990, Serbian Institute of Occupational 
Health "Dr Dragomir Karajović" has been engaged in 
systemic radioactivity control of working and living 
environment of power plant “Nikola Tesla” in 
Obrenovac [1,2,3,4,5,6,7, 8]. The goal of long-term 
radioactivity of control of the working and the general 
environment in and around of power plants “Nikola 
Tesla A” and “Nikola Tesla B” is evaluation of the 
increase of natural radioactivity above the background, 
as well identifying potential local sources of artificial 
radioactivity. 

According to the legislation, the samples are 
collected once a year, and processed by standard 
methods prescribed by IAEA. The results include 
measurements in the period 2005-2011 [1,2,3]. The 
following types of samples were investigated: coal, 
slag, fly ash from the production process, slag and ash 
disposed in landfills, agricultural land (arable and 

fallow) in the vicinity of power plants, crops from the 
adequate land, waste water disposal and drinking 
water. 

2. MEASURING METHODS 

Measurement of total alpha and total beta activity 
was performed using an automatic alpha-beta counter 
of the type Countmaster (with levels for relative sample 
preparation and measurement error of  10% - 
manufactured by "Protean Instruments Co. ", USA.  

Gamma-spectrometry measurements were 
performed using HPGe detectors - with a resolution of 
1.85 keV, and  relative efficiency of 25%, at 60Co 
energy of 1.33 MeV - manufactured by ORTEC (levels 
of relative sample preparation and measuring error of 
 10%). Energy calibration and efficiency calibration of 
the detectors are performed using radioactive 
Amersham standards. Measurement time of one 
sample is 10000 s to 60000 s. Background was 
measured for 250 000s. 

3. RESULTS AND DISCUSSION 

Activity concentrations of natural radionuclides: 
226Ra, 232Th, 40K, 238U, 235U, determined by 
gamma-spectrometry analysis of the samples from the 
working and the general environment in and around of 
power plant “Nikola Tesla A & B”  are shown as mean 
values (with min-max range) for the period  2005-2011 
in tables 1 and 2.  
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Table 1. Mean activities of radionuclides in the environment of 
power plant Nikola Tesla A (PPNT-A), with minimum and 

maximum values shown below. 

PPNT-A 
sample 

Ra-226 
(Bq/kg) 

Th-232 
(Bq/kg) 

K-40 
(Bq/kg) 

U-238 
(Bq/kg) 

Electro-filter 
Ash 

136  21 
113*- 
153** 

90  19 
73 - 110 

394  72 
339 - 476 

125  17 
114 - 145 

Coal 30  5 
26 - 37 

18  3 
15 - 22 

88  12 
76 - 100 

29  8 
20 - 37 

Slag 53  31 
17 - 73 

35  18 
14 - 46 

154  93 
50 - 232 

55  26 
25 - 75 

Soil Away from 
the Damp 

37  3 
34 - 40 

40  1 
40 - 41 

585  26 
568 - 615 

44  8 
37 - 53 

Soil in the Vicinity 
of the Damp 

38  2 
35- 40 

35   2 
34 - 37 

514  47 
466 - 560 

38  14 
26 - 54 

Plants Away from 
the Damp 

1   1 
0.3- 2 

1   0.1 
1 - 1 

161   39 
121 - 199 

2   1 
1 - 3 

Plants in the 
Vicinity of the 

Damp 

2   2 
0 - 4 

2   2 
1 - 4 

212   61 
145 - 264 

4   2 
2 - 6 

Dump Slag and 
Ash 

112   134 
100 - 127 

76   5 
70 - 81 

380   62 
331 - 450 

127   38 
100 - 170 

* Minimum value 
**Maximum value 

Table 2.  Mean activities of radionuclides in the environment 
of power plant Nikola Tesla B (PPNT-B), with minimum and 

maximum values shown below.    

PPNT-B 
sample 

Ra-226  
(Bq/kg) 

Th-232  
(Bq/kg) 

K-40 
(Bq/kg) 

U-238 
(Bq/kg) 

Electro-filter 
Ash 

130  34 
91*- 152** 

89  16 
71 -99 

431  105 
311 - 509 

144  27 
114 - 167 

Coal 21  6 
14 - 26 

16  4 
11 - 19 

65  28 
45 - 84 

18  7 
11 - 24 

Slag 50  26 
29 - 79 

36  18 
20 - 56 

153  49 
118 - 187 

56 + 33 
29 - 93 

Soil Away from the 
Damp 

50  4 
0 - 54 

53  1 
0 - 54 

701  36 
0 - 726 

53  9 
0 - 53 

Soil in the Vicinity 
of the Damp 

66  11 
53 - 74 

61  1 
60 - 62 

598  42 
568 - 628 

58 + 6 
54 - 65 

Plants Away from 
the Damp 

6  7 
1 - 14 

4  5 
1 - 10 

183 47 
150 - 216 

10  13 
1 - 25 

Plants in the 
Vicinity of the Damp 

2  1 
1 - 3 

2 2 
1 - 4 

232 122 
146 - 318 

7  8 
2 - 16 

Dump Slag and Ash 104 18 
85 - 120 

67  16 
53 - 84 

318  36 
292 - 343 

109  29 
77 - 133 

* Minimum value 
**Maximum value 

U-238 activities in samples from within power 
plant, for each year are presented in fig 1. (a and b). It 
can be observed the tat this radionuclide is pre-
concentrated and distributed from coal to ash and slag. 

Presented data show that the content of natural 
radionuclides determined in coal used at the power 
plant is within the normal range for the type of coal.  

- Ash and slag from the production processes 
applied in the power plant proved to contain increased 
concentrations of natural radionuclides, while none of 
the artificial radionuclides could be detected. 

- The content of natural radionuclides in dumps 
proved to be higher than the corresponding average 
content in soil.  
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Fig 1: Mean values of gross  (a) and  (b) activity in the River 
Sava water samples near: power plant „Nikola Tesla“ A  

The results of measurements for specific activities 
in coal, slag and electro-filter ash indicate the 
following:  

- 238U and 226Ra are in the state of radioactive 
equilibrium in coal, 

- slag and ash contain increased levels of natural 
radionuclides, 

- electro-filter ash contains - to a large degree – 
increased concentrations of natural radionuclides, 

- natural radionuclide content in dumps is several 
times higher than the corresponding average content 
of natural radionuclides in soil [9]. However, higher 
levels of natural radioactivity at the dumps do not 
contribute significantly to the increased levels of 
external and internal exposure to the workers 
employed at these sites. 

Mean values of total alpha and total beta activities 
in waste and river water samples are presented in 
figures 2. and 3 (a and b). 

The measured values indicated that waste waters 
do not influence the activity levels of the river waters, 
which can be expected, since radionuclides mainly 
remain in the insoluble ash and slag. 

The values for 137Cs activity concentrations in soil 
around power plants are shown in fig. 4.  Activity of 
137Cs was below the detection limit in all the samples 
except for the soil samples outside the power plant 
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borders, where it was found as a result of re-
suspension of Chernobyl fallout.  
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Fig 2: Mean values of gross  (a) and  (b) activity in the River 
Sava water samples near: power plant „Nikola Tesla“ A 

The magnitude of potential levels of radiation 
exposure to a person living and working in the vicinity 
of the power plant was assessed on the basis of the 
measuring results indicated above. Periods of work and 
stay at dumps of 8 hours per day, for 260 days per 
year, were estimated to result in a dose of 0.1 mSv per 
year, additional to the dose due to the natural 
background (i.e. from cosmic radiation, cosmogenic 
radionuclides, and primordial radionuclides) which 
represents about 10% of the permitted dose laid down 
by the WHO, for individuals from the general 
population [10].  

The extent of internal exposure due to ingestion 
was assessed on the basis of the measured activities of 
natural and artificial radionuclides determined in food 
products samples obtained from households in 
agricultural communities living both in the immediate 
and more distant surroundings of the power plant. The 
values obtained did not differ significantly from the 
average values for Serbian population as a whole. [7]. 

2005

2006

2011

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0.02

Total alpha 
activity (Bq/l)

PP "NT" B

River Sava upstream 
River Sava downstream  

2005

2006

2011

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

Total beta
 activity (Bq/l)

PP "NT" B

River Sava upstream 
River Sava downstream 

 

Fig 3: Mean values of gross  and  activity in the River Sava 
water samples  near power plant „Nikola Tesla“ B 
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Fig 4: Cs-137 Activity concentration in soil samples from the 
area around power plant „Nikola Tesla“:  a) plant A   and b) 

plant B 
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4. CONCLUSION 

The measured activity concentrations of natural 
radionuclides in coal correspond to the values to be 
expected for the type of coal used. Ash and slag contain 
higher concentrations of natural radionuclides as 
compared to the original coal. None of the 
radionuclides of artificial origin were detected in coal, 
ash or slag. 

The concentrations of natural radionuclides at 
dumps were higher, but not so high as to produce a 
significant contribution in terms of increased doses of 
external and internal irradiation. None of the short-
lived radionuclides of artificial origin were detected 
here.  

The content of radionuclides in the soils of 
ploughed land in the immediate vicinity of the dumps 
did not differ significantly from the corresponding 
content determined in soil from areas beyond the 
range of influences from the power plant 

The presented results of radioactivity 
measurements from the period 2005 - 2011, are similar 
to the values obtained in previous years [4,5,6,8,9]. 
Activity concentration values show that the 
environment protection measures that are applied to 
prevent increased contamination by natural 
radionuclides originating from the power plant “Nikola 
Tesla A & B” are successful. Artificial radionuclides of 
short and intermediate half-lives were not detected in 
any sample, which means that no artificial source of 
radioactivity is present. Increased natural radioactivity 
in landfills in the present circumstances does not 
impose health risk to the workers. 
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POPULATION DOSES FROM TERRESTRIAL GAMMA EXPOSURE IN BELGRADE (SERBIA)  
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Abstract. Terrestrial radiation exposure emitted from naturally occurring radionuclides, such as 40K and 
radionuclides from the 238U and 232Th series and their decay products represent the main external source of 
irradation to human body. The purpose of this study was to provide the assessment of the doses from terrestrial 
exposure of population in Belgrade. The gamma dose rate, annual effective doses and external hazard indexes due to 
terrestrial natural occurring radionuclides (226Ra, 232Th, 40K) were calculated based on their activities in soil 
samples in Belgrade determined by gamma-ray spectrometry. The mean value of the total absorbed gamma dose rate 
outdoors due to terrestrial radionuclides for Belgrade was 59 nGy/h which is close to the worldwide average value (58 
nGy/h). The values of the gamma dose rate varied among sampling locations as a consequence of different geological 
formations in the investigated area. The mean value of annual effective dose of 73 Sv was significantly lower than the 
maximum allowed dose of 1 mSv for the population and was consistent with the worldwide average value. The mean 
value of external hazard index was found to be 0.28. The results of this assessment study pointed out that there is no 
significant radiation risk to the population of Belgrade due to terrestrial exposure to radiation from natural sources 
outdoors. 

Key words: radium, thorium, potassium, exposure, lithology.  

 

1. INTRODUCTION  

Assessment of the radiation doses in humans from 
natural sources is of special importance because 
natural radiation is the largest contributor to the 
collective dose received by the world population. The 
knowledge of the doses from natural background is 
necessary as a basis for comparison with man-made 
sources of exposure. Moreover, owing to the large 
variability of doses from natural sources of radiation, 
some individual doses may be high enough to obligate 
the introduction of remedial measures. Many 
radionuclides exist naturally at trace levels in various 
soil and rock formations. Particular interest is being 
focused on the external exposure due to gamma 
radiation emitted by naturally occurring radionuclides. 
The significant sources of this external exposure are 
the 238U decay chain, the 232Th decay chain and the 40K. 
This exposure depends primarily on the geological and 
geographical conditions and, a significant part, is 
delivered outdoors [1]. 

The aim of this work to determine the activity 
concentrations of 226Ra, 232Th and 40K in soil samples 
collected across the city of Belgrade, the capital of 
Serbia, using gamma ray spectrometry and use the 

results  to calculate absorbed gamma dose rate in air, 
annual effective dose equivalent and external hazard 
index Belgrade is expected to change from being a city 
to a conurbation in the near future and baseline data of 
this type will be of importance in the assessments of 
population exposure. 

2. MATERIALS AND METHODS 

The city of Belgrade is located in the northern part 
of Serbia. It spreads over area of about 1000 km2 and 
has a population of approximately 1.8 million, i.e. 
about 20% of total population of Serbia.   

The samples of undisturbed soils were collected 
from 70 locations of Belgrade during 2006-2010. A 
total of 230 samples were collected. From each 
location, 3-4 subsamples were collected by  template 
method [2], up to depth of 10 cm. Samples were dried 
at 105 °C to a constant weight and then homogenized. 
The homogenized samples were placed in 1L Marinelli 
beakers. The beakers were sealed hermetically and 
kept aside for about a month to ensure equilibrium 
between 226Ra and its daughters before being taken for 
gamma spectrometric analysis.  

The measurements were performed using HPGe 
gamma-ray spectrometer ORTEC-AMETEK (34% 
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relative efficiency and 1.85 keV FWHM for 60Co at 1.33 
MeV, 8192 channels) shielded with 10 cm lead 
internally lined with 2 mm copper foil. The weight of 
each sample was approximately 1 kg. The activity of 
each sample was measured for 60 ks. A mixed 
calibration source MBSS 2 from Czech Metrological 
Institute, was used for efficiency calibration in the 
same geometry as the measured samples. For the 
purpose of quality assurance, independent checks on 
calibration were performed using two standard 
reference materials from International Atomic Energy 
Agency (IAEA-385) and Environmental Measurement 
Laboratory United States Department of Energy (QAP-
9803). The activity of 226Ra was evaluated from the 
gamma ray of 609.3 keV of 214Bi peak and 351.9 keV of 
214Pb, while 911.2 and 969.1 keV gamma-ray lines 
emitted by 228Ac and 238.6 keV emitted by 212Pb was 
used to determine 232Th. The activity of 40K was 
determined using its 1460.8 keV gamma-ray line.  

Gamma Vision 32 was used to process the spectra 
obtained [3]. Statistical evaluation of obtained results 
was performed using statistical package SPSS 10.0 for 
Windows [4].  

2.1. Absorbed gamma dose rate  

The external gamma dose rate in the air at 1 m 
above ground level was calculated from the measured 
activity concentrations of 226Ra, 232Th and 40K in soil 
assuming that other radionuclides, such as 137Cs, 90Sr 
and the 235U series can be neglected as they contribute 
very little to the total dose from environmental 
background [5,6,7]. The calculation were performed 
according to the following equation [1]: 

D = 0.462ARa+ 0.604ATh+0.042AK (1) 

where ARa, ATh, and AK are activity concentrations (Bq 
kg-1) of 226Ra, 232Th and 40K, respectively. 

2.2. Annual effective dose equivalent  

In order to estimate the annual effective doses, one 
must take into account the conversion coefficient from 
absorbed dose in air to effective dose and the indoor 
occupancy factor. Using the dose conversion factor of 
0.7 Sv Gy-1 and occupancy factor of 0.2 adopted by 
UNSCEAR (2000) the annual effective dose equivalent 
(AEDE) was calculated as follows [1]: 

AEDE  = D  8760  0.7  0.2 (2) 

2.3. External hazard index  

The external hazard index Hex provides a useful 
guideline for regulating the safety standards on 
radiation protection for the general public. It was 
calculated by using the equation [8]: 

 

Hex = ARa/370 + ATh/259 + AK /4810  (3) 

 

where ARa,ATh,,AK are activity concentrations (Bq kg-1) 

of 226Ra, 232Th and 40K respectively, in soil samples. 
The value of this index must be less than unity to keep 
the radiation hazard insignificant, i.e. to keep the 
radium equivalent activity and annual dose under the 

permissible limits of 370 Bq kg-1 and 1 mSv, 
respectively [9]. 

3. RESULTS AND DISCUSSION 

Descriptive statistics for activity concentrations of 
primordial radionuclides in soil samples collected in 
Belgrade area is presented in Table 1.  

Table 1 Descriptive statistics of activity concentrations of 
226Ra, 232Th and 40K for all analyzed soil samples 

 

It can be seen that activity concentrations of 226Ra, 
232Th and 40K, ranged from 12 to 55 Bq kg-1, from 11 to 
64 Bq kg-1 and from 280 to 800 Bq kg-1, respectively. 
The mean activity concentration for 226Ra of 33 Bq kg-1 
was close to the world average value of 32 Bq kg-1, that 
of 232Th  38 Bq kg-1 was about 18% lower than the 
world average value, while mean activity concentration 
of 40K 504  Bq kg-1 was 18%  higher than world average 
value. The analyzed radionuclides showed a range of 
concentrations, as a consequence of the variety of 
lithological components in the investigated area. The 
most of sampling locations are situated on terrains of 
the southern rim of  Panonian area and the northern 
parts of Sumadian mesozoic joist. There are two 
structural floors in tectonics of Belgrade area. The first 
one is composed of jurassic and cretaceous sediments 
and magmatic products. The parts of mesozoic joist on 
west are composed of flysh sediments of upper 
cretaceous series, which are covered by neogen 
sediments with horizontal stratification important for 
the development of pedological cover. The second 
structural floor is composed of neogen sediments. 
More than 70% of the territory of Belgrade is covered 
by quaternary deposits of alluvial lake, alluvial marsh, 
alluvial, delluvial, delluvial, delluvial-prolluvial, 
prolluvial and eolic sediments. Near the Sava and 
Danube rivers, alluvial sediments are deposited, and in 
the area of Zemun and Bezanija, loess is predominant 
[10]. Such a geological composition, together with the 
expressed structural formations and different terrain 
elevation, causes differences in concentration of 
analyzed radionuclides in soils. 

Descriptive statistics for the total absorbed gamma 
dose rates (D), annual effective dose equivalent 
(AEDE) and external hazard index (Hex) are presented 
in Table 2.  

 

 

Activity concentration (Bq kg-1) 
Parameter 

226Ra 232Th 40K 
Range 43 53 520 
Mean 33 38 500 
Median 35 39 500 
St. deviation 8 9 100 
Minimum 12 11 280 
Maximum 55 64 800 
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Table 2  Descriptive statistics of total gamma dose rate due to 
226Ra, 232Th and 40K, annual effective dose equivalent  and 

external hazard index  

 

The values of total gamma dose rates varied 
between 25 and 90 nGy h-1 with the mean value of 59 
nGy h-1. According to UNSCEAR (2000) [1], the dose 
rate in air outdoors from terrestrial gamma rays in 
normal circumstances is approximately 60 nGy h-1 and 
the national average ranges from 1 to 1100  nGy h-1. 
The mean value of D for soils analyzed in this study is 
close to the world average value.  The contribution to 
the total absorbed gamma dose rate by 226Ra, 232Th and 
40K was 25%, 39% and 36%, respectively. The 
contribution of each radionuclide to the total dose 
depends primarily on soil type and geological 
background of each investigated location.  

The values of  annual effective dose equivalent 
(AEDE) for different locations Belgrade ranged from 31 
to 110 Sv y-1  with mean value of  73 Sv y-1, which is 
much below the maximum permissible dose of 1 mSv y-

1 recommended by the ICRP for members of the public 
[9] and also less than the average external gamma dose 
of 0.48 mSv y-1 from natural radiation sources of 
terrestrial origin assessed by UNSCEAR (2000) [1]. 

The range and mean values of absorbed gamma 
dose rate due to 226Ra, 232Th and 40K obtained for 
Belgrade are compared with values reported for cities 
worldwide (Table 3). 

Table 3. Absorbed gamma dose rates in cities from different 
parts of the world compared with that obtained in present 

study 

It can be seen that the mean value of gamma dose 
rate observed in the present study (59 nGy h-1) lies 
within the reported values. It is comparable with those 
reported for the cities of Zacatecas, Mexico [19] (45 
nGy h-1), Windhoek, Namibia [18] (56 nGy h-1) and 
Istanbul, Turkey [15] (49 nGy h-1). The value obtained 
in the present study is 2.6-fold lower than that 
assessed by Hosseini (2007) for Zahedan, Iran [20] 
(158 nGy h-1).  

 

However, it is about 2.5-fold higher than gamma 
dose rates reported for Tripoli, Libya [17] (23 nGy h-1) 
and Alkharje, Saudi Arabia [11] (24 nGy h-1). These 
differences in terrestrial radioactivity, and the 
associated external exposure due to gamma radiation, 
are caused by geological and geographical specifities of 
investigated areas. The high gamma dose rates 
reported for Teheran could be explained by its 
geological composition which includes metaluminous 
to weakly peraluminous rocks, corresponding to  

magnetite- and ilmenite-bearing granitoids, 
ranging from diorites to granites [21]. The mean value 
of external hazard index was found to be 0.28. The 
results of this assessment study pointed out that there 
is no significant radiation risk to the population of 
Belgrade due to terrestrial exposure to radiation from 
natural sources outdoors 

The results of this study are useful as a data 
baseline for preparing a radiological map of the studied 
area as well as for enrichment of the worlds data bank. 
Before more definite conclusions of hazards of 
population exposure to natural radionuclides and 
drawn, an extended and more systematic survey of the 
area in needed. 
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OBSERVATION OF RADON-222 PROGENY DECAY PROCESSES  
BY THE TIME-DEPENDENT GAMMA-RAY SPECTROSCOPY 
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Abstract. We studied the γ-ray emission of Rn-222 progeny isotopes Pb-214 and Bi-214 dissolved in water by time-
dependent γ-ray spectroscopy. The γ-ray spectra of fresh artesian well samples showed that the ratio of the two 
daughter isotopes of Rn-222 varied during the measurement time and were not in balance. A theoretical model is 
proposed to explain the experimental results. 
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1. INTRODUCTION 

The Rn-222 from samples of water is usually 
studied by liquid scintillation counting (LSC) 
techniques or the content of Rn-222 is estimated by 
γ-ray spectra of its progeny.  

The γ-ray spectra of various fresh water samples 
(water from air filters, fresh rainwater, fresh water 
from artestian well clearly show that the ratio of 
intensities of the spectral peaks from Pb-214 and Bi-
214 varies in time, which means that the proportion 
of the nuclei varies in time. 

This notable phenomenon suggests that there 
must be a continued loss of Rn-222 nuclei from the 
sample. The reason why this phenomenon has not 
been studied before could be due to a relatively 
complicated measurement procedure as well as a 
relatively complicated description of initial 
conditions for this decay process. 

2. EXPERIMENT 

In this work we describe this process by taking 
into account both the equilibrium conditions of the 
U-238 decay series and the conditions and the 
quality of the sampling. Special care is taken so that 
as little as possible Rn-222 dissolved in the sample 
releases into the atmosphere. Increase in the 
temperature decreases the solubility of Rn-222 and 
causes the release of Rn-222 into the atmosphere 
[1]. In this work the samples were taken directly 
from the output of a running fresh water tap. To 
ensure representativeness of fresh water for 
sampling the tap has been previously open for 
approximately 15 minutes. The γ-ray spectra were 
recorded at 10 minute intervals. The total 
measurement cycle time was approximately six 
hours. The ORTEC EG&G HPGe  γ-ray detector 
GEM-35200 and 92x Spectrum Master (EG&G 
Ortec) device were used. Water samples were  

 

measured in one litre Marinelli beakers. The spectra 
were processed by IAEA  

 

software GANAAS. From each spectrum we 
determined the activity of Pb-214 and Bi-214 nuclei, 
which allowed us to evaluate the number of these 
nuclei at the time of the measurement.  

The results demonstrate a behavioural pattern 
according to which at the beginning of the 
measurements the content of the Pb-214 nuclei is 
larger than for that of Bi-214, but at a later stage the 
content of Pb-214 nuclei decreases steadily while 
that of Bi-214 nuclei first increases and then 
diminishes. 

3. THEORETICAL MODEL  

The number of Rn-222 nuclei in water at time t 
may be expressed as follows: 

)()( 1
101 tFeNtN tγ , (1) 

where  N10 is the value at t = 0, γ1 is the lifetime of 
Rn-222 and function F(t) describes dispersion of 
Rn-222 into the air. 

The number of progeny nuclei Ni(t) may be 
calculated from the differential equation:  

iiii
i NγNγ

dt

tdN
  11

)(
,   42 i , (2) 

where N2 (t) is the number of Po-218 nuclei at the 
moment t and γ2 is its lifetime, N3 (t) is the number 
of Pb-214 nuclei and γ3 is its lifetime, N4 (t) is the 
number of Bi-214 nuclei and γ4  is its lifetime. 
Solving the equation (2) gives for Po-218 the 
following relation [2]: 

 21012 )()( 122 CdttFeNγeetN tγtγtγ    . 
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If Rn-222 disperses into the air exponentially 
αtetF )( (where a is the rate of dispersion) and 

the initial condition is N2 (0) = N20, then we get: 

tγtαγ eCeCtN 21
22

)(
212 )(   , (4a) 

where 

)( 12

101
21 αγγ

Nγ
C


 ,    212022 CNC  .(4b) 

Similarly, we get the following values for Pb-214 
and Bi-214:  

tγtγtαγ eCeCeCtN 321
3332
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313 )(   ,(5a) 
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4342414044 CCCNC  . 

In our experiment, we measured the γ-radiation 
emitted during decay process by Pb-214 and Bi-214 
nuclei. The activity of this radiation is expressed as 
corresponding A3(t) = γ3N3(t) and A4(t) = γ4N4(t). 

Our experiment shows (Fig.), the real decay of 
contents Pb-214 (A3) and Bi-214 (A4)  is much faster 
that decay of Rn-222. This means that α ≠ 0. Lets 
describe the decay process as follows: 

)1()( ββetG αt   , (7) 

where the β describes this part of activity, that 
disappears into the air with the dispersed Rn-222. 
Then, according to formulas (5) and (6), the 
measured values A3(t) and A4(t) can be described as 
follows: 

))()1(()( 00)(   αiαtiii tNββNγtA .(8) 

4. DISCUSSION 

In Fig. we have plotted the experimental values 
of activities A(t) for Pb-214 and Bi-214 together with 
the values we calculate according to the formulas 
(8). The activity of Pb-214 is seen to decay 
monotonously while the activity of Bi-214 first 

increases and then starts to decay. Our model 
describes the behavior of Pb-214 (A3(t)) with 
following fitting parameters: α = 0,0005 and β = 
0.75, A10 = A20 = A30 = 0.55. The situation for Bi-214 
is more complicated. The observed non-monotonic 
behavior may be reproduced from the model if A40 < 
0.55, i.e we assume that if t = 0 then there is no 
initial balance between Rn-222 nuclei and its 
daughters. The model calculations show that the 
smaller A40, the larger the “node” on the curve and 
the maximum moves toward the larger t. The best 
approximation for Bi-214 (A4(t)) gives values α = 
0.0005, β= 0.75, A40 = 0.25. 
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Fig. Activity of Pb-214 and Bi-214 as a function of time 
after sampling compared with theoretical model (α = 
0.0005, β = 0.75, A10 = A20 = A30 = 0.55 and A40 = 

0.25). 1 - measured activity of Pb-214; 2 - calculated A3(t); 
3 - measured activity of Bi-214; 4 - calculated A4(t). 

5. CONCLUSION 

The behavior of Rn-222 progeny has been 
studied for the first time by time-dependent �-ray 
spectroscopy. The theoretical model has been 
derived for describing Pb-214 and Bi-214 decay 
processes in water when dispersing Rn-222 from 
water into the air. The model shows additional loss 
of Bi-214 from water.  
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NATURAL RADIONUCLIDES IN SOILS IN SERBIA: DOSE CALCULATIONS  
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Abstract. The paper presents the results of environmental risk assessment from natural radionuclides in 
soils in Serbia during 1983–2009. Soils were sampled in urban and mountainous areas, around several 
coal power plants, at an experimental farm, and in the region exposed to depleted uranium ammunition in 
1999. External dose rates, radium equivalent activities, external hazard indices, and annual effective doses 
are calculated and the environmental risk from natural radionuclides in soils is estimated.  
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1. INTRODUCTION  

Since the level of outdoor exposure mainly depends 
on radionuclides in the first (20–30) cm of soil, natural 
radionuclides in soil (e.g., 40K and the radionuclides of 
the 232Th and 238U series) significantly contribute to the 
total dose of irradiation from natural sources of 
radiation to population and environment (Fisenne, 
1993; Kathreen, 1994). Content of natural 
radionuclides in soils is primarily determined by their 
geological origin. Higher contents are found in igneous 
rocks (granite) and some shale and phosphate rocks, 
and lower contents in sedimentary rocks.  

Complexes of magmatic, sedimentary and 
metamorphic rocks, different in age and 
petrogeochemical characteristics, can be found in 
Serbia. The northern part of the country (Pannonian 
Basin) mainly consists of alluvial deposits, while the 
eastern (Carpatho-Balkan) and western (Dinaric) parts 
are composed of karstified limestone (ODD, 1992). 

Various soil treatments (agricultural versus 
undisturbed soil) and other anthropogenic activities 
(urban soils exposed to different sources of pollution), 
as well as local climate and position, also contribute to 
differences in the content of natural radionuclides and 
thus to the level of annual effective dose and external 
hazard index (ODD, 1992; Popovic et al., 2008). 

Radionuclide 40K (half-life 1.248·109 years) is an 
isotope of potassium (0.012 %) that is found in nature 
as an ionic salt in sea water and minerals. It makes up 
to 1.5 % of the Earth’s crust and is crucial for 
functioning of all living cells. As a fertiliser, potassium 
is used in the form of potassium chloride, sulphate or 
nitrate, thus enhancing the level of natural 
radioactivity (Kathreen, 1994).  

Natural uranium is a mixture of three 
radioisotopes: 238U (99 %, half-life 4.5·109 years), 235U 
(0.71 %), and 234U (0.006 %).  Its most important 

daughter is 226Ra (half-life 1602 years), found in 
majority of uranium ores, which decays to another 
important radioactive isotope – radon. Average global 
concentrations of uranium in soils are (50–125) Bq/kg, 
and up to 5000 Bq/kg in some shale rocks (Eisenbud, 
1989). In some areas of central-east and south-east 
Serbia, the activities of uranium can reach 200 Bq/kg, 
with the mean (50–100) Bq/kg (Todorovic et al., 
2001). Different mining, industrial and agrotechnical 
activities present pathways through which uranium 
enters the environment (Djuric and Popovic, 2000).  

Thorium-232 (half-life 1.405·1010 years) is less 
radioactive than uranium, but more abundant in 
nature. Its world average concentrations in soils are 
around 12 ppm, thus presenting a significant cancer 
risk in the area of enhanced natural radioactivity 
(Eisenbud, 1989; Kathreen, 1994). 

Since the 1960’s, radioactivity monitoring 
programme in Serbia has included studies on the 
contents of natural and anthropogenic radionuclides in 
soils, plants, air, food and feed, in urban as well as in 
rural areas. A study of Radovanovic and Vukotic (1985) 
showed 15 different radioecological areas in Serbia, 
while Bikit et al. (1995) found soils with an enhanced 
natural radioactivity near the mine of Kalna.  

In 1999, four sites, Borovac, Bratoselce, Reljan and 
Plačkovica, near the town of Vranje were contaminated 
by depleted uranium (DU) with the total contaminated 
area of about 16000 m2 (RA Report, 2002; Sarata et 
al., 2004). The targeted sites were subsequently 
isolated and decontaminated, and missile fragments 
stored as radioactive waste (Popovic et al., 2002). The 
United Nation Mission in Serbia and Montenegro in 
2002 reported levels of uranium in soils in the range 
(1.0–9.5) mg/kg, with traces of depleted uranium 
found in less than 15 % of the samples (UNEP, 2002).  
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2. MATERIALS AND METHODS  

Natural radionuclides were determined in soils of the 
mountains Tara, Šara and Stara Planina (1983–2000) 

(Popovic et al., 1996; Todorovic et al., 1996, 2001), Rudnik, 
Goč, Crni vrh and Besna Kobila (2002–2008).  

Soils in the Vranje area were sampled in 2001, at 
the locations exposed to DU ammunition. The results 
did not include samples from the craters of the 
targeted sites, with high concentrations of depleted 
uranium (Miljevic et al., 2001).  

Samples of soils around coal power plants: 
Obrenovac, Lazarevac, Kostolac, and Svilajnac, were 
collected over the 2003–2009 period (RC, 2009). 

Over 2002–2008, soils were sampled in towns of 
Belgrade, Paraćin, Ćuprija, Jagodina, Šabac, 
Aranđelovac, and at the Radmilovac farm, which is in 
the vicinity of Belgrade (Vukasinovic et al., 2009).  

2.1. Sampling and Instrumentation  
Soils, taken from a depth of 5 cm, were dried up to 

105 °C, grounded, sieved, and left in Marinelli beakers 
for four weeks to reach the radioactive equilibrium. 
Radionuclides were determined on two High Purity 
Germanium detectors (Canberra, relative efficiencies 
20 % and 23 %) by standard gamma spectrometry.  

Geometric calibration was performed  using: 
reference source CBSS 2 (soil, Czech Metrological 
Institute, Inspectorate For Ionizing Radiation, Praha); 
reference soil material (National Office of Measures 
OMH, Budapest, MIX-OMH SZ) spiked with a series of 
radionuclides 22Na, 57/60Co, 89Y, 133Ba and 137 Cs (total 
activity 1.5 kBq/kg on 1.7.1991, uncertainty 5 %); IAEA-
Soil 6 standard spiked with 137Cs (58 Bq/kg) and 226 Ra 
(93 Bq/kg) on 30.1.1993, significance level 0.005; and 
a secondary reference material made from the 
reference soil material Czech Metrological Institute, 
Praha 9031-OL-116/8, type ERX (spiked with 241Am, 
109Cd, 139Ce, 57Co, 60Co, 88Y, 113Sn, 85Sr, 137Cs, 210Pb; 
total activity 114.9 kBq on 03.03.2008) in plastic 100 g 
boxes.  

Counting times were (60.000–300.000) s.  

Shauvenet criterion was applied for statistical 
analysis of the data. The spectra were analysed by 
GENIE 2000 program. The total standard error of the 
method was estimated to 20 %.  

2.2. Calculations  
Radium equivalent activity Raeq and external 

hazard index Hex are reliable parameters for estimating 
radiation hazard from radionuclides in soils. Under the 
assumption that 370 Bq/kg of 226Ra, or 259 Bq/kg of 
232Th, or 4810 Bq/kg of 40K, produce the same gamma 
dose rate level, the radium equivalent activity Raeq (in 
Bq/kg) was calculated according to the following 
equation (Beretka and Mathew, 1985): 

KThRa 077.043.1 CCCRaeq    (1) 

where CRa, CTh and CK are the activities of 226Ra, 232Th 
and 40K (in Bq/kg), respectively.  

The external hazard index Hex, defined in Beretka 
and Mathew (1985), was calculated as: 

4810259370
KThRa CCC

Hex    (2) 

The maximum value of Hex (equal to 1) corresponds to 
the upper limit of Raeq (370 Bq/kg). On the other hand, 
the radiation hazard is insignificant for the Hex values 
less than 1. 

The external gamma absorbed dose rate in air 1 m 
above ground D (in nGy/h) was calculated taking into 
account only the activities of 226Ra, 232Th and 40K, thus 
assuming that other radionuclides from the 238U series 
and the anthropogenic 137Cs contribute insignificantly 
to the total dose from the environmental background 
(Kocher and Sjoreen, 1985; Leung et al., 1990). The 
dose was calculated according to UNSCEAR (2000) as: 

KThRa 0417.0604.0462.0 CCCD   (3) 

To estimate the annual effective dose Dann (in Sv), 
the conversion coefficient from absorbed dose in air to 
effective dose and the indoor occupancy factor were 
taken into account. The conversion factor 0.7 mSv/Gy 
and the outdoor occupancy factor 0.2 (assuming that, 
on average, an adult spends 20 % of daily active time 
outdoors) were used in our calculations (UNSCEAR, 
2000). The annual effective dose (for 24 hours and 365 
days) was, therefore, calculated as: 

  DDann  243650.2Sv/Gy7.0mSv  (4)                    

3. RESULTS AND DISCUSSION  

The measured activities of natural radionuclides in 
soils in Serbia were mostly in the range of values 
reported for the region (Popovic et al., 1996, 2008). 
The differences are due to the type of soil, its geological 
origin and agricultural treatment. Higher values of 
uranium were found in soils treated with phosphate 
fertilisers, as was the case at the experimental 
university farm Radmilovac (Vukasinovic et al., 2009). 
Similarly, high values found in Aranđelovac were most 
likely caused by chemical treatment of soil.  

Among the mountain soils, the highest content of 
natural radionuclides was found in the soils of Mt. 
Besna Kobila (in the Serbo-Macedonian massif), and 
the lowest in the soils of Rudnik and Goč (in the 
Vardar zone) and Crni Vrh (in the Carpatho-
Balkanides).  

The highest concentrations of uranium in soils 
were found in the Vranje region, where the sampling 
sites were relatively close to the target points in 1999. 
The differences between the sites were pronounced, 
with the Bratoselce location having the highest 
activities. 

 The external dose rates D, radium equivalent 
activities Raeq, external hazard indices Hex, and annual 
effective doses Dann were calculated taking into account 
the activities of natural radionuclides in soils. The 
results are given in Table 1. The radium equivalent 
activity in our study was significantly lower than its 
maximum of 370 Bq/kg, but some of the external dose 
rates were above the world average of 57 nGy/h 
(UNSCEAR, 2000). External hazard index is within the 
range (0.06–0.56) obtained for Serbia by other authors 
(Dragovic et al., 2006a,b). The total annual external 
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dose due to natural radionuclides in soils was below 
the world average (UNSCEAR, 2000), except for 
agriculturally treated soils and some mountainous soils 
with higher content of natural radionuclides. 

A notable exception was the region of Vranje, 
which was exposed to DU ammunition in 1999. 
Significant differences in radiological risk assessment 
between the four sampling locations in this region 
were found. For example, the values of external dose 

rate and annual effective dose at Bratoselce were five 
times higher than at Borovac. Further, the annual 
external dose at Bratoselce was the highest for the 
country on the whole, and it exceeded the world 
average value by a factor of two (UNSCEAR, 2000). 

 

 

 

Table 1 External dose rates D, radium equivalent activities Raeq, external hazard indices Hex, and annual effective doses Dann from 
natural radionuclides in soils in Serbia. Mountain regions, urban areas and the experimental university farm are marked with the M, 

U, and F superscripts, respectively 

Site 
D 

(nGy/h) 

Raeq 

(Bq/kg) 
Hex 

Dann 

(mSv) 

TaraM 73±29 155±61 0.42±0.16 0.089±0.036 

ŠaraM 59±10      126±23 0.34±0.06 0.072±0.013 

Stara PlaninaM 79±27 168±59 0.45±0.16 0.097±0.034 

Besna KobilaM 98±22 209±47 0.56±0.13 0.120±0.027 

GočM 20±4 43±8 0.12±0.02 0.025±0.004 

RudnikM 40±8 86±18 0.23±0.04 0.049±0.008 

Crni VrhM 31±6 64±13 0.17±0.03 0.038±0.008 

Coal Power Plants 69±12 147±25 0.40±0.07 0.084±0.014 

VranjeU 

Bratoselce 

Borovac 

69±14 

110±31 

22±3 

122±30 

233±66 

48±6 

0.40±0.07 

0.63±0.18 

0.13±0.02 

0.085±0.017 

0.135±0.037 

0.027±0.004 

RadmilovacF 81±9 173±19 0.47±0.05 0.099±0.011 

BelgradeU 50±7 106±15 0.29±0.04 0.061±0.009 

ParaćinU 68±7 143±15 0.39±0.04 0.083±0.008 

ĆuprijaU 60±12 126±27 0.34±0.07 0.073±0.008 

JagodinaU 81±16 169±34 0.45±0.09 0.099±0.020 

ŠabacU 81±16 175±35 0.47±0.09 0.099±0.020 

AranđelovacU 90±18 192±38 0.52±0.10 0.100±0.020 

3. CONCLUSIONS 

Generally, the activities of natural radionuclides in 
soils in Serbia were in the range of values in the region, 
with some exceptions, mainly due to anthropogenic 
activities.  

The highest radiological risk was obtained for Mt. 
Besna Kobila, where the highest concentrations of the 
natural radionuclides were found. Relatively high 
radiological risks were found in some urban areas, 
most likely as a result of soil fertilization. Similar 
radiological risks were calculated for the Radmilovac 
farm, where soils are extensively treated. However, in 
Belgrade, the largest city, relatively low values of 
radiological risks were found. In the areas around the 
coal power plants radiological risks were not as high as 
in some of the urban areas, and were comparable to 
the average risk in the Vranje area. Differences 
between the sampling sites in the Vranje region were 
significant, with the risk parameters varying fivefold. 
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FOLLOW-UP OF CS-137 ACTIVITY IN THE FIRST 100 AIR SAMPLES  
IN THE AREA OF KUMODRAZ, BELGRADE IN THE 2009 TO 2011 PERIOD  
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Abstract. This paper presents results of gamma spectrometric analyses of air samples, collected in the period from 
2009 to 2011, at Kumodraz location. Cs-137 specific activity has been monitored for 4 years.  Exposure rate of gamma 
background radiation has been showed, as well. Obtained results show that average annual effective doses are in the 
range from 1.01 to 1.19 mSv/y and lower than the worldwide average.  
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1. INTRODUCTION 

Men are continuously exposed to radiation 
originating from natural and artificial radionuclides. 
Systematic measurements of radioactivity of air 
samples are important precondition for timely 
reactions in the event of increased exposure of 
population to radiation. Presence of anthropogenic 
radionuclides in the air is one of the main nuclear 
accident occurrence indicators. 

Cs-137 is a fission product released into 
atmosphere in the course of nuclear weapon testing or 
during radiation accident in nuclear power plants. Very 
small amount of Cs-137 is released from nuclear power 
plants as radioactive waste. As a part of aerosol, Cs-137 
is released from the atmosphere to reach soil through 
precipitation, atmospheric washout or direct 
deposition due to gravitational forces. Caesium is 
chemically highly reactive. Due to its chemical nature 
and relatively long half-life period (30.17 years), Cs-137 
has low mobility in natural environment and 
represents a hazard for the biosphere. It can easily 
form real solutions, but its total concentration in 
surface waters is low due to sorption in continental 
clay minerals. [1]. 

The amount introduced into organism by 
inhalation and ingestion is very important, since it 
metabolically behaves like K or Ru and is distributed 
almost in a uniform manner throughout soft tissues, 
particularly muscles. Caesium reaches the systemic 
circulation through respiratory and digestive organs 
and is almost completely absorbed in blood. Its 
biological half-life is 20 to 140 days, depending on the 
organism mass.  

As a part of monitoring, daily control of fon levels 
in the territory of the city is highly important, as it is 
the earliest indicator of increased radiation activity. 
The goal of the paper is to present the results of the 
systematic monitoring of Cs content in aerosol and the 

level of gamma radiation exposition dosage as an 
indicator of natural fon at the location of Kumodraz, 
Belgrade, and their comparison with the world average 
values as well [2, 3]. 

2. MEASUREMENT METHODOLOGY 

The DH-604EV.2 digital sampler manufactured by 
F&J SPECIALTY PRODUCTS, INC. was used for air 
sampling.  Air samples were taken at the 124 cm 
altitude, above non-cultivated surface. Air was sucked 
through cellulose filter paper FJ213340, with 1.770 
mm thickness and 65% filtration efficiency achieved in 
appropriate testing. The amount of air that was sucked 
through the filter ranged from 5,000 m3 to 10,000 m3, 
and the temperature varied in intervals characteristic 
for seasons in a 3-year period, with usual fluctuations 
of day and night temperatures. The filter paper with 
the 10.2 cm radius with aerosol samples was measured 
directly and analysed by gamma spectrometric 
method. 

Aerosol samples were measured by HPGe detectors 
of high purity and with 50% relative efficiency at 
energy level of 133 keV. Energy calibration and 
detector efficiency calibration were performed using 
radioactive standard in a 1000 ml marinelli-type 
vessel, obtained by titrating radioactive solution with 
Am-241, Cd-109, Co-57, Ce-139, Hg-203, Sn-113, Sr-85, 
Cs-137, Y-88 and Co-60 onto a circular filter paper in a 
hexagonal grid. Duration of measurement was 250 000 
s. 

Strength of the absorbed gamma radiation dose 
was measured by means of a PC-RM gamma radiation 
monitor, that is, detection probe (GM counter ZP1400 
Philips) which is its integral part. Sensitivity of this 
detector is 2.7 s-1/Gyh-1 for Co-60. Main function of 
the monitor is to visualize the strength of gamma 
radiation exposition dose in the surrounding 
environment using a simple graphical interface, and to 
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alarm the user in the event that the measured value 
exceeds a certain limit, indicating increased level of 
exposure. The results are automatically recorded and 
archived along with the data on the recording time. 
This device is able to operate using preset time of 
measurement or, if precision is required, with preset 
statistical error. When working with the preset time of 
measurement, the results of individual one-second 
measurements in such time interval are averaged. 

3. RESULTS AND DISCUSSION 

Figure 1 shows the results of measurement of Cs-
137 specific activity in air samples in the October 2008 
– December 2011 period in Kumodraz. Measurement 
also covers March 2011 when the accident occurred in 
the Fukushima power plant in Japan. Small increase of 
Cs-137 activity was registered in the mentioned period, 
in accordance with the results of other institutions 
engaged in similar issue [4,5,6]. Gamma spectrometric 
analysis showed that Cs-137 specific activity values 
ranged within 0,2 to 2,2 μBq/m3 limits, and presented 
no significant change which could indicate more 
significant population radiation load in this part of 
Belgrade. In March and April 2011, Cs concentration 
ranged up to 0.09 mBq/ m3, and its monthly average 
level reached 0.022 mBq/ m3. These results are several 
times lower than the results of measurement during 
Chernobyl event, due to large distance from 
Fukushima and dilution effects [7, 8]. 

 
Fig. 1: Graphical presentation of Cs-137 concentration in air, 

in the 2008-2011 period in Kumodraz. 

Figure 2 shows the results of the effective dose 
strength in the 2008-2011 period in Kumodraz. 
Monthly levels of the effective dose strengths were 
obtained by averaging the results of daily measured 
doses. 
 

 

Fig. 2: Graphical presentation of the effective dose strength 
variation in the four-year period. 

Annual effective doses for the same period are 
shown in Table 1. Average annual effective doses were 
calculated using the following equation: 

tyEyE  )()(  (1) 

It is obvious that the effective dose strength varied 
within a narrow value interval, with usual seasonal 
variations concordant with meteorological conditions. 
Annual effective doses for the same period are shown 
in Table 1. 

Exposure of Kumodraz population to radiation was 
in accordance with the values prescribed by the Law on 
Ionizing Radiation Protection. Average annual values 
of effective radiation doses on a world level amount to 
1-10 mSv, with mean value of 2.4 mSv [9, 10]. It can be 
observed that annual effective radiation doses 
measured in Kumodraz are significantly lower than the 
world average. 

Table 1: Annual effective doses in the 2008 – 2011 period 

Annual effective dose 
(mSv/y) 

Year 

1,092 2008 

1,102 2009 

1,093 2010 

1,095 2011 

4. CONCLUSION 

Radionuclide pollution of biosphere was mostly 
contributed by atmospheric nuclear explosions. 
Sedimentation of radionuclides from the atmosphere 
represents a significant source of global contamination 
of the environment. The environmental image of 
radioactive Cs-137 circling was significantly altered as 
opposed to the stable isotope. If geographic origin 
influence is taken into account, it can be concluded 
that the values obtained in this paper are compliant 
with the reference values set by international 
organizations engaged in ionizing radiation protection 
issues. 
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Abstract Red mud is a waste and tail material from primary aluminum production, and is named for its color, coming from its 
iron oxide content. The quantity of red mud is almost equal to the primary aluminum production and leads to a considerable 
environmental issue. In order to minimize the negative effect of red mud, there have been or are presently many investigations 
carried out on usage of red mud in building materials. The aim of this study was to measure the natural radioactivity in red mud 
supplied from the “Birač” Alumina Factory (Zvornik, eastern Bosnia) using gamma spectrometry. The sample was counted using a 
high purity germanium detector (HPGe) with relative efficiency of 20 % and energy resolution of 1.8 keV for the 1332 keV  60Co 
peak. The gamma index, I, the radium equivalent activity, Raeq, the absorbed dose rate, 

.
D , the annual effective dose, DE, and the 

external hazard index, Hex, were evaluated to assess the radiation hazard. The obtained values were compared with recommended 
values for the building material. 

Key words: red mud, gamma spectrometry, naturally occurring radionuclides 

1. INTRODUCTION  

Naturally occurring radionuclides are found to be 
present in significant amounts in soil, building 
materials and recycled industrial waste products. 
The possible exposure to γ-radiation emitted from 
these radionuclides is not only confined to the 
outdoor environment but can also occur in houses, 
offices and other working places. External exposure 
is caused by direct gamma radiation. The internal 
exposure is caused by the inhalation of the 
radioactive inert gas radon, 222Rn, and its short-
lived decay product. Radon is part of the radioactive 
decay series of uranium, which is present in building 
materials. Because radon is an inert gas, it can move 
rather freely through porous media such as building 
materials, although usually only a fraction of that 
produced in the material reaches the surface and 
enters the indoor air. Knowledge of the level of 
natural radioactivity in building materials is 
therefore important to assess the possible 
radiological hazards to human health and to develop 
standards and guidelines for the use and 
management of these materials. The worldwide 
average specific activity in the soil are given as 
follows: 226Ra (32 Bq kg−1), 232Th (45 Bq kg−1) and 
40K (420 Bq kg−1), and in building materials: 226Ra 
(50 Bq kg−1), 232Th (50 Bq kg−1) and 40K (500 Bq 
kg−1). [1] 
Since the recycling of waste by-products is gaining 
more and more importance nowadays, such 
research and/or production is being carried out in 
several  
 

countries where these materials are used as 
additives for building materials.  
The clay like structure of red mud has been noted by 
a number of researchers, who have demonstrated 
that, when fired, it becomes a useful ceramic 
material. Red mud can be used in the manufacture 
of tiles, bricks and insulating materials. Currently, 
several studies are being carried out on the possible 
application of red mud from bauxite processing as 
building material additive (e.g. special cement or 
brick production). [2-6] 
The aim of this study was to measure the natural 
radioactivity in red mud, to estimate the 
radiological hazards and estimate its applicability 
as building material additive. In addition, several 
bauxite ores are analyzed and compared with red 
mud.  

      2. EXPERIMENTAL 

 
The investigated materials were: red mud (1 
sample) and bauxite (3 samples). Before the 
measurements, the samples were placed in the 
plastic Marinelli beakers of 500 cm3 (bauxite 
samples) and in plastic box of 100 g (red mud 
sample). The density of the samples ranged from 
0.8 to 1.0 g cm−3. The samples were measured 
immediately after preparation. In addition, red mud 
sample was left for four weeks to reach radioactive 
equilibrium [7], and the measurement was 
repeated. The samples were counted using a high 
purity germanium detector (HPGe) with relative 
efficiency of 20% and energy resolution of 1.8 keV 
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for the 1332 keV 60Co peak. Geometric efficiency for 
soil matrices in the Marinelli beaker was 
determined by a reference soil material (National 
Office of Measures OMH, Budapest) spiked with a 
series of radionuclides (22Na, 57Co, 60Co, 89Y, 133Ba, 
137Cs) with total activity of 1.5 kBq kg−1 on the day of 
01/07/1991 and density of 1.00 ± 0.01 g cm−3. The 
secondary reference radioactive material in the 
geometry of the plastic boxes of 100 g was also 
used, obtained from the primary reference 
radioactive material (Czech Metrological Institute, 
Praha, 9031-OL-116/8, type ERX), spiked with a 
series of radionuclides (241Am, 109Cd, 139Ce, 57Co, 
60Co, 88Y, 113Sn, 85Sr, 137Cs, 210Pb), with the total 
activity of 114.9 kBq on 03/03/2008. The spectra 
were analyzed using the program GENIE 2000. The 
activity of 226Ra and 232Th was determined by their 
decay products: 214Bi (609 keV, 1120 keV and also 
1764 keV), 214Pb (295 keV and 352 keV) and 228Ac 
(338 keV and 911 keV), respectively. The activities 
of 40K were determined from its 1460 keV γ-line. 
Counting time intervals for bauxites and red mud 
were 3000 s and 56000 s, respectively. Bauxite 
samples were measured throughout 3000 s in order 
to chek whether the obtained values of the activities 
are satisfactory or not. The background spectrum 
was recorded immediately after or before the 
sample counting.  

3. RESULTS AND DISCUSSION 

The obtained specific activity values of 226Ra, 
232Th and 40K in bauxite and red mud samples are 
presented in Table 1. There was no significant 
difference in activity concentration between the red 
mud sample measured immediately after 
preparation and measured after four weeks.  

On the other hand, concentrations of 226Ra and 
232Th in the bauxite ores were 1.6 and 3.6 times 
higher compared to the red mud. Based on 
aluminum production technology, obtained results 
suggest that a large amount of these radionuclides 
remain in liquid phase after caustic digestion of 
bauxite ore. [8]  

Table 1 Specific activity of radionuclides in red mud and 
bauxite  

Activity concentrations of radionuclides 
(Bq kg-1) Sample 

226Ra 232Th 40K 
non sealed 

red mud 
127 ± 13 273 ± 27 66 ± 11 

sealed red 
mud 

123 ± 12 252 ± 25 77 ± 12 

bauxite 1 467 ± 48 419 ± 43 118 ± 39 
bauxite 2 446 ± 45 370 ± 56 < MDC* 

bauxite 3 436 ± 44 446 ± 45         < MDC 

*MDC-minimum detectable concentration for 40K = 16 Bq 
kg-1 

Table 2 presents the obtained values for gamma 
index, I, the radium equivalent activity, Raeq, the 

absorbed dose rate,
.
D , the annual effective dose, DE, 

and the external hazard index, Hex for red mud 

sample (non sealed and sealed). Gamma index may 
be calculated using the following equation [9], 
which is the same as the equation given in the EC, 
1999 [10]: 

3000300200
KThRa CCC

I   (1) 

where, CRa, CTh and CK are the activity 
concentrations of 226Ra, 232Th and 40K in Bq kg-1 in 
the building material, respectively. Material could 
be used in high construction for interior if gamma 
index is less than 1. If the values obtained for the 
gamma index recalculated through the equation (1) 
meet the requirements for interior, then the 
material can be used for exterior and low 
construction. If the red mud used in an amount of 
100% as building material, then the gamma index 
will be greater than 1, which would not be under the 
regulations for the interior. Gamma index for the 
investigated sample will be less than 1 only if 60 % 
of the sample used (Table 2). 

Radium equivalent index, Raeq, serves to norm a 
contribution of naturally occurring radionuclides to 
the total exposure and is defined by equation (2) 
[11]: 

KThRaeq CCCRa 077.043.1   (2) 

The value of Raeq does not exceed the recommended 
value of 370 Bq kg-1 (Table 2) [1]. 

The absorbed dose rate in indoor air, D , is 
defined by equation (3) [10]: 

  KThRa CCCnGyhD 08.01.192.01
.

  (3) 

where D represents dose rate expressed in units of  
nGy h-1. Considering the fact that the average 
gamma dose rate indoors in Europe is 0.14 μGy h-1 
[1], gamma dose rate calculated for red mud (0.25 
and 0.24 μGy h-1 (Table 2) exceeded the average 
value.  

To estimate the annual effective dose, DE, one 
has to take into account the conversion factor from 
absorbed dose in air to effective dose. In the recent 
UNSCEAR 2000 reports [1], a value of 0.7 Sv Gy-1 is 
used as the conversion factor to convert absorbed 
dose in air to effective dose received by adults. The 
annual exposure time used is 7000 h. The annual 
effective dose in units of mSv was estimated using 
the following equation [1]:  

.
1 70007.0 DhSvGyDE    (4) 

where 
.

D  must be taken in μGy h-1. The obtained 
results for annual effective dose exceed limits of 
0.69 mSv [1] (Table 2). 
External hazard index, Hex, is defined by equation 
(5) [11]: 

4810/259/370/ KThRaex CCCH   (5) 

The value of this index must be less than unity in 
order to keep the radiation hazard insignificant. The 
maximum value of Hex equal to unity corresponds 
to the upper limit of radium equivalent activity (370 
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Bq kg-1). The obtained values of Hex were 0.85 for 
non sealed red mud and 0.79 for sealed sample. The 
external hazard index represents the external 
radiation exposure, usually associated with gamma 
radiation emitted by radionuclides of concern. 
Internal hazard values may also exist, that relate to 
internal exposure by particular exposure routes, 
such as inhalation or ingestion. If the external 
hazard index exceeds unity, we might conclude that 
the potential external dose(s) to exposed 
individual(s) will exceed the acceptable level, and 
some action may be required. This may mean, for 
example, that additional remediation of building 
material is necessary to reduce one or more of the 
contaminating radionuclides to acceptable levels. 
Since the values calculated for red mud investigated 
in this work are lower than unity, we can say that 
the radiation hazard is low. 

Table 2 Gamma index, I, radium equivalent activity, Raeq, 
absorbed dose rate, D , annual effective dose, DE, and 

external hazard index, Hex, for red mud. In the account, 60 
% of the activity of 226Ra, 232Th and 40K, was used. 

Hazard indices Non sealed 
red mud 

Sealed red 
mud 

I (100 %) 1.57 1.48 

I (60 %) 0.94 0.89 

Raeq (Bq kg-1) 
(60 %) 

313.6 293.5 

D (µGy h-1)  

(60 %) 

0.25 0.24 

DE (mSv)(60%) 1.23 1.18 

Hex (60 %) 0.85 0.79 

4. CONCLUSIONS 

The specific activities of 226Ra, 232Th and 40K 
were measured in red mud and bauxite, using 
gamma spectrometry. Gamma index for the red 
mud will be less than 1 only if 60 % of the sample is 
used.  The radium equivalent activities were lower 
than the maximum admissible value 370 Bq kg−1 set 
in the UNSCEAR report. The absorbed dose rate in 
air was found to be 0.25 and 0,24 μGy h−1 and the 
effective dose was 1.23 and 1.18 mSv. The calculated 
values of external hazard index obtained in this 
study were lower than unity. The present study 
shows that the measured red mud sample are within 
the recommended safety limit and do not pose any 
significant source of radiation hazard. As a by 
product of bauxite ore processing, red mud 
exhibited lower concentrations of 226Ra and 232Th, 
compared to bauxite samples. Given the fact that the 
concentrations of natural radionuclides in red mud 
especially, 232Th, are significantly higher than the 
average values for building material, continuous 
control of red mud will be necessary, if it is 
considered as building materials additive. Red mud 
can be used as a component in building materials, 
but still less than 60%, due to the fact that other 
components of building materials have a certain 
natural radioactivity. 
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MEASUREMENT UNCERTAINTY ESTIMATION RELATED TO CANCER MORTALITY RISK DUE TO LOW 
DOSE, LOW-LET EXTERNAL IRRADIATION 
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Abstract. Methods for dose estimation and risk assessment should enable prediction of biological effects after 
exposure to ionizing radiation, which is important for the radiation protection of population. While deterministic risk 
assessment involves point estimates usually without information on associated uncertainty, probabilistic analysis 
techniques enable risk assessment that includes probability analysis. In this paper, Monte Carlo Method was used for 
the uncertainty estimation for the cancer mortality risk due to external irradiation from the 40K in soil. Obtained 
results are compared to the uncertainties estimated according to the Guide to the expression of uncertainty in 
measurement framework.  
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1. INTRODUCTION 

Ionizing radiation produces a broad spectrum of 
DNA lesions (base damage, single strand breaks, 
double strand breaks) [1]. Induced mutations and 
chromosome aberrations have role in the pathogenesis 
of cancer and analysis of risk should be performed. 

Low dose exposure can arise from the presence of 
the radionuclides in the environment. Various 
environmental exposure pathways of people and biota 
are already described. External irradiation from the 
natural radionuclides in the soil contributes to the total 
background dose to the population [2]. 

Methods for dose estimation and risk assessment 
should enable prediction of biological effects after 
exposure to ionizing radiation, which is important for 
the radiation protection of population and 
professionally exposed persons [2]. Risk of stochastic 
effects, like cancer development from exposure to 
ionizing radiation, can be expressed using various 
quantities like dose equivalent and effective dose. Risk 
implemented in effective dose quantity is proportional 
to carcinogenesis, life shortening and hereditary effects 
[3,4]. Personal dose equivalent from exposure to 
penetrating radiation during 1 year, as operational 
quantity, can be measured and values should be 
compared with annual dose limits. Also, US 
Environmental Protection Agency (EPA) provided 
morbidity and mortality cancer risk coefficients for 
number of exposure pathways [5]. Epidemiological 
studies provide direct health risk measurement [6], but 
very small increment in risk after environmental 
exposure to low dose radiation cannot be detected 
because of the high background cancer rates in 
population. 

Both human and ecological risk assessment should 
be assessed regarding exposure to ionizing radiation 
from radionuclides in environment. Ecological risk 
assessment is conceptually similar to the approach 
used for human health risk assessment but considers 
effects beyond those on individuals of a single species 
and focuses research on a population, community, or 
ecosystem. 

Deterministic risk assessment has been used 
traditionally involving point estimates of specific 
influence parameters to generate a single risk estimate. 
Deterministic assessments could be based on the 
worst-case assumptions or more realistic values of 
input parameters could be used. In each case, 
estimated risk still remains point estimate. Such single 
value estimates do not provide information on 
associated uncertainty [7]. 

In contrast, probabilistic analysis techniques are 
appropriate tools for determine uncertainty that is 
related to risk estimates as well as its analysis. While in 
deterministic risk assessment, point estimates were 
associated to input and output quantity, probabilistic 
methods are based on defining probability density 
function to every input quantity. The risk estimate, as 
the output from the model, is represented through 
distribution of values and probability is assigned to 
each of these values [7]. 

Sources of uncertainties of cancer risk estimates 
due to exposure to ionizing radiation were discussed in 
various documents [2,5]. There is proposed procedure 
for determining nominal uncertainty intervals for risk 
coefficients. These intervals are proposed as nominal 
because they reflect only major sources of 
uncertainties [8]. Nominal cancer mortality risk 
estimates were derived primarily from the Life Span 
Study [8].  
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The uncertainty is related to sampling variations, 
dosimetry errors, dependence of risk on age at 
exposure and time since exposure, the transfer of risk 
estimates from one population to another, 
extrapolation on low doses and dose rates. The most 
important source of uncertainty is extrapolation of risk 
estimated for high dose exposure to risk estimated for 
low dose/dose rate exposure. Dose and dose rate 
effectiveness factor demonstrates reduction in 
effectiveness at low doses and dose rates compared to 
that observed at high acute doses. 

1.1. Measurement uncertainty 

Result of the measurement of a quantity should be 
reported with some quantitative indication of the 
quality of the result. It is necessary to evaluate and 
express its uncertainty [9]. Guide to the expression of 
uncertainty in measurement framework (GUF) was 
developed in order to provide general roles for 
expressing and evaluating uncertainty in measurement 
required for: maintaining quality assurance and quality 
control, legal metrology, conducting basic and applied 
research, calibration and comparing reference 
standards. GUF introduced term measurand that is 
quantity that should be measured. There are many 
sources of uncertainty in a measurement such as 
imperfect and incomplete definition of the measurand, 
nonrepresentative sampling, incomplete knowledge of 
the effects of environmental conditions on the 
measurement, finite instrument resolution, personal 
bias and others. If an estimate of the input quantity has 
not been obtained from repeated observations but 
from experience or general knowledge of the properties 
and behavior of instruments and materials or from the 
data provided in calibration or other certificates, Type 
B standard uncertainty should be defined. 

Measurand Y can be defined as a function of model 
input quantities as: 

 nXXXfY ,...,, 21  (1) 

Combined standard uncertainty of the estimate y is 
given by:  
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where u(xi) is a standard uncertainty of the estimates 
of input quantities and f is function given in equation 1. 
Gaussian distribution is usually assigned to the output 
estimate y. 

Monte Carlo Method is appropriate tool for the 
propagating of the uncertainty especially if there are 
indications that GUF approach is likely to be invalid 
[10,11]. Monte Carlo method is used for the 
propagation of the probability density functions (PDF) 
for the input quantities through the model. The goal of 
this process is to obtain probability density function 
for the output quantity. 

Monte Carlo Method is important tool in 
uncertainty estimation especially when the 
contributory uncertainties are not of the approximately 
the same magnitude, PDF for the output quantity is not 
Gaussian distribution or when the estimated standard 

uncertainty of output quantity and estimate of that 
quantity are approximately of the same magnitude [11]. 

Purpose of this paper was to estimate uncertainty 
of the cancer mortality risk due to external irradiation 
from the 40K in soil using Monte Carlo techniques and 
to compare obtained results with those obtained with 
GUF approach. 

2. METHODS 

Soil samples were collected from the territory in the 
vicinity of the Bela Crkva, Serbia. Uncertainty of 
sampling variation was not taken into account and 
calculations were based on the measured activity 
concentration in one sample. Gamma spectrometric 
measurements were performed with high purity, low 
energy, germanium semiconductor detector, 
manufactured by ORTEC with relative detector 
efficiency 28 % and energy resolution of 2 keV in 
measurements at the 1.33 MeV reference transition of 
60Co. Gamma lines on 1460.8 keV were measured. 
Dose rate conversion factor (nGy/h)/(Bq/kg) was 
obtained for the detector at the position of 1 m above 
the soil using FOTELP software package [12]. 
EPA gave nominal cancer mortality risk associated 
with uniform whole body irradiation as 5.75×10-2 Gy -1. 
PDFs were assigned to proposed sources of uncertainty 
[8]. Sources of uncertainty with assigned distributions 
were: Sampling variation x1 [Normal (1.0, 0.15)], 
Diagnostic misclassification, x2 [Normal (1.2, 0.06)], 
Temporal dependence, x3 [Trapezoidal (0.5, 0.6, 1.0, 
1.1)], Transport across populations, x4 [Normal (1.1, 
0.12)], Errors in dosimetry, x5 [Normal (0.84, 0.11)], 
DDREF (dose and dose rate effectiveness factor), x6 
[Uniform (1, 2): 50% ; Exponential (>2): 50%] [8]. 
Uniform distribution is characterized with lower and 
upper boundaries. Normal distribution is characterized 
with expectation and relative standard deviation in 
brackets. Risk was calculated as: 

  TDAR
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where R is nominal whole body risk estimate, DCF is 
dose rate conversion factor, A is activity concentration, 
and T is exposure period of one year. 

3. RESULTS AND DISCUSSION 

Risk uncertainty was estimated using Monte Carlo 
Method. The mean of the obtained distribution that 
represents mortality cancer risk estimation of low 
level, low LET, whole body irradiation is 7.3×10-6 for 
one year exposure. The estimated 90 % confidential 
interval is 2.6×10-6 – 14.3×10-6 (see Figure 1). 

Table 1 presents uncertainty budget for estimation 
of lifetime cancer mortality risk after one year external 
exposure to 40K in soil. According to GUF, assessed 
risk is 6.1×10-6 with assigned Gaussian distribution. 
The estimated 90 % ( 65.1k ) confidential interval is 
0.5×10-6 – 11.7×10-6. 
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Fig. 1 Approximation of the probability density function of the 
cancer risk using Monte Carlo Method 

 

Table 1 Uncertainty budget for estimation of cancer mortality 
risk, according to GUF 

 
X x u(xi) ic  Uncertainty 

 contribution 
R* 
1/Gy 

57.5×10-3    

1x * 1 0.15 6.13×10-6  0.920×10-6 

2x * 1.2 0.07 
 

5.11×10-6  
0.358×10-6 

3x * 0.8 0.15 
 

7.67×10-6  
1.15×10-6 

4x * 1.1 0.13 
 

5.58×10-6  
0.725×10-6 

5x * 0.84 0.092 
 

7.30×10-6  
0.672×10-6 

6x * 2.25 1.05 2.73×10-6  2.87×10-6 

A 
Bq/k
g 

400 24 Bq/kg 
0.015×10-6  
kg/(year·B
q) 

0.37×10-6 

DCF 

kgBq

hnGy

/
/

  

0.03861 

0.96 10-3 

kgBq

hnGy

/
/

 

159×10-6  
Bq

nGy·kg
h 0.153×10-6 

T (h)  8760    
Risk 6.1×10-6   3.4×10-6 

*Distributions taken from [8]. X represents input quantity, x 

represents estimate, u(xi) is absolute standard uncertainty, ic  

is sensitivity coefficient. Input quantities are defined in 
section Methods.  

Actual distribution obtained using Monte Carlo 
method is non-Gaussian, which was one of the 
conditions that justifies usage of Monte Carlo 
simulations, instead of GUM Framework. 

4. CONCLUSION 

There is increasing interest in the role of 
uncertainty in risk assessment, particularly in the field 
of health & safety and environment. The greatest 
advantage of the probabilistic methods for risk 
assessment is introducing distribution of potential risk 
as output of the model avoiding point estimates. 
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Abstract. Radiation exposure is of concern for those practicing interventional cardiology. Interventional cardiologists 
have frequent exposure through fluoroscopy and angiography. As the responsible physicians, cardiologists are expected 
to be knowledgeable about radiation risks and optimal protective methods. They also bear the primary responsibility for 
the safety and education of cardiologists-in-training. In this study, we presented measured values of absorbed doses for 
interventional cardiologist, technician and sterile instrumental nurse in three different cardiology rooms [1]. 
Minimization of dose to patient and staff is not the main issue in radiation protection, but optimization of dose to patient 
(adequate image quality) and minimization dose to staff. 
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1. INTRODUCTION 

The continuing increase in the worldwide use of X-
ray imaging has implications for radiation protection 
of medical staff. Much of the increased usage could be 
viewed as simply a workload issue with no particular 
new challenges. However, advances in technology and 
developments in techniques have seen an increase in 
the number of X-ray procedures in which medical 
personnel need to maintain close physical contact with 
the patient during radiation exposures. The complexity 
of many procedures means the potential for significant 
occupational exposure is high, and appropriate steps 
must be taken to ensure that actual occupational 
exposures are acceptable [2]. Radiation protection of 
staff in interventional cardiology is of major 
importance since the doses received by the staff are 
close to the limit for professional exposure. It is well 
known that the interventional cardiology is recognized 
as a high radiation practice and that the interventional 
cardiologists are at greater risk from radiation 
exposure witch implicates greater risks  of developing 
certain diseases, including hematopoietic cancers, 
thyroid diseases, skin diseases, cataracts, or upper 
respiratory disease [2]. It is important to mentioned 
that different procedure technique  and use of different 
kind protective tools can show significant difference in 
annual equivalent dose received by medical staff in 
interventional cardiology.  Optimization of procedure 
can reduce the doses to staff and improve efficiency 
(exposure time, number of images, change type of 
acquisition, etc.) [1]. 
 

2. MATERIALS AND METHODS 

Measurements were performed with calibrated 
dosimeter UMO LB 123 ( Berthold) and with Radiation 
Alert Inspector, Internal G-M LND7317 method of 
HASL 300:1997.LB 123 "UMo"  is a versatile 
instrument for contamination, dose rate and activity 
measurements in radiation protection. Annual dose 
received by exposed professional medical staff was 
calculated, based on the results of mandatory annual 
absorbed dose rate  measurements around X-ray 
apparatus, during the interventional cardiology 
procedures, in the angio room (with respect to 
duration of procedure and number of procedures per 
employee).  Since the interventional cardiologist is 
exposed to significant occupational radiation risk, it is 
very important to determine their exposure. We must 
consider every factor who might have influence on 
absorbed dose rate, such as number of patients per 
day, time of procedures, number of procedures per 
employee, if procedure is with or without protection, 
etc. 

3. RESULTS 

There are substantial differences in occupational 
doses between cardiac laboratories [7–10]. This is 
caused by differences in X-ray systems (old film-based 
systems versus digital units) and their particular 
settings, levels of training in radiation protection, 
frequency of use of radiation protection facilities and 
personal dosimeters, and workloads of specialists [4]. 

Results shown in the table 1-3 emphasize the 
importance of radiation  protection accessories.   
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3.1. Electrophysiology-radiofrequency room 

Electrophysiology-radiofrequency ablation is one of 
medical methods that allows cardiologist to study the 
heart rhythm and any disturbances under controlled 
circumstances. The electrophysiologist (the 
cardiologist who performs these studies) places special 
catheters inside patients heart to record the electrical 
activity. These catheters may also be used to reproduce 
abnormal heart rhythms and cauterize the cause of any 
abnormal rhythms [1]. Electrophysiologists rely heavily 
on fluoroscopy for procedures [6]. 

Effective dose is measured in following conditions: 
U = 77 kV, I = 800 mA, during fluoroscopy. Staff is 
standing behind the protective screen. 

Table 1. Results of absorbed dose in the  Laboratory for 
electrophysiology-radiofrequency ablation   
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3.2. Catheterization laboratory (CATHLAB) 

Cardiac catheterization is a medical procedure used 
to diagnose and treat some heart conditions. A long, 
thin, flexible tube called a catheter is put into a blood 
vessel in patient’s arm, groin (upper thigh), or neck 
and threaded to patient’s heart. Through the catheter, 
diagnostic tests can be performed and treatments on 
patients heart or cardiac vessels. In addition to 
practitioners, cardiologists-in-training, nurses, 
laboratory technologists and support personnel are 
also exposed to radiation in the cardiac laboratory 
settings [6]. 

Effective dose in catheterization laboratory is 
measured in following conditions: U = 120 kV, I = 
16.1 mA, during fluoroscopy. Staff is sanding behind 
the protective screen. 

Table 2. Results of absorbed dose in Cardiac Catheterization 
Laboratory 
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3.3. Room for Hemodynamics   

The goal of hemodynamic monitoring is to 
maintain adequate tissue perfusion. Classical 
hemodynamic monitoring is based on the invasive 
measurement of systemic, pulmonary arterial and 
venous pressures, and of cardiac output. Since organ 
blood flow cannot be directly measured in clinical 
practice, arterial blood pressure is used, despite 
limitations, as estimate of adequacy of tissue 
perfusion. 

Effective dose in hemodynamic room is measured 
in following conditions: U = 79.9 kV, I = 807.2 mA, t = 
6.4 ms during fluoroscopy. Staff is sanding behind the 
protective screen. 

Table 3. Results of measured absorbed dose in room for 
Hemodynamics  
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Maximum recommended annual effective dose for 

professionals is 20 mSv in Serbia, based on the Law on 
Protection Against Ionizing Radiation and Nuclear 
safety. Tables 1-3 give us appropriate maximum 
duration of stay during exposure per week for each 
employee. Results show that the highest dose is 
received by interventional cardiologist in all three 
cases.   

4. CONCLUSION  

New cardiology systems are sophisticated, and 
manufacturers have included many technical features 
to reduce radiation doses. Dose received by intervental 
cardiologist cannot be considered independently from 

the dose received by the patient, as they correlate in 
many aspects. Radiation received by professionals 
comes from two sources, the X ray beam and radiation 
scattered from patients. One of the most important 
factor is that protection tools are available in all 
cardiology interventional laboratories and that are 
used appropriately. Garments, lead goggles, caps, 
ceiling suspended shields, curtains under the table and 
other protective equipment provide a significant 
reduction in occupational doses. Unfortunetly, this 
protection tools are not used in daily practice routinely 
in all procedures. Reasons are numerous: lack of 
knowledge and information about radiation and 
radiation protection, lack of protection tools, etc.  This 
means that training in radiation protection is very 
important. For example, the use of a leaded screen 
suspended from the ceiling could inhibit the movement 
of the C-arm x ray system in some cases. In these 
situations, the cardiologist should have sufficient 
knowledge of the radiation protection fundamentals to 
act most effectively  resulting in best performance and 
patient protection. However, some interventional 
cardiologist avoid usage of protective tools with the 
goal to reduce time of procedure and increase 
efficiency of intervention. Protective tools indeed 
increase time of intervention because of their big 
weight and bulky, but their significance for medical 
staff is much bigger then the benefit from shorter time 
of procedure. Protective resources such as gloves could 
lengthen the procedure in some cases and thus 
compromise the security and protection of the patient, 
as the tactile sensation of the catheter is reduced. New 
protective materials, lighter in weight than the older 
leaded clothes, require some attention in order to 
establish a new balance regarding protective features, 
acquisition costs, and spine lesion risk reduction 
because of lower weight. In any case, the correlation 
between occupational and patient doses is very 
dependent on equipment, the specialist, and protocols 
followed throughout the procedure. Thus, evaluation of 
these protective tools in routine clinical practice should 
occur in all laboratories. 

Medical staff who work in radiation environment, 
should take into account and apply every possible 
radiation protection such as increase of distance from 
radiation source; usage a ceiling suspended screen and 
other structural or personal shielding tools available; 
minimizing the use of fluoroscopy and use low 
fluoroscopy; acquiring only the necessary number of 
frames per series and limiting the number of series, 
because scattered dose during cine is much higher than 
during fluoroscopy etc. Exposed medical staff should 
keep in mind that scattered radiation is higher at the 
side of the x ray tube and less important at the side of 
the image intensifier during lateral projections and fact 
that collimation of the radiation field (and generally all 
other factors reducing patient dose) decreases the level 
of scattered dose [3].  

Since the recommended annual absorbed dose for 
the medical staff must not exceed 20mSv/year, the 
time of exposure of each team member should not be 
larger than emphasized in table 1-3, per work week. 
Minimization of dose to patient and staff is not the 
main issue in radiation protection, but  optimization of 
dose to patient (adequate image quality) and 
minimization dose to staff.  The need for and potential 
benefit from obtaining a cardiac test or intervention 
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involving exposure to radiation must always outweigh 
the risks involved in performing the procedure. 
Nevertheless, the risks should be minimized by 
utilizing techniques and procedures that keep exposure 
to a level as low as reasonably achievable (ALARA). 
The principle of ALARA is the overriding axiom for all 
radiation workers. Its successful implementation 
requires applying the three cardinal principles of 
increasing distance, decreasing time and use of 
shielding in diverse settings and procedures. Practicing 
the ALARA principle involves understanding the 
factors responsible for levels of radiation exposure, as 
well as the best judgment of the responsible 
practitioner who must continually balance the specific 
techniques utilized with the quality of the images 
obtained [1]. General recommendation for the all 
employees is to be aware the radiation protection of 
the patient and employee will be improving their own 
occupational protection. 
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CHALLENGES FOR IMPLEMENTATION OF FOOD IRRADIATION IN REPUBLIC OF MACEDONIA 
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Abstract. In comparison with the other food preservation techniques such as heat, canning, freezing or chemical 
treatment, irradiation is considered as much more effective and appropriate technology to destroy food borne 
pathogens. The advantages of food irradiation concerning process safety, reduction of chemical use, and improved 
quality and safety of foods, over other food preservation techniques far outweigh the drawbacks - a slight reduction in 
nutrients. Food could be irradiated in “irradiators” that use electron beams, gamma rays or X-rays, as the source of 
ionizing energy-radiation. This paper will present an overview of the techniques for irradiation of food and 
possibilities for their implementation in the Republic of Macedonia. 

Key words: food irradiation, food irradiation facility 

1. INTRODUCTION 

Food spoilage is a problem that affects people 
worldwide.  Whether it results in increased prices of 
food in the developed world, or, more direly, in the 
deaths of people due to starvation in developing 
countries, it is a problem well worthy of pursuing 
means of alleviation.  

Agriculture plays an important role in 
Macedonia’s economy and accounts for 18 % of GDP 
and substantial employment in rural areas[1]. About 
39 % of the total area of the Republic of Macedonia, 
or 1.01 million hectares, is agricultural land, split 
almost evenly between cultivated land (arable land 
orchards, vineyards and meadows) and permanent 
pastures. Another 37 % of the land is upland or 
mountainous forestland, while the rest includes 
lakes and urban areas (or not used for agricultural 
purposes). The majority of the cultivated land is 
arable land, permanent crops represent 7 % (35 000 
ha) and meadows 58 000 ha [2].  

Almost the totality of the Gross Agricultural 
Output (70 %) is generated by crop production, 
where vegetables are the main contributors [2]. The 
relatively warm climate in the Republic of 
Macedonian provides excellent growth conditions 
for a variety of vegetables, herbs and fruits.  

General characteristic of the industry processing 
of fruit and vegetables is low utilization of 
production capacities. The average occupancy stood 
at around 27 % in 2005, 36 % in 2006, 40 % in 2007 
and 45 % in 2008.  Increased utilization of 
production capacity is mainly due to the availability 
of raw materials and improvements in the planning 
of production by the processors [3]. 

The agriculture is high in the government 
priorities, with plans to develop land markets, 

promote Macedonian agricultural products for the 
export markets. 

An Interim Agreement governing the trade 
aspects of the Stabilization and Association 
Agreement (SAA) was implemented since 2001 until 
2004. The SAA gives free access to EU markets for 
almost all the country's agricultural products [4]. A 
number of import quotas into the country have been 
agreed.  

In March 2008, a research was conducted to 
assess the impact of free trade agreements (FTAs) 
that the Republic of Macedonia had signed and 
ratified on trade in certain agricultural products, or 
so-called value chains. These are: bottled wine, table 
grapes, certain forest products (wild mushrooms 
and berries), and fresh and processed vegetables[4]. 

More than half (53 %) of Macedonia’s trade is 
with the EU, while Macedonia only represents 0.1% 
of EU’s total trade [2, 4].  

Table 1 EU agricultural trade with Republic of Macedonia   

Agricultural 
products (mil €) 

2008 2009 2010 
Avg 2008/2010 

EU imports 131,4 127,9 135,6 131,6 
EU exports 175,6 149,9 169,6 165,0 
Trade balanece for 
EU 

44,2 22,0 34,0 
33,4 

Forest Products (Wild Mushrooms and Berries), 
collection of mushrooms, berries and medicinal 
herbs is a widely spread practice in Macedonia. The 
main exports in this sector include frozen and dried 
mushrooms, dried juniper berries, frozen wild 
blueberries, and herbs for medicinal purposes and 
teas. Macedonia exported about $4 million in 
mushrooms in 2007, including fresh, frozen, 
preserved and dried mushrooms, but the share of 
wild mushrooms is not clear. In terms of medicinal 
herbs, Macedonia exports between 250 and 500 
tons of various types [4]. Traditional medicine has 
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always maintained its popularity worldwide. In the 
Republic of Macedonia are 300 registered herbal 
medicines which are sold in pharmacies as over-the-
counter medicines. The largest processor is the 
pharmaceutical company Alkaloid, Skopje [5, 6].  

The safety and efficacy of traditional medicine 
and complementary and alternative medicines, as 
well as quality control, have become important 
concerns for both health authorities and the public. 

  Spices, herbs and vegetable seasonings can be 
heavily contaminated with microorganisms because 
of the environmental and processing conditions 
under which they are produced. The microbial load 
has to be reduced before they can be safely 
incorporated into food products. Until recently, 
most spices and herbs were fumigated with 
sterilizing gases such as ethylene oxide to destroy 
contaminating microorganisms. However, the use of 
ethylene oxide was prohibited by an EU directive in 
1991 and has been banned in a number of other 
countries because it is a carcinogen [7]. 

In order to improve the quality of these products 
and thereby allow more exports and better 
placement of products beyond the borders of the 
state, a good opportunity is to introduce new 
techniques for their treatment. 

2. IRRADIATION OF FOOD  

Foods may be contaminated naturally during 
any stage of production or consumption. The 
contamination may be in the form of microbes 
including those that cause food spoilage or diseases 
in humans as well as insect infestations that cause 
food spoilage and destruction [1,7] . Some foods are 
seasonal and highly perishable, while others are not 
allowed to enter in Macedonia because they may 
harbor pests and diseases that cause damage to local 
agriculture or illness in humans. Irradiation is a 
relatively new technology to enhance food safety, 
quality and trade. Also irradiation has since 
emerged as a viable alternative and its use results in 
cleaner, better quality herbs and spices compared to 
those fumigated with ethylene oxide [4,7]. 
Irradiation, a cold dry process, is ideal to kill the 
microorganisms. Irradiation of food is now widely 
practiced on a commercial scale. The use of 
irradiation alone as a preservation technique will 
not solve all the problems of post-harvest food 
losses, but it can play an important role in reducing 
the dependence on chemical pesticides. A code of 
good irradiation practice for the control of 
pathogens and other micro-flora in spices, herbs 
and other vegetable seasonings has been developed 
by the International Consultative Group on Food 
Irradiation (ICGFI) under the aegis of FAO, IAEA 
and WHO. 

According the Two Directives (Directive 1999/2/ 
EC and implementing Directive 1999/3/EC) [8, 9] 
that were adopted by the EU in 1999, the legal 
framework in the Republic of Macedonia 
implemented provisions for food irradiation treated 
with ionizing radiation. Those provisions permits 
irradiation providing if [10]: there is reasonable 
technological need; isn't a threat to human health; is 
beneficial for the consumer; isn't used as a 

substitute for good hygiene and health practices or 
for good manufacturing or agricultural practice, and 
can be use only for these aims [10]: reduction of 
diseases associated with food through the 
destruction of pathogenic microorganisms; reducing 
spoilage of foods by slowing or stopping the 
processes of decay and destruction of rotten 
microorganisms; reduction of losses of food with 
premature slowing the process of ripening, 
sprouting or germination; for removal food 
organisms harmful to plants or plant products. 

From a practical point of view, there are three 
general application and dose categories that are 
referred to when foods are treated with ionizing 
radiation[11]: 
- Low-dose irradiation (Radurization) - up 

to  1 kGy (sprout inhibition; delay of ripening; 
insect isinfestation; parasite inactivation). 

- Medium-dose irradiation (Radicidation) - 
1 to 10 kGy (reduction in numbers of spoilage 
microorganisms; reduction in numbers or 
elimination of non-spore-forming pathogens, i.e. 
disease causing microorganisms). 

- High-dose irradiation (Rapperitization) - 
above 10 kGy (reduction in numbers of 
microorganisms to the point of sterility). 

3. FOOD IRRADIATION FACILITIES  

Food irradiation facilities are usually stationary 
facilities, however mobile electron-beam irradiation 
facilities have also been proposed.  

All commercial irradiators have four primary 
components, a source of radiation, a method of 
product conveyance, “shields” to prevent exposure 
of personnel and the environment to radiation and 
safety systems. Ionizing radiation is penetrating 
energy and thus, products are usually irradiated 
after they are fully packaged. The choice of which 
irradiator is most cost effective for a particular 
product depends on the type of product, how it is 
packaged, the product dose, dose uniformity 
requirements and, the most important, 
logistics[12,13]. 

Three types of radiation source are currently 
permitted for food irradiation processing [12-15]: 
- The radionuclides Cobalt-60 or Cesium-137. 

Cesium-137 is not currently available in 
commercial quantities, 

- X-rays generated by a machine at a maximum 
energy of 5 MeV, 

- Electrons (bremsstrahlung) generated by a 
machine at maximum energy of 10 MeV.  

 

3.1 Gamma irradiators 

The radionuclide cobalt-60 (Co-60 or 60Co27) is 
the most commonly  used source of gamma 
radiation for radiation technology. There are several 
types of irradiators available commercially. The 
basic design principles for all irradiators are [16]: 
maximize radiation energy utilization; provide 
relatively uniform dose in the product; ensure safe 
and easy operation 

Four general categories of irradiators are defined 
according to the design of the facility and 
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particularly the accessibility and shielding of the 
radioactive material [14, 15, 17]. 

Category 1: An irradiator in which the sealed 
source is completely enclosed in a dry container 
constructed of solid materials and is shielded at all 
times, and where human access to the sealed source 
and the volume undergoing irradiation is not 
physically possible. 

Category 2: A controlled human access irradiator 
in which the sealed source is enclosed in a dry  
container constructed of solid materials, is fully 
shielded when not in use and is exposed within a 
radiation volume that is maintained inaccessible 
during use by an entry control system. 

Category 3: An irradiator in which the sealed 
source is contained in water filled storage pool and 
is shielded at all time, and where human access to 
the sealed source and the volume undergoing 
irradiation is physically restricted.  

Category 4: A controlled human access irradiator 
in which the sealed source is contained in water 
filled storage pool, is fully shielded when not in use 
and is exposed within a radiation volume that is 
maintained inaccessible during use by an entry 
control system. 

3.2 X-ray irradiators 

When an accelerated electron impinges upon 
any material, it generates X-radiation or X-rays. 
Characteristic monoenergetic X-ray photons are 
produced by the electron interaction with orbital 
electrons; bremsstrahlung photons are produced by 
the interaction with the nucleus of an atom. High 
energy bremsstrahlung X-rays are a penetrating 
form of ionizing radiation. As a result, thick 
shielding is needed to prevent worker exposure to 
high levels of X-radiation. Shielding thickness 
increases with maximum energy of the X-rays. The 
attractive features of X-ray processing for industrial 
applications are thus [15, 18]: Greater depth of 
penetration, allowing for treatment of products with 
large volumes, such as pallet loads of packaged food; 
controllable dose-rates, which can facilitate 
monomer polymerization; not a thermal process, 
which eliminates adverse effects on materials due to 
heat. 

The x-rays are produced by accelerating 
electrons into a Tungsten target. This then produces 
x-rays which are directed toward the target food to 
be irradiated through an aperture. This conversion 
process is very inefficient, on the order of 4 to 6% 
energy conversion. Another problem with the x-ray 
source is the fact that a massive amount of shielding 
would also be needed. 

3.3 Electron Beam irradiators 

Electron accelerators are classified from the 
different viewpoints such as electron energy (low – 
medium – high), types of electron acceleration 
(direct acceleration, repetition acceleration), and 
beam scanning type or non-scanning and so on.  
From the view point of irradiation facility, they are 
divided into two categories [14, 15, 17].  

Category 1: An integrally shielded unit with 
interlocks, where human access during operation is 

not physically possible owing to the configuration of 
the shielding.  

Category 2: A unit housed in shielded rooms that 
are maintained in accessible during operation by an 
entry control system. 

Electron beams do not require a radioactive 
source at any time, meaning that they are safe to 
handle when they are not actively irradiating. 
Electrons require less shielding than x-rays of the 
same energy because their charge slows them down. 
As a result, electrons have a shorter penetration 
depth. Advantages and disadvantages of the three 
types of  irradiators regarding the radiation source 
which are currently permitted for food irradiation 
processing are shown in a Table 2. 

Table 2 Comparing E-beams to other types of irradiators 

Many large  scale irradiation  facilities exist 
across the world. A few different problems have 
slowed down the growth of irradiating foods.  One 
problem which has stunted the growth of irradiation 
is the stigma that comes with the word radiation.  
Another problem is the cost to build the facility, 
especially if Cobalt 60 is used.  The facility will cost 
anywhere between $3 to $5 million depending on 
the size and the source strength.  Finally, another 
detractor from food irradiation is the fact that in 
order to be competitive the facility has to get the 
food processed without being cost prohibitive. These 
factors combine to make food irradiation look less 
attractive to the consumer [19-21]. 

Therefore it could be advantageous to 
developing nations for a mobile irradiation acility 
that could irradiate foods prior to spoilage that 
would occur while being shipped. Cobalt -60 was 
not considered to be a reasonable source of 
radiation for a portable irradiation facility.  Due to 
its constant emission, it would need to be shielded 
at all times.  The extra weight associated with a lead 
shield sufficient enough to attenuate the gamma 
rays was deemed too large by the state weight 
restrictions on highways.  Additionally, the safety of 
a continuous source if involved in an accident 
during transport was called into question.  The 
possibility of accidental exposure and unnecessary 
risk was deemed too great. X-ray generators can be 
turned on or off and thus would not unnecessarily 
endanger workers, the public, or the environment in 
the case of an accident.  It could be considered a 
good source for a portable food irradiation facility, 
but still requires substantial shielding and is very 
inefficient [19-21]. 

Comparing E-beams to other types of irradiators 
 Advantages Disadvantages 

Electron 
beam 

Machine can be turned on/off 
Cost efficient 

In line capability 
Compact 

Produces higher, uniform dose 

Poor penetration 
Limited energy range 

 

Gamma 

 
Broad energy range 

Abele to penetrate dense material 
 

Source cannot be turned off 
Requires excess shilding 
Request frequent source 

disposal/replacement 
Consumer perception 

Exspensive 

X-rays 
Can be turned off 

Higher penetrasion 
Broad energy range 

Infficient (<0,1%) 
Requires cooling sysistem 
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A linear accelerator is the type of irradiator used 
in mobile irradiation facility.  It was chosen because 
of the ability to turn the system off as compared to 
gamma source.  Also, an electron beam was chosen 
because of the better capability to shield an electron 
as opposed to an X-ray or gamma ray.  X-rays are 
less efficient than electron beams.  Of the electron 
beam types, the linear accelerator was the best 
choice for portability [19-21]. The cost for the mobile 
food irradiation facility is between $1-$1,5 
million[19-21]. 

4. SAFETY SYSTEMS  

The system of control of  ionizing radiation 
sources, as well as the protection of population and 
environment against the exposure or potential 
exposure to ionizing radiation is regulate according 
Law on radiation protection and safety [22].  

Irradiation facility must be optimum to achieve 
the purpose with keeping safety. Also they need to 
ensure measures for optimizing the protection of the 
population who may be exposed to ionizing 
radiation and limiting the doses to individuals from 
the population so that the total dose should not 
exceed the dose limits for the population.  Dose 
limits are defined in Regulation on limits of 
radiation exposure and conditions for exposure in 
special circumstances and in emergency [23]. 

Table 3 Dose limits for individual members of the public. 

Effective dose (mSv in a year) 1*  
Equivalent dose  (mSv in a year) 

Lens of  the eye 15 
Skin and  Extreme 50 

*-In special circumstances a higher value of 5 mSv/yr  is allowed 
as long as the average over 5 years effective dose  not exceed 1 mSv 
per year. 

As a another practice with ionizing radiation 
sources, the food irradiation facilities need to ensure 
the safety provision given in the Macedonian legal 
framework for radiation protection and safety. 

Radiation treatment of foods should be carried 
out in facilities licensed and registered for this. The 
facilities shall be designed to meet the requirements 
of safety, efficacy and good hygienic practices of 
food processing. The facilities should be staffed by 
adequate, trained and competent personnel. Control 
of the process within the facility should include the 
keeping of adequate records including quantitative 
dosimetry.  Facilities and records should be open to 
inspection by appropriate authorities [11,15,16]. 
Facility designs must also include multiple 
safeguards to protect worker health and the 
community should a natural disaster like an 
earthquake or fire occur [11,16]. 

5. CONCLUSIONS  

Extension of shelf-life of vegetables and fruits 
produced in the country is necessary to make them 
more competitive at the international markets due 
to poor transport relations from the Republic of 
Macedonia to the other countries. The new 
technology for enhance food safety, quality and 
trade of food it would be good investment.  Different 
technologies are currently available and used for the 

irradiation of food, having to a large extent the same 
effect on microorganisms. While gamma-rays are 
produced from a radioactive source, e-beams and X-
rays are produced by specific equipment converting 
other energy sources, without the involvement of 
any radioactive substance. 

A mobile food irradiation design could be useful 
in eliminating this problem by irradiating as soon as 
the foods are collected. This would require a much 
smaller design that would impose limits on 
shielding and as a result irradiation source.  
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COMPARISON OF CONTENT OF NATURALLY OCCURING RADIONUCLIDES  
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Abstract  As a part of regular continuous control of imported goods, in the Radiation and Environmental Protection 
Department of Institute for Nuclear Sciences Vinca, the content of naturally occurring radionuclides was investigated 
in samples of zeolite, imported mainly from the Czech Republic, intended for use in production of artificial fertilizers 
and cattle feed. The samples were collected over the time period of 6 years. The measurement was performed using 
gamma spectrometry, on high purity germanium (HPGe) detector, relative efficiency 23%. External hazard index 
(Hex), external dose rate ( D ), radium equivalent (Raeq) and annual effective dose were calculated. Also, the same 
analysis of commercial pharmaceutical zeolite in capsules, intended for human use, was performed and based on these 
results, an intake of naturally occurring radionuclides by ingestion was estimated. These results were then compared 
to the annual intake of naturally occurring radionuclides via ingestion of food. The aim was to establish the increase of 
individual effective dose due to ingestion of pharmaceutical zeolite. Also, the content of naturally occurring 
radionuclides in imported and pharmaceutical zeolite was compared in order to estimate which part of zeolite as a 
raw material can be found in zeolite intended for human use. 

Key words: zeolite, gamma spectrometry, naturally occurring radionuclides 

1. INTRODUCTION  

Zeolites are hydrated aluminosilicates 
characterized by high surface areas and high cation 
exchange capacities. Zeolite has a wide range of 
applications in water treatment, agriculture, 
horticulture, house and industrial products and 
radioactive decontamination. It has been known to 
be used as a component in building materials as 
well [1]. Recently, zeolite has been introduced in 
pharmaceutical products due to its benefits for the 
health. 

Since the zeolite mineral originates from 
volcanic materials, it contains a certain amount of 
naturally occurring radionuclides (226Ra, 232Th, 40K, 
238U, 235U), which, in respect to its various uses, 
contribute to the public exposure to ionizing 
radiation. That is why the imported zeolite is 
subjected to the regular continuous control at the 
state borders in Serbia. On the other hand, the 
pharmaceutical zeolite does not undergo that control 
and therefore the impact of ingestion of zeolite on 
the individual intake of naturally occurring 
radionuclides was not known until now. 

The aim of this paper is to establish the content 
of naturally occurring radionuclides in both raw and 
pharmaceutical zeolite. Based on these results, 
external hazard index (Hex), external dose rate ( D ), 
radium equivalent (Raeq) and annual effective dose 
for imported raw zeolite and annual individual 
effective dose for pharmaceutical zeolite were 

calculated. All results were compared in order to 
estimate which part of zeolite as a raw material can 
be found in zeolite intended for human use, and how 
does the ingestion of zeolite reflects on individual 
absorbed dose rate in humans. 

2. EXPERIMENTAL 

The preparation of samples of imported raw 
zeolite consisted of sifting, homogenizing and placing 
the sample into Marinelli beaker according to 
recommendation given in [2,3]. Pharmaceutical 
zeolite was extracted from capsules and placed into 
the plastic container. The measurement of raw zeolite 
was conducted immediately after preparation of the 
samples, since the analysis had to be performed in 
tight schedule which did not allow us the time 
necessary to achieve radioactive equilibrium. The 
pharmaceutical zeolite was left in the laboratory for 
30 days after the preparation, in which time, the 
radioactive equilibrium was achieved. The total of 110 
samples of raw zeolite obtained over the period of 6 
years and one sample of pharmaceutical zeolite were 
analyzed. Samples were counted using a high purity 
germanium detector (HPGe) with relative efficiency of 
23 % and energy resolution of 1.8 keV for the 1332 
keV 60Co peak. The spectra were analyzed using the 
program GENIE 2000. The activity of 226Ra and 232Th 
was determined by their decay products: 214Bi (609 
keV, 1120 keV and 1764 keV), 214Pb (295 keV and 352 
keV) and 228Ac (338 keV and 911 keV), respectively. 
The activities of 40K and 137Cs were determined from 
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its 1460 keV and 661 keV γ-energy, respectively. 235U 
was determined on 143 keV, 163 keV and 186keV with 
subtraction of 226Ra contribution. 238U was 
determined by 234Th (63 keV) or by 234mPa (1000 keV). 
Counting time interval was 60 ks. The background 
spectrum was recorded immediately after or before 
the sample counting. The relative uncertainty of the 
results was maximum 30%. 

3. RESULTS AND DISCUSSION 

In all samples of imported zeolite, naturally 
occurring radionuclides 226Ra, 232Th, 40K, 238U, 235U 
were detected, while the produced radionuclide 137Cs 
was under the detection limit of 1Bq/kg in all samples. 
The ranges and average values of activity 
concentrations of these radionuclides, as well as 

Hex, D , Raeq and annual effective dose are presented in 
Table 1.  

Radium equivalent index, Raeq serves to norm a 
contribution of naturally occurring radionuclides to 
the total exposure and is defined by Equation 1 [4, 5] 

KThRaeq CCCRa 077.043.1 
 (1) 

where CRa,  CTh and  CK represent the activity 
concentrations of 226Ra, 232Th and 40K respectively. In 
all samples, the value of Raeq does not exceed the 
recommended value of 370 Bq/kg [4]. 

External dose rate ( D ) 1m above ground, is 
defined by Equation 2: 

KThRa CCCD 042.0604.0462.0   (2) 

where D represents dose rate expressed in units of  
nGy/h. In the Equation 2, it is assumed that all 
progenies of 226Ra and 232Th are in radioactive 
equilibrium with their respective parents. [6, 7, 8]. 
Value of dose rate for all samples is within the range of 
the dose rates obtained in European countries [9].  

Annual effective dose is then calculated taking into 
account that, in average, 80% of the year is spent 
indoors, according to Equation (3):  

D 243658.07.0dose eff. Ann.       (3) 

where 0.7 is conversion factor for Sv to Gy. The 
limits for annual effective dose in building materials is 
0.41 mSv according to [9] 

External hazard index Hex is defined by: 

4810/259/370/ KThRaex CCCH      (4) 

The value of this index has to be lower than 1 (value 
equal to 1 corresponds to upper limit of Raeq=370 
Bq/kg) for the influence of radionuclides on the 
environment to be negligible [5]. All the results in this 
measurement produced Hex lower than 1. 

All these results show that raw zeolite can be used 
as a building material, and discarded into the 
environment without giving raise to the general 
population exposure.  

Table 1 Activity concentrations range and average ±standard 
deviation, external hazard index (Hex), external dose rate 

( D ), radium equivalent (Raeq) and annual effective dose for 
imported raw zeolite  

 226Ra  232Th 40K  238U  235U  

Range[Bq/
kg] 

12-97 4-114 92-1169 10-176 1-9 

Average 
[Bq/kg] 46±15 50±13 911±167 46±15 4.2±1.7

Hex[Bq/kg] 0.51±0.08 

D  [nGy/h]  90±13  

Annual 
effective 
dose [mSv] 

0.44±0.06 

Raeq 188±28 

 

On the other hand, the pharmaceutical zeolite is 
intended to be ingested, according to the 
recommendation given by the manufacturer, in 
amount of maximum 6 capsules per day. Since the 
capsules we analyzed, contain 440mg of clinoptilolyte 
(one of many forms of zeolite), ingestion of 6 capsules 
per day sums up to 963.6 g per year. In that case it is 
useful to determine the individual annual effective 
dose via ingestion and compare it to the dose via 
ingestion of food. In Table 2, the activity 
concentrations of naturally occurring radionuclides in 
pharmaceutical zeolite are given, as well as the 
individual annual effective dose.  

The individual annual effective dose is calculated, 
according to [10] using Equation 5: 

ingiing DFHCE   (5) 

where Eing is the individual annual effective dose due 
to ingestion, Ci is the activity concentration of 
radionuclide i, H is the consumption rate, in our case 
0.9636 kg/year and DFing is the dose coefficient for 
ingestion of radionuclide i. 

Table 2 Activity concentrations±combined standard 
uncertainty at 2σ level and individual annual effective dose 

via ingestion of imported pharmaceutical zeolite  

 

 226Ra  232Th 238U  235U  

Activity 
concentratio
n 
[Bq/kg] 

< 9 55±10 40±12 2.8±0.8 

DFing 

[μSv/Bq] 
0.28 0.23 0.045 0.047 

Eing 
[μSv/a] 

<2.43 12 1.7 0.13 

 

As it can be seen, there is no significant difference 
between raw zeolite and that intended for human use 
in terms of activity concentration of naturally 
occurring radionuclides, except in case of  226Ra, which 
is under the minimal detectable concentration in 
pharmaceutical zeolite. From these results, one can 
conclude that some chemical alterations have been 
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made in the course of production of pharmaceutical 
zeolite, by which 226Ra was removed. However, the 
effective dose that originates from the other 
radionuclides present in the pharmaceutical zeolite, 
greatly exceeds the effective dose absorbed via 
ingestion of food. Namely, annual effective dose 
originating from ingestion of uranium and thorium 
series radionuclides present in food in Serbia are [11]: 
5.32 μSv/a for 226Ra, 0.15 μSv/a for 232Th, 0.197 μSv/a 
for 238U. In European countries, annual effective dose 
originating from ingestion of 235U in food is 0.012 
μSv/a (40K is not taken into the consideration since it 
enters into the homeostatic equilibrium in the human 
body, and as such, does not contribute to the effective 
dose). All results are given for the adults. As it can be 
seen, the annual effective dose from ingestion of 
thorium present in pharmaceutical zeolite is 80 times 
greater, for 238U is 8.6 times greater and for 235U  is 
approximately 11 times greater then the one 
originating from ingestion of food. 

4. CONCLUSIONS 

In this paper a total of 110 samples of raw 
imported zeolite and one sample of pharmaceutical 
zeolite were analyzed using gamma spectrometry in 
order to establish the content of naturally occurring 
radionuclides. Based on these results, external hazard 
index (Hex), external dose rate ( D ), radium equivalent 
(Raeq) and annual effective dose for imported raw 
zeolite and annual individual effective dose for 
pharmaceutical zeolite were calculated. The aim was 
to ascertain the impact of using zeolite as both raw 
and building material, as well as auxiliary medicinal 
aid. It is concluded that the raw zeolite complies with 
all legislative limits, and does not give rise to the 
general population exposure to ionizing radiation. 
However, ingestion of pharmaceutical zeolite, shows 
to have rather large impact on individual annual 
effective dose. Since the effective doses originating 
from ingestion of pharmaceutical zeolite exceed those 
originating from ingestion of food, the next course of 
action is to calculate the doses in specific tissues in 
human body, and estimate the effects of these doses 
on the general health. Also, different pharmaceutical 
zeolite products, distributed by different 
manufacturers should be analyzed. This could provide 
us with some additional information that can be used 

to revise, perhaps, the current approach to using 
zeolite as an auxiliary medicinal aid.   
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OCCUPATIONAL EXPOSURE AT HIGH ENERGY MEDICAL LINEAR ACCELERATOR 
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Abstract. Personell working in area exposed to radiation, due to safety reasons, requires premanent monitoring. 
Medical staff  who work  near radiation source must be protected as much as possible. Having that in mind, quality 
controle must be performed occasionally. In this study we presented dose values measured around medical linear 
accelerator. The results show that good protection plays important role in protection of patients and especially that of  
medical staff. Results were evaluated for three consecutive  years. Results of measurements around the treatment head 
of linear accelerator,  2100C,  are within the limits set by the law. 

Key words: exposed medical staff, absorbed dose,  radiation protection 

1. INTRODUCTION 

Medical staff working near equipment producing x-
radiation or near radioactive materials, migh be 
exposed to ionising radiation. The dominant sources of 
radiation are often head of the accelerator, target, 
flattering filter, wedges and protection blocks. The 
activation products may lead to the increase of the 
occupational exposure of radiotherapy staff. Because of 
that, some steps must be taken to reduce exposure of 
medical staff and degree of exposition should be held 
on acceptable level [1].  

Many international organizations recommend 
standards for radiation protection and report on the 
harmful effects of ionizing radiation. Standards are 
developed on the widely accepted principles of ionizing 
radiation as well as those published in the annals ICRP 
(International Commission on Radeological 
Protection) / NCRP (National council on Radiation 
Protection and Measurement) and IAEA (Basic Safety 
Standards). Standards are limited to giving a detailed 
description of requests for protection from ionizing 
radiation and some instructions on how to use them. 
Basic standards are then legally prescribed, and thus 
become regulated at the state level. The regulatory 
body of each state is responsible for implementing the 
law applicable in that country [2].  

Yearly monitoring of occupational radiation 
exposure is also obligatory by Serbian law, and 
demonstrates compliance with dose limits and safety 
of workplaces where increased risk of exposure is an 
issue. The increased number of treatment procedures 
per day, especially for the technologists, could lead to 
an increase in the dose received by medical staff. For 
this reason it is very important to measure absorbed 

doses around all X ray apparatus, especially in position 
of workers.  

2. MATERIALS AND METHODS 

Linear accelerators use powerful generators to 
create the high energy x-rays for the radiation therapy. 
In linear accelerators used in radiotherapy, neutrons 
are created as a result of photonuclear reactions, if 
photon energies are higher than 10 MV. Depending on 
the energy and the material that the beam passes 
through, different radionuclides are created within the 
accelerator, construction materials, objects inside the 
therapy room, as well as in the body of the patient [1]. 

It is important to distinguish primary and 
secondary X- ray radiation near medical equipment . 
Primary radiation or useful beam is the beam directly 
gets from X-ray tube. Irradiated field by this primary 
beam, is spatial limited. Primary beam is directed to 
patient or to detector of radiation. Primary protection 
include the floor, bunker walls in opposition to 
primary beam and the ceilling.  Function of this 
barriers is to absorb primary radiation, and to reduce  
this radiation to recommended value. Secondary 
radiation is consequence of primary radiation. That 
implicates that bunker must have appropriate  barriers 
protection for secondary radiation.  Secondary 
radiation consists of x-rays scattered radiation from 
the patient or from other structures such as x-ray 
machine, and of radiation leakage from X-ray tube. 
Secondary protection barriers are bunker walls, ceiling, 
floor and other structures that absorb secondary 
radiation and minimizes to recommended level. For 
the purpose of calculation of protecting barriers it is 
very important to know what is behind bunker wall, 
ceiling or under floor.  Calculation of protection 
barriers is important for protection patients and 
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employees. This calculation is quantified as measured 
value of kerma in air.  All calculations are based on the 
value of kerma in air, in units of mGy or 
μGy[3].Corelation between effective dose and kerma in 
air is complex and depends of spectra and distribution 
of foton flux. Kerma allows conservative approach 
which the effective dose is significantly overvalued. 
Calculation parameters for barriers thickness : 

 Intensity of radiation produced by X-ray (energy 
of the beam) 

 Distance between exposed person and source of 
radiation 

 The time an individual spends in the irradiated 
area  

 Maximum clinical field size, maximum number of 
patients per day, number of fields per patient etc. 

Calculation of protection barriers thicknesses is 
based on realistic estimates of occupancy time medical 
staff and patients in rooms who are protected. 
Occupancy factor T  implies expected occupancy time 
in protected areas. Occupancy factor T refers to 
individuals who has the longest stay in protected room. 
Occupancy factor is presented like a fraction of total  
time[3].  

Measurements were performed with calibrated 
dosimeter UMO LB 123 (Berthold) and with Radiation 
Alert Inspector, Internal G-M LND7317 method of 
HASL 300:1997.  Measurements were done during 
regular work hours, and treatment of patients in the 
control room and bunker of the high energy medical 
linear accelerator Varian 2100C. Duration of 
treatment, number of patients, position of  gantry and  
field size are important  factors for calculation of 
absorbed doses.  

3. RESULTS 

Table 1-3 show measured values around RTT 
treatment head in different position of gantry for 
consecutive three years. Measurements were done in 
three different point of interest: on RTT work place in 
control room, at bunker door and bunker wall. 

Table 1. Measured values at work place (control room) in 
different position of gantry 

Position 
of gantry 

Start 
position 

 
[µSv/h] 

Toward 
the RTT 

work 
place 

[µSv/h] 

Direction 
opposite of 
RTT work 

place 
[µSv/h] 

2009. 1.3  1.1  1.4  

2010. 1.3  0.34  0.23  

2011. 0.4  0.25  0.2  

 
 
 
 

Table 2. Measured values near bunker door in different 
position of gantry 

Position 
of gantry 

Start 
position 

 
[µSv/h] 

Toward 
the RTT 

work 
place 

[µSv/h] 

Direction 
opposite of 
RTT work 

place 
[µSv/h] 

2009. 9.7 9.7 7.5 

2010. 6.6 6.4 0.1 

2011. 1.6 1.5 1.5 

Table 3. Measured values at bunker wall in different position 
of gantry 

Position 
of gantry 

Start 
position 

 
[µSv/h] 

Toward 
the RTT 

work 
place 

[µSv/h] 

Direction 
opposite of 
RTT work 

place 
[µSv/h] 

2009. 0.38 0.9 0.6 

2010. 0.24 1.7 0.12 

2011. 0.6 0.3 0.2 

 

The results of measurements around the treatment 
head, at the work place of an RTT, around the bunker 
door and on bunker wall, are within the limits set by 
the law. Although slightly increased dose (still within 
the limits) is registered at the bunker door (leakage), 
and it is known problem in construction of all types of 
bunker doors.  

In graphic 1. are shown all measured values for 
three  consecutive years.  

 
Graphic 1. All measured values in different position of gantry 

for three consecutive years 
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4. CONCLUSION 

High energy medical linear accelerator, Varian 
2100C during a several  years (2009., 2010., 2011.) is 
powerful source of radiation, but with implemented 
radiation protection is safe for work. It is not 
recommended to spend time close to bunker door 
during the linac operation as principle of lowering the 
dose to staff should be always kept in mind. 

However, the measured dose rate arising from the 
activation products rapidly decreases as a function of 
time. Thus, it is recommended to delay entrance to the 
therapy room at least 2–4 min, when high-energy 
photons are used [1]. 

Systematic verification of received dose, during 
professional exposure, is of great importance. 
Monitoring of this measured values, allows us to keep 
accumulated annual dose per employee under 
recommended level [6]. Measuring received 
accumulated dose must be regularly, once a year. That 
measured values will show effectiveness of protection. 
Time of exposure (as shorter as possible), distance 
between source and exposed person (as longer as 
possible) and absorber (lead aprons, lead screen with 
protective power at least 0.5mm lead) are something to 
be observed and applied as a basis for personal 
protection.  
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Abstract. Wild mushrooms have become popular delicacy in many countries, including in Republic of Macedonia. 
Some of these species of mushrooms are capable of accumulating large quantities of certain heavy metals and radio 
nuclides. In Republic of Macedonia there is lack of research regarding the radioactive contamination of mushrooms. 
Therefore, the goal of this research was to state the differences in the regional mushroom sampling i.e. to see what are 
the differences between Eastern and Western Macedonia. 120 samples of mushrooms collected from various areas in 
R. Macedonia, have been analyzed. Based on the obtained results, separate evaluation of the condition in Eastern and 
Western Macedonia has been concluded. After comparing it with the Book of Rules for maximum permitted quantity of 
radio nuclides in food, it has been stated that all the samples are within the allowed criteria. 

Key words: radioactivity, radio nuclides, mushrooms, analysis, gamma spectrometry, results. 

1. INTRODUCTION 

In order to protect the ecosystem or the 
environmental population in certain area, it is 
necessary to make evaluation of the individual levels of 
contamination. Considering the fact that there is large 
diversification of the organisms even within small 
areas, this evaluation is difficult to be conducted, and 
sometimes even impossible [1]. 

The response of the increased plant contamination 
in the environment is being modified by other 
environmental factors and with the physiological 
status of the plants. 

The advantage of the bio-monitoring from the 
classical method of analysis is that it considers the 
integral effect of all the factors and the contamination. 

The contents of the radio nuclides in the bio-
indicator relations allow insight in the levels of 
radioactive contamination of given ecosystem. For 
these purposes, most widely used are moss fungi and 
lichen [3-4]. 

After the Chernobyl accident in year of 1986, the 
concentration of 137Cs and 90Sr in many European 
countries has increased and it created necessity to 
research these plants and their function as biological 
indicators of the radioactive contamination [5]. The 
mushrooms are especially interesting specie for 
conducting research because they absorb mineral 
materials and by that, they can not avoid the 
contamination. Due to their specific built, they 

represent “trap” for the contaminators [6]. The 
mushroom contamination depends on several factors: 
the altitude, the physical-chemical soil content, 
meteorological conditions, rainfall quantity etc. [7].  In 
areas rich with rainfalls, the main part of the 
radioactive materials that fall from the atmosphere on 
the pedosphere surface, happen by wet falling 
(rinsing), which means that the level of radioactive 
contamination is primarily determined by quantity and 
frequency of rainfalls [8, 9, 10]. 

High levels of 137Cs in fungi have been reported in 
the sixties in the past century, as well as after the 
Chernobyl accident (13100 Bq/kg). 

The highest value of 137Cs in fungi collected in our 
country was reported in 1986 and 1200 Bq/kg were 
noted. Monitoring the environment through 
mushrooms is very important, especially for following 
the value of radioactivity exposure on the population. 
In this study are presented the levels of 137Cs activity in 
mushrooms and what are the levels of 137Cs in Western 
and Eastern Macedonia. 

2. MATERIALS AND METHODS 

The mushroom species were collected as random 
samples throughout period of 2009 and 2011 from 
different regions in Macedonia (Demir Hisar, Kicevo, 
Kocani, Bitola, Radovis, Strumica, Gostivar, Krusevo, 
Kavadarci, Veles). The samples were classified as 
samples from Western and Eastern Macedonia. The 
samples have not been washed and the mushroom 
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surface has been only mechanically cleaned. 
Radioactive measuring has been performed without 
any previous sampling preparation. The fresh samples 
have been measured in 0.5 liter containers (marineli) 
for measuring gamma activity. The radioactive 
measuring was performed with clear semiconducting 
gamma spectrometer (Canberra Packard) who enables 
identification of radio nuclides and evaluates their 
activity. The efficiency of the detector is 30% measured 
on 60Co. 

After the measuring has been finished, the software 
of the instrument issues written statement with 
calculated values of radio nuclide activity that 
afterwards are checked in MS Excel program. The 
results are presented in Bq/kg fresh mushrooms. 

 
Fig. 1 Muchroom 

3. THE RESULTS AND DISCUSSION 

Table 1 Levels of cesium in mushrooms grouped in Western 
and Eastern Macedonia 

  Western 
Eastern 

& Central 
Sample  71 68 
Average Value  3.02 2.47 

Lower Limit 2.42 2.02 
95% Certainty 

Upper Limit 3.62 2.93 
Variation  6.41 3.52 
Standard 
Deviation 

 2.53 1.88 

Minimum  0.21 0.12 
Maximum  9.92 9.31 
Standard Error  0.30 0.23 

It can be noted that certain types of mushrooms 
have higher values of cesium in Eastern-Central 
Macedonia than in Western Macedonia. 

 

Table 2. Average value of cesium according to mushroom 
types grouped in areas 

Average Value Minimum Maximum  
Wst. Est. & Cnt. Wst. Est. & Cnt. Wst. Est. & Cnt. 

Livadarka 0.68 0.88 0.21 0.25 1.68 1.51 
Rujnica 0.70 1.16 0.23 0.12 1.31 3.27 
Black Vrganj 1.26 1.23 0.56 0.56 2.05 2.05 
Jajcarka 1.30 1.84 0.23 0.63 2.15 3.22 
Pine Vrganj 2.36 2.82 0.57 1.23 5.71 4.96 
Regular 
Vrganj 

3.93 2.57 1.90 0.65 6.69 3.82 

Smrcak 4.86 5.83 1.96 2.85 9.40 8.72 
Lisicarka 5.21 4.19 1.90 1.45 9.92 9.31 

 

 

Fig. 2: Levels of cesium according to mushroom types  in 
given areas of Macedonia 

The highest values of cesium are noted in the 
samples taken from M. Brod and Demir Hisar, and 
lowest levels are in the eastern part of Macedonia. 

Considering the fact that the groups are too 
heterogeneous (various types of mushrooms and 
different time of collection) and the number of samples 
in each group is variable (certain groups have small 
number of samples), it is impossible to make final 
conclusion. 

One of the possible reasons is the higher annual 
quantity of rainfalls in the towns of Makedonski Brod 
and Bitola (Western Macedonia) [11,12,13,14]. 

Mushrooms that grow in soil with higher humidity, 
accumulate significantly more 137Cs, that is compliant 
with the literature data. 

Furthermore, one of the possible reasons for higher 
levels of 137Cs in Demir Hisar and Bitola would be also 
the higher altitude in these towns which conditions 
higher quantities of rainfalls. 

However, the existing differences among the 
average values in different areas show that in future it 
is necessary to conduct more detailed research of the 
regional influence on the levels of cesium. 

The high levels of activity of 137Cs in the upper soil 
layers are also result of continuous supply with radio 
nuclides from the fallen needles of coniferous trees and 
tree bark. 

The mushroom species which roots grow in the 
upper soil layers, accumulate radioactive cesium. The 
mushrooms have been presented as important means 
of circulation of the materials and also of radioactive 
cesium in the upper layers of the forest floor [35, 36, 
19]. 

Hence, the 137Cs can be accumulated and 
redistributed through mushrooms, which makes it 
temporarily unavailable for the other plants in the 
ecosystem. 

4. CONCLUSION 

After conducting experimental measuring, the 
obtained results report that certain contamination is 
present even today, after many years from the 
Chernobyl accident. 

From the obtained results of gamma spectrometric 
analysis it can be concluded that: 

 The radio nuclides come into the fertile bodies of 
mushrooms mainly from the substrate through 
the expanded network of hyphens, which makes 
the accumulation conditioned from the chemical 
content and the physical features of the substrate. 
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The Smrcak mushroom grows in higher altitude 
and mostly in coniferous forests from where it 
can get supplied with radio nuclides from the 
fallen needles of the coniferous trees and tree 
bark, therefore is shows highest levels of 137Cs. 
Livadarka mushroom is saprobe type of 
mushroom which grows in meadows. It has small 
dimensions of mycelium and therefore has little 
absorption power. 

 The contamination of the examined ecosystems 
with cesium freed from the Chernobyl accident, is 
not so homogenous on the territory of R. 
Macedonia and it has influenced the levels of 
cesium in mushrooms in certain ecosystems. The 
activity of 137Cs in the soil is subject of change in 
time; hence the activity of different mushroom 
types is expected to behave differently in time. 

 Variation in regional collection of sample has 
been determined. In Western Macedonia, the 
towns are with higher altitude and higher amount 
of rainfalls, therefore the levels of 137Cs are 
higher. Due to direction of the movement of 
humid air and macro regional atmospheric 
circulation in the regions of Makedonski Brod 
and Bitola, there are more rainfalls present there 
than in the other regions, which explains the 
higher levels of 137Cs present in these regions. 
This preliminary research indicates that further 
examinations should be conducted because of the 
long period of semi decomposition of 137Cs which 
will be relocated, rinsed and re-distributed, 
however still longtime present in the ecosystem. 
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DETERMINATION OF DEPLETED URANIUM IN THE RIVER IBAR 

Zoran Jovanović, Dragoslav Nikezić and Dragana Krstić 
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Abstract. During the NATO air strikes in 1999, there was some certain amount of the contamination of the ground with 
depleted  uranium (DU) in the upper basin of the river Ibar. This caused numerous discussion and speculation about 
radiation danger  which threatened of the people population in that area and in wider region. One of potential ways of 
depleted uranium is breaking through water flows, rivers, streams etc. The aim of the work is to measure the relation of 
isotope uranium 238U/235U in the water of the river Ibar. Measuring of uranium isotope and determining of isotope 
abundance in the water samples can be done in several ways such as alpha or gamma spectroscopy. Alpha spectroscopy 
has been applied in this work. According to the findings of this study, there was some disturbance of the natural isotope 
ratio of 238U/235U. Instead of 140, it has been found 151.4  at the location I; 163.8 at the location II,   and 192.0 at the 
location III. This small increase of ratio suggests that there is some possibility  that depleted uranium penetrated   to 
central Serbia through the river Ibar. Further investigation is necessary to establish whether  is disequilibrium natural  or  
come from NATO air strikes. 

Key words: depleted uranium, alpha spectrometry, river Ibar 

1. INTRODUCTION 

The detection of trace amounts of depleted 
uranium in environmental samples is a difficult task, 
because of the relative large concentration of natural 
uranium present in the environment, with typical 
values in the range from 10 to 30 Bq.kg-1. For this 
reason, even a large quantity of DU released into the 
environment is difficult to detect. In particular, the 
presence of DU can be assessed by calculating the 
uranium isotopic ratios, such as 234U/238U and 
235U/238U[1,2]. 

2. EXPERIMENT AND RESULTS 

2.1 Sampling  

Selecting a method of the analytical determination 
of radionuclides depends on the expected level of  
activities in the sample, the type and probability of 
decay, the half-time period of decay, the structure of 
samples and the geometry. The  radioactive isotopes of 
the same element can be of different toxicity, although 
they have the same chemical behavior. So, for their 
identification and quantities determination the 
spectrometric methods were used. Alpha-spectrometry 
determine uranium isotopes in the water samples 
( 10 l) taken from the three locations of river Ibar: 

1. Leposavić-sample I, 

2. Kosovska Mitrovica- sample II, 

3. Raška- sample III. 

By the applied procedure to the samples from the 
mentioned locations, great efficiency was achieved in 

separating the elements from the matrix of the sample 
itself as well as reciprocally a separation of 
radionuclides from the interest. The quantity of the 
sample needed for the analysis is maximum reduced 
to 10 l by which the cheapness of the chemical 
treatment is achieved. 

2.2 Alpha Spectrometry  

Alpha spectrometry is a method,  that is on the 
distribution of registered alpha-particles per energies, 
enables identification and reliably determination of the 
concentration of particular radioisotopes. It is suitable 
for a quantitative analysis of samples from the 
environment, in which very low levels of activities can 
be expected but it can adjust even to other demands. 
The advantage of the method is an exceptionally 
sensitivity and selectivity, but it demands a 
complicated and often long term radiochemical 
treatment of samples, for the preparation of 
radioactive sources for measuring [3-5]. The 
measuring is done at the alpha spectrometric system. 
The whole procedure includes several operations: 

 sampling and preparation of samples for 
radiochemical treatment, 

 radiochemical separation, 

 preparation of radioactive source, 

 measuring at the alpha-spectrometric system, 

 treatment and interpretation of results. 

For making this work, three samples of water  were  
used  with  individual  volumes of   10 l each. Each 
sample is individually prepared by the same method. 
The water samples, were treated the procedure of 
adiochemical separation. 
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2.3 Measuring  

The measuring of prepared samples was performed 
at the alpha-spectrometric system, type ORTEC. The 
basic parameters of the measuring complete set are: 
vacuum below 50 mTorr, semiconducting Si detector, 
whose resolution is 24 keV, the energy per channel 1.1 
keV, the distance of the source from the detector is 25 
mm whose area is  450 mm2.Energetic calibration was 
performed with the help of point like sources 244Cm, 
239Pu and  230Th. The efficiency of the counting 
device can be increased by reducing the distance 
detector-source and then the counting time can be 
reduced. However, by changing of these parameters 
the resolution also changes, so their optimum relation 
should be found. In case of measuring these samples of 
low activity, as it was the case here, the measuring 
lasted for 2880 min. 

2.4 Interpretation of results  

When we want the obtained results to be properly 
interpreted, it is necessary to determine several values 
of which the most important are: the specific activity of 
an isotope calculated on the basis of a measured 
number of impulses and the efficiency of the detection; 
the efficiency of the applied radiochemical procedure, 
the detection limit, the determination of uncertainty, 
etc. 

The efficiency of the detection of the total 
procedure is determined in relation to the suitable 
marker from the relation: 
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where : 

 - efficiency of the total procedure including also the 
detection efficiency;  

tcN - area below the peak of the marker in impulses;  t 

– the measuring time of the source in seconds; 

At – the activity of the additional marker in Bq. 

Natural uranium has three long-living isotopes: 
238U (T1/2 = 4,56x109 years), 235U (T1/2 = 7,1x108 years) 
and 234U (T1/2 = 2,5x105 years), whose abundance is 
expressed by the approximate relation 
1:1/140:1/17000. Based on recommendations from 
WHO guideline values of the concentration of uranium 
in drinking, flowing and mineral waters are 0.015 mg/l 
[6]. 
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For sample II: 
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For sample III: 
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According to the findings of this work there was the 
disturbance of the natural relation of uranium isotopes 
which is, instead of 140, at the location I is 151,37 ;  at 
the location  II is 163,781 and at the location III is 
192,016. This disturbance of the relation comes to a 
conclusion that there might be certain penetration of 
the depleted uranium towards to central Serbia. 
However, in the nature some other cases of 
disturbances of this relation are known, caused by 
different  natural processes, so it can not be said with 
certainty that the relation was disturbed just because 
of  depleted uranium. On the other hand, the measured 
activities are very low and they are within the limits of 
normal natural concentrations. If there was some 
contamination of the water by the depleted uranium, it 
should not be concluded that we are threatened by 
large radiation danger. 

3. CONCLUSIONS 

The disturbance of the relation of uranium isotopes 
has been found, but it can not be said with certainty 
that the cause is the depleted uranium, because there 
are no relevant facts for the river Ibar in the period 
before 1999. The depleted uranium is one of possible 
causes.   

The concentration of uranium and other alpha 
emitters in the water of the river Ibar are within the 
limits of natural levels. 
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MEASUREMENTS OF NATURAL EXPOSURES IN DWELLINGS AND RADON CONCENTRATION  
IN THE WATER SOURCES IN TONEKABON AND RAMSAR CITIES OF IRAN 
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Abstract. The natural exposure due to the gamma and radon concentration in 100 dwellings in Tonekabon city have 
been measured using TLD and radon diffusion chamber respectively  during four seasons. As well the dissolved radon 
concentration in the water sources in both cities has been measured using active and passive methods (i.e. ZnS 
scintillation detectors and homemade radon diffusion chambers). 
The results show the average gamma dose of 4.250.45 µSv.day-1 and average radon concentration in air of 
233.3100 Bq/m3 in dwellings.  The maximum concentration of dissolved radon in water in Ramsar and Tonekabon 
have been measured 198  30 and 109  16 Bq.l-1 respectively.  

Key words: Radon, High Natural Radiation Area , Passive Measurements,  

 

1. INTRODUCTION1 

     Ramsar in the north of Iran, near the Caspian 
sea, is one the famous high natural level of radiation 
area (HNLRA) in the world. In the past, many 
investigations have been done on the indoor and 
outdoor exposures in the area [1]. The reason for high 
exposure in the area is the high concentration of 226Ra 
in water sources as well as natural building materials, 
so that the annually natural exposures may reach up to 
100 mSv [2].   

On the other hand, the extent of the HNLRA has 
not been studied yet. Tonekabon is a city which is 30 
km far from the Ramsar, which has many natural 
water sources and old houses. 

In this research, the indoor gamma/radon 
exposures in Tonekabon city have been investigated in 
a seasonal surveying. Then the concentrations of 
dissolved radon in water have been measured for some 
water sources such as river, spa, natural sources and 
fish pools in both cities. 

                                                           
1 Corresponding Author: mhosseini@aeoi.org.ir 
 

2. MATERIALS & METHODS 

2.1. Area of the measurements 

Fig.1 shows the area maps of the measurements for 
both cities of Ramsar and Tonekabon. The 
approximate position of water sources with their local 
name are also shown in the figure.  

2.2. Type of used detectors 

In this research, both active and passive methods of 
measurements have been used for gamma dose and 
radon measurements as follows:  

 LiF:Mg,Cu,P TLDs; for passive gamma ambient 
dose measurements, 

 A type of calibrated diffusion chamber based on 
solid state nuclear track detector (SSNTD); for 
passive radon measurements in air in dwellings 
[3],  

 Calibrated ZnS scintillation cell of Pylon AB-5 
model; for active measurements of radon in 
water (see Fig.2),  

 The diffusion chamber; for passive 
measurements of radon in water. The method is 
schematically shown in Fig.3.  
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2.3. Measurements process 

     The seasonal measurements of both gamma 
ambient dose and radon concenration in air have been 
done in 100 dwellings in Tonekabon for one year. 

 
Fig.1 The areas maps of the measurements for both cities of Ramsar and Tonekabon. The approximate positions of water sources 

with their local names are as follows; A: Hotel Ramsar, B: Hotel Spa (Madar-shah), C: Sakht-sar Spa, D: Talesh-mahalleh River, E: 
Talesh-Mahalleh Natural Source, F: Khak-sefid Natural Source, G: Sadat-shahr Spa, H: Eshger Spa, I: Sang-boneh Spa, J: Kenar-
jouibar Fish Pool, K: Do-hezar Natural Source, L: Falakdeh Natural Source, M: Mian-nahieh Fish Pool, N: Akbar-abad Fish Pool, 

O: Shirij-mahalleh Fish Pool, P: Khorram-abad Fish Pool, Q: Kal-poshteh Natural Source, R:Baramsar Fish Pool.  

 
Fig.2  Passive measurement method of dissolved radon in the 

water.  The radon emanates from the water into a floating 
diffusion chamber and then starts to decay. The produced 
alpha particles may affect on the polycarbonate SSNTD. 

2.3. Measurements process 

The seasonal measurements of both gamma 
ambient dose and radon concentration in air have 
been done in 100 dwellings in Tonekabon for one 
year. 

For this purpose, two TLD pellets are placed inside 
of each radon chamber under its SSNTD film, so that 
the gamma dose and radon concentration 
simultaneously can be measured for one point.   

The dissolved radon concentrations of selected 
water sources in Ramsar and Tonekabon have been 
measured in rainy seasons (i.e. autumn and winter) in 
which the level values of water in natural water 
sources are appropriates for any measurements. 
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3. RESULTS & DISCUSSION 

The average values of gamma ambient doses and 
radon concentrations in 100 dwellings of Tonekabon 
city are shown in table 1. As it can be seen in the 
figure, the measured value for both gamma dose and 
radon concentration is highest in the spring. Although 
the ambient gamma dose value generally is not so 
high in the area, but its higher value in spring is 
meaningful in comparison with that of related value 
for radon. 

 
Fig.3  Active measurement method of dissolved radon in the 

water.  The radon emanates from the water sample into a 
degassing vessel and then draws into a scintillation ZnS cell 

by an air pump. Then Pylon monitor counts the emitted 
alpha particles 

Table 1 The average values of gamma ambient doses and 
radon concentrations in 100 dwellings of Tonekabon city in 

different seasons. 

 Spring Summer Autumn Winter 
Ambient gamm
dose (μSv.day- 5.60.6 3.80.4 3.90.5 3.70.3

Radon 
concentrations 

air 
(Bq.m-3) 

341.2216 202.388.5 193.352.0 197.142

  

The average annual effective dose, E, from the 
radon progenies inhalation in dwellings is given as: 

1 8760  hyOFCFEECCE  (1) 

where C is radon Concentration, EEC is Equilibrium 
Equivalent Concentration of radon which is 0.4 for 
indoors, CF is Calibration Factor which is 9 nSv.h-1 
per EEC and OF is Occupancy Factor which is 0.8 in 
indoors. Since the average value of radon 
concentration in Tonekabon is 233.3100 Bq.m-3, 
thus the approximate average annual dose from the 
radon progenies inhalation is given 5.9 2.5 mSv. 
Considering the total annual gamma dose of 1.50.6 
mSv from table 1, the average of total natural 
exposure in Tonekabon could be 7.43.1 mSv which is 
3 times of worldwide average natural exposure value 
by UNSCEAR-2000 (i.e. 2.4 mSv.y-1) [4]. 
The values of dissolved radon concentrations in water 
which have been measured by the active method for both 
the cities are shown in Table 2. 

In order to verify the measurements, the passive 
method also has been used for the selected points, 
which are shown in table 2. 

The compatibility of the results for both active and 
passive methods shows the accuracy of these 
measurements (except that of L point in winter which 
is related to measurements at different sampling 
times and points). 

Since there are not any international acceptable 
criteria for radon concentration in water, we can 
compare the results with that of Environmental 
Protection Agency (EPA) of USA for drinking waters. 
According to the criteria, the concentration values less 
than 300pCi.l-1 (10 Bq.l-1) standard would not be 
required to treat the water for radon. The 
concentration values more than 4000pCi.l-1 
(150Bq.l-1) standard need some mitigation programs 
to reduce their radon lower than the value [5]. 
Fortunately, most of the water sources in Table 2 are 
not drinking waters and also their radon 
concentrations are less than the EPA criteria. But it 
should be cared swimming in spas with high radon 
level of radon concentration, since there are not any 
criteria for those cases.  

Table 2  The values of dissolved radon concentrations in 
water sources which have been measured by the active and 

passive methods for both Ramsar and Tonekabon cities ( The 
position of measurements points can be seen in Fig.1). 

Radon  
concentration in wat

in autumn  
(Bq.l-1) 

Radon concentrati
in water in winte

(Bq.l-1) 

Places of 
measurements/

Type of water 
source Active 

method
Passive 
method

Active 
method

Passive
method

A/Spa 57.1 50.2 87.9 90.1 
B/Spa 91.3 - 51.4 - 
C/Spa 107.6 122.6 49.2 61.5 
D/River 16.3 - 15.4 - 
E/Natural source 167.4 - 198.6 - 
F/Natural source 12.1 - 12.9 - 
G/Spa 1.1 - 24.2 - 
H/Spa 55.6 - 24.3 - 
I/Spa 13.0 - 23.4 - 
J/Fish pool 18.1 - * - 
K/Natural source 1.1 - 1.4 - 
L/Natural source 9.8 13.8 109.5 61.8 
M/Fish pool 2.3 - 1.8 - 
N/Fish pool 5.9 - 9.4 - 
O/Fish pool 33.1 - 35.5 - 
P/Fish pool 27.0 - 5.5 - 
Q/Natural source 29.6 20.8 * * 
R/Fish pool 14.6 17.6 * * 

*-Could not be accessible at the time of surveying.  

4. CONCLUSION 

In Tonekabon city which is near the HLNRA area 
of Ramsar, the natural exposure due to both gamma 
dose and radon inhalation could be approximately 3 
times of that of worldwide. The values of dissolved 
radon in water sources in both cities may reach to 
approximately 200 Bq.l-1, however most of them are 
not used as drinking water, but special care should be 
taken for alternative use of the sources. 
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Abstract: Self-absorption correction (Cs) measurement in precise gamma-ray spectrometry of environmental 
samples is an essential issue. For a given geometric setup, the correction factor is expressed as the ratio of efficiency of 
standard to that of the sample. The procedure is to be applied to obtain Cs for various densities (ρ) and photon 
energies E. The obtained self-absorption corrections for each photon energy are fitted to an appropriate function 
Cs(ρ). This Cs(ρ) was determined experimentally, using five radioactive standard reference materials with different 
matrix densities (1-1.5 g/cm3) in Marinelli beakers. Similarly, using the method and conditions described previously, 
Cs(ρ) was obtain by Mont Carlo simulation for each of the samples (the composition of each matrix, which is 
necessary for the simulations, was obtained by XRF). Obviously, Self-absorption correction factors ( Cs ) depend on 
both sample density and chemical composition, but normally chemical composition dependence is ignored in studies. 
In this work, a new parameter (fa), has been introduced to represent both sample density and chemical composition. 
By this method, Cs(fa) was obtained. The calculated correction factors were evaluated by experimental data. The 
obtained activates using Cs(fa), experimentally obtained Cs(ρ) & Mont Carlo obtained Cs(ρ) show less relative error, 
respectively. We conclude that Cs(fa) is more useful than Cs(ρ) to measure the activities of soil samples using Marinelli 
beaker. 

Key words: Self-absorption Correction, Density, Chemical Composition 

1. INTRODUCTION 

Gamma-ray spectrometry is one of the most widely 
used procedures for determining the concentrations of 
natural and artificial radio nuclides in environmental 
samples. The precise determination of the activity for 
each radionuclide requires prior knowledge of the full-
energy peak efficiency at each photon energy for a 
given measuring geometry, which must be obtained by 
an efficiency calibration using known standard sources 
of very similar geometrical dimensions, density, and 
chemical composition to the sample under study [1].  
It is not difficult to reproduce a given sample geometry, 
so that this aspect is not a significant problem. On the 
contrary, photon attenuation within the sample itself 
can be very different for the sample of and for the 
calibration source [2]. For this reason, several 
procedures have been developed to evaluate the 
necessary self-absorption corrections in gamma-ray 
spectrometry [3, 4-10]. However, photon self-
absorption is highly dependent on sample density & 
chemical composition, so that neglecting the density & 

chemical composition difference between the sample 
and the standard source can lead to a major error in 
the activity determination [11]. 
The self-absorption correction factors for each photon 
energy and each sample geometry can be obtained 
experimentally, but these involve preparing and 
measuring a great number of samples whit different 
densities & chemical compositions. Standard 
radioactive samples, if available, are costly and would 
need to be renewed, especially when the radio nuclides 
have short half-lives [12, 3]. 
In this study for both cases (experimental & 
simulated) self-absorption correction factors (Cs) are 
obtained for various densities ρ and photon energies E 
and then data collected for each photon energy are 
fitted to an appropriate function Cs(ρ). Furthermore in 
this work, a new parameter (fa), has been introduced to 
represent both sample density and chemical 
composition. Similarly by this method, Cs(fa) is 
obtained. Finally, the mentioned factors were 
evaluated and compared. 
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2. EXPERIMENTAL 

Radioactivity measurements were performed by 
gamma-ray spectrometry employing a coaxial 
hyper-pure germanium detector with beryllium 
window (GMX-10180 Ortec) and a multichannel 
analyzer of 8192-channels. The resolution was 1.8 keV 
for the 1332.5 keV gamma-rays of 60Co. A shield 
containing lead bricks of 5 cm thickness, iron plates of 
2 mm thickness, copper plates of 2 mm thickness were 
used to reduce the gamma-ray background. 

Five radioactive standard reference materials 
with different matrix densities (1-1.48 gr/cm3) 
were used in Marinelli beakers. The standard 
Marinelli source dimensions and 
characteristics are given in table 1. 

From the measurement of calibration sources, the 
experimental efficiencies were calculated [1]. The 
experimental efficiency at energy E for a given 
measuring condition is: 


 


PTmA

N
E )(  (1) 

Where N is the net area under the full-energy peak 
corresponding to E, energy photons emitted by a 
radionuclide with a known activity A, P is the emission 
probability, m is the sample mass and T is the counting 
time. 
For a given geometric setup, the correction factor (Cs) 
is expressed as the ratio of efficiency of standard to 
that of the sample: 

)sample(
)standard()(
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In this study, soil of farm (Nm) is chosen for 
reference. The  procedure is to be applied, whereby Cs 
is obtained for various densities ρ and photon energies 
E and then data collected for each photon energy are 
fitted to an appropriate function Cs(ρ) [1, 3-5, 
12].These functions Cs(ρ) are given in table 2. 

3. SIMULATION 

The mentioned HPGe detector has been simulated by 
using MCNP code, and the detector response was 
determined [13-15]. Then, five mentioned Marinelli 
beaker standards in table (1), were simulated (the 
composition of each matrix, which is necessary for the 
simulations, was obtained by XRF).  
Similarly, using the method and conditions described 
previously, Cs(ρ) was obtain by Mont Carlo simulation 
for each of the samples (Table 2). 
In other hand, in this work, a new parameter (fa), has 
been introduced to represent both sample density and 
chemical composition. By this method, Cs(fa) was 
obtained (Table 2). 

4. INTRODUCTION af  

Obviously, Self-absorption correction factors (Cs) 
depend on both sample density and chemical 
composition [16], but normally chemical composition 
dependence is ignored in studies. In this work, a new 
parameter (fa), has been introduced to represent both 
sample density and chemical composition.  
The (fa) for the sample at a particular energy is given 
by:

 
 

0I

I
fa   (3) 

Where I0 is number of particles detecting upon the 
detector per unit time from a point source in particular 
distance from detector and I is number of particles 
detecting upon the detector per unit time from the 
same point source in same distance from detector but 
with sample between detector and point source (Fig.1). 

 
Figure 1 Introducing new parameter (fa) to represent 
both sample density and chemical composition 

5. PROCESS DETERMINING af  FOR SAMPLES 

Step 1: Gamma spectroscopy is performed on sample 
(for particular live time).  
Step 2: Gamma spectroscopy is performed on sample 
that backside it, put point source in particular distance 
from sample (same live time step 1). 
Step 3: Gamma spectroscopy is performed on the point 
source without sample for same distance and live time 
of step 2. 
Step 4: Distinct and clear peak of the sample is selected 
and the net area the selected peak are calculated. 
Step 5:  calculate => 

 
0

Net Area step 2 –  Net Area step 1
Net Area step 3a

I
f

I
 

 

(4) 

 After determination fa 
for each sample, Cs is obtained 

for various fa and photon energies E and then data 
collected for each photon energy are fitted to an 
appropriate function Cs(fa) (table 2). 

6. RESULTS AND DISCUSSION 

Reliability this method was appraised by calculated 
activity of standard samples and also percent relative 
error activity was calculated. The calculated correction 
factors were evaluated by experimental data. The 
relative err of the obtained activates using Cs(fa), 
Experimentally obtained Cs(ρ) & Mont Carlo obtained 
Cs(ρ) are shown in table (3).  
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7. CONCLUSIONS 

For both cases (experimental & simulated) self-
absorption correction factors (Cs) has been calculated. 
Comparing the results two methods show that, the 
simulation method has been successful in providing 
self-absorption correction factors as a function of both 
gamma-ray energy and sample density. 
Cs depends on both sample density and chemical 
composition, but normally chemical composition 
dependence is ignored in studies. In this work, a new 
parameter (fa), has been introduced to represent both 

sample density and chemical composition. Similarly, 
by this method, Cs(fa) has been obtained. 
The calculated correction factors have been evaluated 
by experimental data. The obtained activates using 
Cs(fa), experimentally obtained Cs(ρ) & Mont Carlo 
obtained Cs(ρ) show less relative error, respectively. 
We conclude that Cs(fa) is more useful than Cs(ρ) to 
measure the activities of soil samples using Marinelli 
beaker. 
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LUNG DOSIMETRIC MODEL FOR RADON DOSE CALCULATION 
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Abstract. Absorbed dose that human lung receives from gas radon and its short lived progenies during air inhalation 
was calculated and presented in this paper. The dosimetric lung model, developed by authors according ICRP 66 
(International Commission on Radiological Protection) compartment model, is used for radon progeny absorbed dose 
calculation. Authentic software was developed for determination dose absorbed per unit inhaled activity, DCF (Dose 
Conversion Factor), e.g. the dose per unit exposure to the radon progenies. The calculations were provided for real city 
population, including real gender, age and physical activity level differences among real human population. The log-
normal distribution for DCF was founded, with median value of 15 mSv/WLM. 

Key words: dosimetry, lung model, radon, absorbed dose, real population 

1. INTRODUCTION 

Epidemiological studies conducted on miners in 
uranium and other minerals mines have shown direct 
relationship between exposure to radon progeny and 
lung cancer incidence [1] (Lubin, 1988). By analyzing 
of 11 studies with population of 68000 miners, where 
2700 of deadly lung cancers appeared, a linear 
relationship between risk and cumulative exposure to 
radon progenies has been found. The quantity that 
links exposure to radon and dose, that human lung 
receives, is Dose Conversion Factor (DCF), e.g. the 
effective dose per unit exposure to the radon progenies. 
The quantity DCF is expressed in unit [mSv/WLM], 
where WLM is Working Level Month.  

Based on these epidemiological studies and the risk 
coefficients delivered from survivor of nuclear 
bombing, DCF was estimated about 5 mSv/WLM       
[2, 3, 4]. 

On the other hand, studies based on dosimetric 
models, conducted on general population show 
significantly larger values of DCF: between 
12 mSv/WLM (according [5]), and 15 mSv/WLM 
(according [6, 7]). 

In this paper, DCF was calculated for real 
population, that is not professionally exposed to radon. 
We considered the City of Niš population, which takes 
place in south-eastern part of Serbia, in the center of 
Balkan peninsula. The number of inhabitants is 
250180, according to the Statistical Yearbook of the 
City of Niš [8]. The male and female fractions of 
population are in equilibrium, 50.4 % vs. 49.6 %, resp. 
Distribution of population according to age is given in 
Table 1, data were obtained from Statistical Yearbook 
of the City [8]. 

Table 1 Distribution of the City population according to age 

AGE (year)
NUMBER OF 

SUBJECTS 
FRACTION 

(%) 
0 – 4 11 000 4,5
5 – 9 13 000 5,3

10 – 14 14 000 5,6
15 – 19 16 500 6,7
20 – 64 156 500 63,1

65 and more 37 000 14,8
TOTAL 248 000 100,0

2. CALCULATION METHOD 

To calculate DCF we used 4 authentic, self written 
successive executing Fortran90 programs. 

2.1. First program 

First program called DOSE_CONV_COEF.F90 
calculates absorbed fraction, AF, of alpha particles 
energy in sensitive cells of human respiratory tract. 
According to ICRP66 [7], AF is defined as an average 
fraction of alpha particle energy absorbed in the layer 
containing the sensitive cells. Alpha particles loose 
their energy in the layer of mucus and in deeper layers 
of the airway wall. One part of energy is deposited in 
sensitive cells. According to ICPR66 [7] and NRC [9], 
two kinds of cells, basal and secretory cells, have been 
considered as sensitive. The structure of airway wall, 
thickness of different layer and relevant dimensions 
have been accepted as it was described in ICRP66 
report. To calculate AF a semi empirical approach, 
based on paper [10] and developed and programmed 
furtherer by authors of this paper [11].  
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2.2. Second program 

Program DEPOSITION.F90 calculates 
deposition of aerosol, by breathing, in different 
deposition filters of respiratory tract, from oral- and 
naso-cavities to the terminal alveolus. It follows 
algebraic deposition model through five regions of 
respiratory tract, given in ICRP66, and gives deposited 
fraction as a function of aerosol equivalent diameter.  

2.3. Third program 

Program LOG_NORMAL_SUMMING.F90 
performs summation of deposited activity calculated 
by previous program according to three modal log-
normal distribution (for attached progeny). 
Unattached fraction is treated separately. Aerosol 
parameters, thermodynamic diameter (AMTD), 
aerodynamic diameter (AMAD), dispersions of 
distribution, density of aerosols, aerosol shape factor, 
equilibrium factor between radon and its progeny have 
been taken according to their the best estimation [6].  

Concerning the inhalation parameters, DCF was 
firstly calculated for typical standard inhalation values 
[7] (Table 15 and  Table B.6), which corresponds to the 
referent Caucasian male man, age 20-30 years, 176 cm 
tall, with the mass of 73 kg, who lives in temperate 
climate (this description fit well to the City of Niš 
population).  

These parameters are as follows: functional 
residual capacity FRC=3301 ml, Tidal volume 
VTIDAL=1250 ml, Breathing rate=1.5 m3/h, Volumetric 
air flow V=833 ml, Dead spaces in extratoracic (ET), 
bronchial (BB) and bronchiolar (bb) regions are, 
respectively: VD(ET)=50 ml, VD(BB)=49 ml and 
VD(bb)=47 ml. These values are corresponding to the 
light exercise.  

Later, these parameters have been varied according 
to the sex, age, and assumed physical activity. Random 
sampling of an individual was performed from the age 
population distribution given in Table 1. Then, based 
on ICRP66 report [7], lung volume and level of 
physical activity were sampled. The number of 
simulation was 105, what is in quantity range of the 
City population number. 

2.4. Fourth program 

Program CLEARANCE.F90 treats clearance and 
translocation of deposited aerosol. Separated clearance 
mechanisms are: radioactive decay, mucocilliar 
transmission and transfer to blood. This program 
calculates equilibrium activity of all radon progenies in 
all regions of human respiratory tract. Multiplication of 
equilibrium activity with exposure time, with starting 

alpha particle energy (6 MeV for 218Po and 7.69 MeV 
for 214Po) and with absorbed  fraction (AF), gives the 
energy absorbed in sensitive cells (secretory and basal 
cells). The ratio of absorbed energy and the mass of 
sensitive tissue is dose absorbed in these cells.  

Weighting procedure is the next step. The average 
dose DBB in BB region (first 8 generation of branching) 
is found as in eq.(1):  

, ,  (1) 

where: DBB,bas is absorbed dose in basal cells, and 
DBB,sec is absorbed dose in secretory cells in the 
bronchial region (BB).  

Absorbed dose in overall tracheo-bronchial (T-B) 
tree of the respiratory tract is given in eq. (2) as:  0.333 0.333 ,  (2) 

where: Dbb,sec is absorbed dose in secretory cells in 
bronchiolar (bb) region (basal cells don’t exist in this 
region). Weighting factors, 0.333 were applied to BB 
and bb region according to ICRP66 recommendation.  

At the end, the effective dose was found as in eq. 
(3):  20 0.12  (3) 

where: 20 is radiation weighting factor for alpha 
particles and 0.12 tissue weighting factor for lung. 
Then the effective dose was divided with the assumed 
exposure condition in WLM and DCF was obtained in 
[mSv/WLM].  

3. RESULTS 

Based on the programs described above, DCF was 
calculated for referent man with standard parameters 
of anatomy, morphology and inhalation. The value of 
DCF obtained in this trial was 16 mSv/WLM and it is 
close to 15 mSv/WLM [6], [7].  

Then, the simulation has been carried out, where 
the age, sex and physical activity of subject have been 
sampled randomly for the City population. It has been 
taken that female vs. male populations are 50 % vs. 50 
% and age was chosen from the Table 1. Monte Carlo 
method for subject sampling, according age group, has 
been provided. The level of physical activity was 
determined by the age; on the other hand, the 
breathing rate and volume of air inhaled per unit time 
were also determined by the physical activity. Number 
of simulations was 105.  

The following distribution for the levels of physical 
activity is obtained (Table 2). 

Table 2 The level of physical activity according to age and gender (in % of total number of subjects)  

Age (year) Gender Sleeping Sitting Light exercise Heavy exercise 
0-5 both 2.2 0.75 1.45 / 
5-10 both 2.18 1.0 2.03 / 
10-15 male 1.18 0.64 0.87 0.11 
10-15 female 1.18 0.81 0.78 0.03 
15-64 male / 9.0 23.75 1.25 
15-64 female / 11.5 22.125 0.375 
> 65 male 2.5 2.5 2.5 / 
> 65 female 2.5 2.5 2.5 / 
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Based on the age, gender, physical activity etc. 
determined for a given real population, DCF was 
calculated. Distribution of obtained values for DCF is 
given in Fig. 1. 

 
Fig.1 Distribution of DCF for real population 

From the Fig. 1, it might be seen that DCF has    
log-normal distribution, with median value of around 
15 mSv/WLM. 

4. CONCLUSION 

According to ICRP66 dosimetric lung model [7], we 
created 4 authentic Fortran90 programs to calculate 
the Dose Conversion Factor (DCF), e.g. the effective 
dose per unit exposure to the radon progenies. The 
DCF has been calculated not only for typical, referent 
man, but also for the whole range of people, who live in 
the real city. 

The calculated DCF value for the referent man is 16 
mSv/WLM, what is close to value of 15 mSv/WLM 

given in [6] and [7]. The DCF values for the City 
population of different ages, sex, physical activity, 
breathing and respiratory parameters were also 
determined. The obtained values for DCF have log-
normal distribution, with median value of around 15 
mSv/WLM.  
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 FUNDAMENTAL LAWS OF EFFICIENCY OF ISOTHERMAL PROCESSES UNDER IONISING  
AND NON-IONISING ELECTROMAGNETIC RADIATION 
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Abstract. Thermodynamic law of efficiency of isothermal processes for full frequency range of  electromagnetic 
radiation was formulated in second part of 20th century. Functional dependence of efficiency on absorbed energy for a 
range of high and low frequencies  is  presented. In the field of high frequencies (the Wien region) there is a logarithmic 
dependence (the Weber-Fechner law), and in the field of low frequencies (the Rayleigh-Jeans region) there is a “step” 
(the  Devyatkov law). The thermodynamic prognosis of development of experimental researches of isothermal 
processes is stated and expected difficulties are analyzed. 

Key words: Wien region, Rayleigh-Jeans region, Weber-Fechner law 

1. INTRODUCTION 

Electromagnetic radiation contains 22 order of 
frequency, which are divided on 7 ranges according to 
used experimental technique. But besides, there are 
also some other approaches to division into parts of 
full region of electromagnetic waves. For this 
conference it is interesting the division of 
electromagnetic radiation on ionizing and non-
ionizing radiation. The most studied part of 
electromagnetic radiation is, of course, visible 
radiation which plays a key role in life of biological 
objects. It is non-ionizing radiation. 

2. THEORY 

Research of every photo-process always passed 
essentially independently from each other and never 
had a general basis. Occurrence of new branch in 
experimental researches (bio-effects of ionizing 
radiation, medical and biologic effects of radio wave 
radiation etc.) have not changed a situation. More 
likely on the contrary, radio wave radiation has 
strengthened a debatable component. The situation 
has changed after thermodynamic methods of 
research have been involved. Thermodynamics has 
allowed to solve all basic problems which have been 
occurred on a way of researchers of electromagnetic 
radiation.  

The founder of thermodynamics of 
electromagnetic radiation is W. Wien who has 
extended concepts of entropy and absolute 
temperature to electromagnetic radiation. It has 
allowed him to receive the law of distribution of 
energy in spectrum of black body for short lengths of 
waves (the Nobel Prize in physics in 1911). This range 

of wavelengths is called the Wien region. The same for 
the long-wave wing of spectrum was made by the 
Nobel prize winner Lord Rayleigh. This part of 
spectrum is titled the Rayleigh-Jeans region. 

Max Planck has entered concept of quantum of 
action and has solved the problem of the theoretical 
description of the full function of heat radiation (the 
universal function of Kirchhoff). The Nobel Prize 
1918. In 1905 Albert Einstein has entered 
representation about quantum structure of light and 
has explained a photo-effect (the Nobel Prize 1921). In 
1924 Shatendranat Bose has developed the quantum 
statistics for particles with integer spin and on its 
basis has received Planck's law for thermal radiation. 
These works have resolved all “unsoluble” problems of 
the equilibrium thermal radiation. 

Studying of nonequilibrium radiation has begun in 
1946 from work of L. Landau (of the Nobel prize 
winner in the future). He has propogated the formula 
for entropy of the equilibrium radiation, deduced by 
Planck, to nonequilibrium radiation [1]. This has 
opened possibility of thermodynamic calculations for 
efficiency of any isothermal conversions of any 
wavelengths of electromagnetic radiation and has 
shown thermodynamic admissibility of efficiency of 
luminescence more than unit. Work of American 
theoretical physicist M.A. Weinstein (1960) has 
shown, that this excess can be high and should be 
accompanied by object cooling [2]. In 1997 г Stephen 
Chu and two other physicists have been awarded the 
Nobel Prize for development of methods to cool atoms 
with laser light. In the late (19)60s English theorist 
Landsberg P.T. and Russian theoretical physicist 
Chukova Yu.P. have continued development of a new 
branch of thermodynamics (thermodynamics of 
nonequilibrium radiation) for luminescent processes, 
and then have passed to area of photochemical 
processes [3-7]. Now thermodynamics of 
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nonequilibrium processes under electromagnetic 
radiation can be considered so full developed, as well 
as thermodynamics of equilibrium radiation. 

Thermodynamic laws of photochemical 
conversion of electromagnetic radiation are 
interesting to the up-to-date conference. They are 
presented in Fig. 1 for the Wien region (on the right) 
and for the Rayleigh-Jeans region (at the left). 
Efficiency * of reversible process is on ordinate and 
the logarithm of spectral density of absorbed 
radiation Е is on axis of abscissa. The  is frequency 
of electromagnetic radiation, h is the Planck constant 
and k is the Boltzmann constant, c is the light velocity,  
T is temperature and  = c2 E/2h3  

In the Wien region there is a straight line in semi-
logarithmic scale. It means a logarithmic dependence. 
It is the well-known Weber-Fechner law in physiology 
of sense organs and in photomovement of protozoa in 
photobiology [7], and also in many other sciences, for 
example, logarithmic dependence of efficiency of solar 
batteries.  

Scientists of all world investigated long time only 
the effects in the Wien region. Scientists have started 
to study medical and biologic effects in the Rayleigh-
Jeans region regularly only in the latter half of the 19th 
century. In the Rayleigh-Jeans region we see the 
"step"-dependence (the Devyatkov law [8]) for the 
first time received by Russian scientists, working 
under the guidance of academician N.D. Devyatkov in 
1973 on different systems, but E.coli was studied 
especially in details [9] (experiment of Smolyanskaya 
and Vilenskaya). Pioneers of discovery paid a special 
attention to existence of a considerable range of effect 
independence from absorption. This range is clearly 
visible on the theoretical curve in the left part of Fig. 1. 
This step-dependences caused and causes a 
bewilderment and distrust of all experimenters who 
are unfamiliar with thermodynamics of 
electromagnetic radiation. It is impossible to consider 
this negative relation as a scientific problem. It is 
simply public demonstration of insufficient education 
of some scientists. 

 

 
 

 

Fig.1   Plan for electromagnetic radiation 

 

3. WHAT REAL SCIENTIFIC PROBLEM HERE ARISES?  

The other question demands the answer: “Why 
real processes (always the irreversible ones!!!) are so 
well co-ordinated with laws of efficiency of energy 
conversion for reversible processes (the 
thermodynamic limit)?” The answer is simple. Under 
weak influence on system when all processes are 
linear, and entropy generation rate in system 
increases linearly with increasing of absorbed energy, 
functional dependence of efficiency of energy 

conversion is identical for reversible and irreversible 
processes, and distinctions are observed only in 
absolute value of efficiency. 

The consideration of linear irreversibility simply 
shifts a curve of the thermodynamic limit, but this 
shift occurs differently in the Wien region and in the 
Rayleigh-Jeans region. In the Wien region (with other 
things being equal) efficiency falls with irreversibility 
growth: the curve moves down along an efficiency 
axis. And in the Rayleigh-Jeans region efficiency 
moves along an axis of logarithm of the absorbed 
energy, and its maximum value is equal to unit. This 



 3  

distinction of the shift direction promises of a lot 
unexpectedness for the experimenters working in the 
Rayleigh-Jeans region, because experimenters have 
been already accustomed to results which are 
characteristic for the Wien region and meet in all 
textbooks. 

Here it is useful to stop on one difficulty. All who 
studied non-thermal effects of MM radiation tried to 
overcome it many years. They searched many decades 
the answer to the question, why the quantum of MM 
radiation with small energy  appears capable to cause 
the conversion with great energy.  

Thermodynamics gives the exhaustive answer to 
this question. For this purpose it is necessary to 
address to Planck's formula published in 1900. 
Numerical calculation according Planck’s formula is 
given in the Table 1  for two absolute temperature: 
300 K (room temperature) and 5800 K (Sun 
temperature). Usually intensity of radiation as 
frequency function  is given. But in our case, the 
average number of quanta * at energy level is 
calculated. The bold type gives two frequencies (, at 
which * =1, and frequency  = 4,6 1010 Hz in 
experiment Smolyanskaya and Vilenskaya). We see, 
that at room temperature for frequency of 4,6 1010 Hz 
number of quanta of equilibrium radiation is more 
than 100, and at temperature 5800 K it  is  more than 
2600.  

Table 1.  * according  the Planck formula 

 
For nonequilibrium radiation values  will be 

more. The exact calculation shows, that in experiment 
Smolyanskaya there are 1100 quanta in the conditions 
of threshold at energy level, and at the maximum 
influence - 2 1010 Energy of such number of quanta is 
sufficient for many chemical conversions into 
substance (bio-objects). 

What is given by thermodynamic laws for non-
thermal processes at strong influence of 
electromagnetic radiation on system? The falling of 
conversion efficiency takes place in both regions 
under condition of nonlinearity of processes. It is 
observed by experimenters. In the Wien region the 
best experiments are executed by Wilhelm Nulsch 
[10] at research of photomovement of protozoa, and 
in the Rayleigh-Jeans region the best result is 
experiment of I.Belyaev with colleagues [11]. 

Thus, isothermal processes of electromagnetic 
radiation have the threshold (the beginning) and the 
end. In the end of process (the falling of efficiency) all 
absorbed energy will be converted into heat, instead 

of into the Helmholtz free energy, which then can be 
converted by system to useful work. A consequence of 
energy conversion in heat is temperature rise, and 
absolutely other thermal processes start in system.  

Remembering that thermodynamics has 
predictive force, I would like to inform about one of 
its prognosis. Now thermal processes and non-
thermal processes with increase of the Helmholtz free 
energy (endergonic processes) are the object of 
research. In the near future researchers will move in a 
direction of reduction of influence on system and as a 
result will pass to research of the processes with a 
decrease of the Helmholtz  free energy (exergonic 
processes). Here researchers will see (at first sight) 
surprising effects which are already clear only for 
experts in thermodynamics. I will indicate only one 
effect. The ionizing radiation which now is a source of 
many harmful effects, in conditions of very small 
doses can appear a source of useful effects. 
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1. INTRODUCTION 

The national authority for regulation, authorization 
and control of nuclear activities in Romania - the 
National Commission for Nuclear Activities Control 
(CNCAN - Romanian abbreviation) is a legal 
institution subordinated to the Chancellery of the 
Prime Minister. CNCAN‘s activity as a national 
regulatory body is based on  the provisions of the Law 
no. 111/1996 on the safe deployment, regulation, 
authorization and control of nuclear activities, 
republished in the Official Journal[1].  

CNCAN has an important role in providing strict 
compliance with the requirements for nuclear safety 
and for protection of people’s health against the risk 
from ionizing radiation.  

The Division of Ionizing Radiation regulates and 
keeps under control all the activities outside the 
nuclear fuel cycle.  

The main fields of activities are: 

- Medicine, 

- Industry, 

- Research and education, 

- Natural Radioactivity. 

The routine monitoring of the individual exposure 
of workers constitutes an integral part of any radiation 
protection program. 

Both the BSS [2] and ICRP Publication no. 103 [3] 
recommend approaches to minimizing the risk of 

radiation work by setting out a system of dose 
limitation, dose constraints and reference levels. 

 The main principles are: 

- the principle of justification , 

- the principle of optimization of protection and 
ALARA principle, 

The principle of application of dose limits Romania as 
EU member implements EU policy in this field, in 
according the relevant Directives: 

- Council Directive 96/29/EURATOM (Basic Safety 
Standards) [4] 

- Council Directive 90/641/ EURATOM and 
another. 

CNCAN has issued the regulations in field of radiation 
protection and for the individual dosimetry: 

- Fundamental Norms for Radiological Safety [5]; 

- Individual Dosimetry Norms [6]; 

- Norms for recognizing notified bodies in nuclear 
field 

- Norms for specific radiation fields (radiology, 
interventional radiology, nuclear medicine, 
industry, uranium mining, etc.). 

The national legislative framework in the radiation 
protection field must be constantly updated, based on 
the newest European and / or international 
recommendations, like EC-RP no. 160 publication [7]. 
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2. GENERAL REQUIREMENTS 

As the general requirements, the Individual 
Dosimetric Service must ensure: 

a) determination of the measurable quantities; 

b) determination of radiation types and/or 
radionuclide types; 

c) measurement methods used; 

d) calibration conditions; 

e) preparation of documents for assign the doses; 

f) management of records;       

g) traceability to NMI, SSDL[ 7]; 

h) irradiation tests - “dummy customer” 

i) intercomparison way; 

j) quality management system, according with 
standards in the field. 

An Approved Dosimetry Service should implement 
a quality management system based on “process 
oriented” documents and proper corresponding 
protocols to check the stability, reproducibility and 
correctness of all processes. The implementation of a 
quality assurance programme improves an awareness 
of methods and procedures. There should be a 
mechanism for customer feedback.[ 7] 

2.1 Dose assessment 

The aim of the measurement performed at the ADS 
is the periodic determination of the operational 
quantities Hp(d).  

The operational quantities to estimate effective 
dose, or local skin equivalent dose, or equivalent dose 
to the eye lens, or to an extremity, for individual 
dosimetry for external irradiation are: 

- the effective penetrating dose,  Hp(10); 

- equivalent dose to eye lens, Hp(3); 

- equivalent dose to extremity and local skin, 
Hp(0,07); 

The operational quantity for the internal 
irradiation is committed effective dose equivalent E50. 

The effective total dose is the sum of effective 
penetrating dose, Hp (10) and effective dose E50  for a 
period of monitoring. 

If the dosimetry service reports exceeded the dose 
limits, it is necessary to reassess the effective dose and 
equivalent dose, by a radiation protection expert in 
collaboration with the regulatory authority. The 
reassessed value will be recorded instead of the value 
that resulted from routine monitoring. 

2.2 Assessment of uncertainties 

In order to obtain dose data of which the quality is 
traceable and can be internationally recognized it is 
recommended that: 

• The terms and definitions given in the documents 
issued by the ISO GUM JCGM 100[8] should be 
followed. 

• The GUM framework should be followed. 

• In the formulation stage: 

All input/influence quantities that may contribute 
to the uncertainty should be identified (for example, 

film density, pm-tube signal, reading or indication of 
the dosemeter, radiation energy, angle of incidence, 
calibration sources), and must be considered in the 
measurement model. 

All model input/influence quantities should be 
characterized by a best estimate and either a 
probability density function (PDF) or a (combined) 
standard uncertainty. The PDFs can be observed PDFs, 
or assigned PDFs such as uniform, triangular or 
Gaussian. 

In the calculation stage: 

The results from a type test or other 
characterization of the response of a dosimetry system 
should be used as inputs to the uncertainty 
assessment. 

Other parameters such as standard uncertainty and 
coverage intervals must be derived from the PDF of the 
output quantity. 

For doses at or exceeding the radiation protection 
limits or in some instances specific action levels, 
information on the irradiation conditions should be 
used to reduce the measurement uncertainty. 

The procedures followed in the calculation stage 
will depend on the algorithms used for the dose 
calculation for a specific dosemeter or dosimetry 
system. 

The amount of effort put into the uncertainty 
should be realistic in view of its purpose in radiation 
protection. 

Additional obligations for approval of dosimetry 
services: 

- ensure the recording of individual monitoring 
results, on paper and electronic, in compliance with 
legal provisions; 

 - archive all documents on which the assignment 
of individual dose and records of doses, for the legal 
period of time; 

- prepare reports on over limits doses or any 
changes in the records, which notify them at CNCAN; 

- submit every half year reports to CNCAN; 

- dose reports and records keeping; 

- in case of dissolution of authorization holder, 
documents containing records of individual 
monitoring results will be taken by dosimetry service 
that provided the monitoring of individual; 

- in case of dissolution of dosimetry service, it shall 
transmit to national authority, documents containing 
records of individual monitoring for all people 
registered. 

2.3 Conditions for approval and accreditation 

1. Each dosimetry service has to be approved by 
national authority; 

2. Conditions for approval 

- compliance with EN ISO/IEC 17025:2005; 

- awareness and documentation of dosimetry 
methods; 

- Quality Assurance, QA Programme; 

- system software; 

- traceability to NMI, SSDL; 
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- irradiation tests; 

- intercomparison tests; 

- staff competence; 

- data handling; 

- accident preparedness; 

- reporting uncertainties; 

- implementation of standards. 

2.4 Dose reporting, record keeping 

The record keeping demonstrates the (degree of) 
compliance with legal regulations (dose limits). 

It may also be used for additional needs and uses: 

- to demonstrate the effectiveness of ALARA; 

- to provide data for analysis of dose distribution; 

- to evaluate trends in exposure (possibly as a 
function of work practices or radiation sources), 
necessary information for the evaluation of a radiation 
protection system; 

- to develop effective monitoring procedures and 
programmes; 

- to provide data for medical and/or legal purposes; 

- to provide data for epidemiological and research 
studies  

Since 2002, CNCAN is responsible for National 
Registry of Doses, to: 

a) store dose values reported by the approved 
dosimetry services;  

b) perform statistical analysis of data to 
characterize occupational exposure in the country;  

c) define work activities (for example,nuclear, 
medicine, industry, or natural);  

d) regularly publish occupational exposure 

reports;  

2.5 The approval process 

An approval process will usually contain the 
following elements:  

(a) establishing the competence of the laboratory to 
provide reliably technically competent results;  

(b) establishing that the dosimetric performance 
characteristics of the dosemeter and dosimetry system 
meet stated criteria;  

(c) periodically review the consistency of 
performance. 
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1. INTRODUCTION 

The ozone (O3 molecule) layer in the stratosphere is 

a protection shield against the Sun’s ultraviolet (UV) 
radiation which can be harmful on humans, living 
beings and eco systems generally. It is formed by the 
action of UV radiation on oxygen O2 molecules. On the 
other hand ozone molecules are also destroyed by the 
action of UV radiation. This process is well known as 
the Chapman cycle [1]. This layer completely absorbs 
radiation of wavelengths below 280 nm, so called UV-C 
radiation which has a germicidal effect, i.e. kills 
bacteria. The radiation in the wavelength range 280 – 
400 nm (UV-B, 280 – 320 nm and UV-A, 320 – 400 
nm) is partly absorbed. The mount of the absorbed 
radiation strongly depends on the ozone layer 
thickness. Due to industrial development various gases 
containing halogen elements have been emitted to the 
atmosphere and have influenced the amount of ozone 
in the stratosphere. In the first place are so called CFC 
(chlorofluorocarbon), which are used as refrigerants, 
propellants (in aerosol applications), and solvents. 
These gases, together with other gases (for example 
carbon tetrachloride, CCl4 and methyl chloroform, 
CH3CCl3), strongly influence the ozone layer thickness. 
Due to the Sun’s UV radiation the molecules of CFCs 
are destroyed and halogen atoms X (X = Cl, Br, F … ) 
are released. These atoms then react with ozone 
molecules in the following cycle: 
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On average, one such atom can destroy 105 ozone 
molecules. The emission of harmful gases to the 
atmosphere has led to the appearance of “ozone holes”. 
Ozone holes are regions in the stratosphere where the 
ozone layer thickness is below 220 DU (Dobson Unit).  

The first ozone holes were detected in the early ’80-
ies.Due to the atmospheric conditions they almost 
regularly appear above South Pole. During the last few 
years ozone holes appeared above North Pole as well, 
with the tendency to spread toward mid-latitude 
regions. Together with the emission of harmful gases, 
this can cause the appearance of ozone holes over these 
regions.  

The thinning of the ozone layer leads to the 
increased intensity of Sun’s UV radiation that reaches 
Earth. Due to the harmful effects of UV radiation, this 
problem has become very actual since the early ‘80-ies. 
Several protocols and amendments have been signed. In 
1985, a treaty called the Convention for the Protection of 
the Ozone Layer was signed in Vienna. This was 
followed by the Montreal Protocol on Substances that 
deplete the Ozone Layer, signed in 1987 and ratified in 
1989. The protocol established legally binding controls 
for developed and developing countries on the 
production and consumption of halogen source gases. 
Later, The Montreal Protocol was strengthened with 
various Amendments and Adjustments. 

Increasing public concern over declining ozone 
levels and the resultant UV radiation reaching the Earth 
has brought the world-wide ozone and the UV radiation 
networks and also a need to communicate daily 
information about UV radiation level to the public in a 
credible and understandable manner. This standard 
establishes a quantitative index for reporting the level of 
harmful ambient solar ultraviolet radiation reaching the 
surface of the Earth to the general public. The Global 
Solar UV Index quantifies the exposure of the skin to 
ultraviolet radiation. UV index (accordingly to World 
Meteorological Organization – WMO) is defined as [2]: 
 

      dCEUVI
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Where the above integral is expressed in W/m2.  GE  

is the global spectral irradiance and  C  is the action 

spectrum for erytema proposed by CIE and defined by 
McKinley and Diffey [3]. 

The Dobson Unit (DU) is the most common unit for 
measuring ozone concentration. The unit is named 
after G. M. B. Dobson, who designed the 'Dobson 
Spectrometer' - the standard instrument used to 
measure ozone from the ground. The Dobson 
spectrometer measures the intensity of the solar UV 
radiation at four wavelengths, two of which are 
absorbed by ozone and two of which are not. One 
Dobson Unit is the number of the ozone molecules that 
would be required to create a layer of pure ozone 0.01 
millimeters thick at a temperature of 0 oC and a 
pressure of 1 atmosphere (the air pressure at the 
surface of the Earth). Expressed in another way, a 
column of air with an ozone concentration of 1 Dobson 
Unit would contain about 2.69x1016 ozone molecules 
for every square centimeter of the area at the base of 
the column. Over the Earth’s surface, the ozone layer’s 
average thickness is about 300 Dobson Units, or a 
layer that is 3 millimeters thick. 

In this paper, results of the monitoring of ozone 
layer thickness, and Sun’s UV radiation for 2011 year 
are presented. Later, they are compared with the 
results obtained for previous years.   

2. METHODS OF MEASUREMENTS 

Standard instrument that is used for monitoring of 
Solar UV radiation and ozone layer is spectral 
instrument known as the Brewer spectrometer [4]. 
Such instruments are very worth and are usually used 
for calibration procedure for broadband instruments 
and less sophisticated instruments for ozone layer 
monitoring. Broadband instruments [5] are usually 
used to build up national Solar UV radiation 
monitoring networks. One of such instruments, the 
Yankee Environmental Systems (YES) UVB-1 
piranometer is used for monitoring in this work. The 
estimated  error, combining uncertainity staded by 
manufacturer and error introduced by A/D conversion, 
is less than 7 %. 

The relative spectral response  [6] of the 
instrument is close to ehe erythemal action spectrum 
[3]. Due to such spectral response, in combination with 
the Solar spectrum, the resulting measured quantity is 
very close to the integral value in Eq. (1). YES is placed 
inside the campus of the University of Novi Sad. It’s 
coordinates are  45.33o N, 19.85o E and 84 m a.s.l. The 
instrument is connected to a computer for data 
aquisition via data logger. Measurements are done 
every 30 sec. The reasults are averaged for a 10-min 
time interval and such obtained data, together with 
minimal and maximal data, are recorded in the daily 
data base. At the same time, measured values are sent 
to the internet web page http://cmep.rs where are 
available for the public use at every 10 min. Measured 
values are presented numericaly as well as graphicaly, 
by the means of diurnal course of UV index. As an 
example, this picture is presented in Fig. 1, for the 24th 
May 2011, until 12.30 PM. As it can be seen from 
Figure 1 this day was partialy cloudy (with the local 
minimums). 

During cloudless days, the curve presented  in 
Figure 1 is a smooth curve, close to the Gaussian one 
(illustrated in the rectangular of the upper right part of 
Figure 1). 

  
Fig. 1 Diurnal course of the UV Index presented at the web 
page http://cmep.rs . 

For the monitoring of ozone layer thickness 
Microtops II, Solar Light Co. [7] is used. The instrument 
is equipped with five accurately aligned optical 
collimators, capable of a full field view of 2.5o. Each 
channel is fitted with a narrow-band interference filter 
and photodiode suitable for the particular wavelength. 
Short wavelengths of UV radiation are much more 
readily absorbed by ozone than the longer wavelengths 
in the same UV bandwidth. This means that the amount 
of ozone between the observer and the Sun is 
proportional to the intensity ratio of two wavelengths of 
solar UV radiation. This instrument uses that 
relationship to derive the total ozone column (ozone 
layer thickness in DU) from measurements of three 
wavelengths – 305.0 nm; 312.5 nm and 320.5 nm. This 
principle is very similar to the traditional Dobson 
instrument. Two additional channels at 936 nm and 
1020 nm are used for water column and aerosol optical 
thickness determinations. Measurements are possible 
only when Sun’s disc is clearly visible, and the best 
results are obtained with the sun high in the sky. A 
complete description of the theory of operation is given 
in [7]. Each data point is obtained as the average of five 
samples. The estimated error is below 5 %. 
Measurements are performed every day, when it is 
possible, around the noon. The scan length is about 20 
sec with 32 samples in a scan. Each result that is stored 
in the data base is the average from at least five scans.  

3. RESULTS 

The monitoring of solar UV radiation started in 
April 2003 and data are collected in the data base 
created for this purpose. This data base contains all 
measured values, so it is possible to retrieve data either 
for the particular day(s) and month(s) or year(s). The 
intensity of the solar UV radiation is highest during the 
summer, particularly at the end of June and the 
beginning of July when maximal daily values reach an 
UV Index of 9 or more. During the winter these values 
are at the yearly minimum and fall below 1. 

Maximal daily values during the year 2011 are 
presented in Figure 2. Local minimums in the graph 
correspond to cloudy days. As it can be seen from 
Figure 2 maximal daily values of the UV Index were 
registered during the summer, around 9. The number 
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of days with such a high UV level was 14, while the 
absolute maximum was 9.6. The number of days with 
“high” or more UV level (accordingly to the WMO 
classification), i.e. 7 or more, was 88.  
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Fig. 2 Annual course of the UV Index during the year 2011. 

Solar UV radiation is necessary for ozone production, so 
the ozone layer thickness is changig during the year, in 
accordance with the changes of UV radiation intensity. 
Under normal circumstances this layer is maximal in 
March-June (400 – 450 DU) and is minimal in 
September-November (250 – 300 DU). The 
monitoring of the ozone layer started in August 2007. 
The measurements are performed in the University 
campus in Novi Sad. Results of measured ozone layer 
thickness for the year are presented in Figure 3. 

100

150

200

250

300

350

400

450

O
z
o

n
e

 la
y
e

r 
th

ic
k

n
e

s
s

 (D
U

)

Date

Fig. 3 Annual course of the ozone layer thickness during the 
year 2011. 

As it can be seen from Fig. 3, the highest values of 
ozone layer thickness were registered during the spring 
and the summer when it was around 350 DU, roughly. 
Toward the autumn and winter, the thickness of the 
ozone layer decreased. Minimal values were reached in 
the period end of October 2011 – January 2012. In that 
period unusualy low values were recorded. As it was 
mentioned, ozone hole means a thickness of the ozone 
layer below 220 DU. In mentioned period, some 
recordings were considerably below this limit, in some 
cases below 150 DU. These results implicate that 
substances harmful to the ozone layer were present in 
the stratosphere. Unfortunately, due to the lack of data 
about substances present in the stratosphere, it is not 
possible to give a final explanation. 

4. COMPARISON WITH THE RESULTS FOR 

PREVIOUS YEARS 

Measured values of UV Index obtained for the 
period 2003 to 2011 are presented in Figure 4. As it 
can be seen, maximal values during summer periods 
were practically the same, around 9. Also, annual 
changes are almost the same for the last eight years. 
The number of days with a high UV Index or more, is 
not changed considerably from year to year. It was 
around 50, but the number of cloudy days during the 
summers must be taken into account.  Winter values 
are also almost the same, below 2 or less. The thinning 
of ozone layer does not influence theses values 
considerably, since the intensity of Sun’s UV radiation 
which reaches the Earth in that part of the year is low 
anyway.  

0

2

4

6

8

10

12

U
V

 In
d

e
x

Date

Fig. 4 Maximal daily values of the UV Index during the period 
2003 – 2011. 

Measured values of the ozone layer thickness for 
the period 2003 - 2011 are showed in Figure 5. 
Maximal annual values were between 350 and 455 DU. 
As it can be seen, in 2009 and 2010 maximal values 
were higher (around 400 DU) than 2008 and 2011 
(around 350 DU).    

100
150
200
250
300
350
400
450
500
550

O
z
o

n
e
 la

y
e
r 

th
ic

k
n

e
s
s
 (

D
U

)

Date

Fig. 5 Measured values of the ozone layer thickness for the 
period 2007 – 2010. 

Minimal values were recorded in the annual period 
end of October – beginning of January. For the years 
2007 – 2010 they were around 250 DU (the value that 
is above ozone the hole limit). In 2010 and 2011 
minimal measured values were below the ozone hole 
limit. In 2010 it was around 200 DU, while in 2011 
very low values were registered, below 200 DU, even 
down to 150 DU. This shows the potential tendency of 
ozone layer thinning and the presence of harmful 
substances in the stratosphere which destroy the ozone 
layer. This conclusion must be followed with the data 
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obtained from the stratospheric measurements of the 
presence of various gases. Unfortunately, such results 
have not been available to the authors. On the other 
hand, such low content of ozone in the stratosphere 
appeared during autumn and winter, when Sun’s UV 
radiation is weak, anyway. In summer months, the 
ozone layer thickness was enough to protect human 
beings and other living organisms from the high 
intensity of UV radiation. The tendency of ozone layer 
thinning during autumn and winter alerts that it could 
happen even in summer months, when the 
consequences are much more serious.  

5. CONCLUSION 

In this paper the results of monitoring of Sun’s UV 
radiation and ozone layer thickness are presented. The 
monitoring site is placed in Novi Sad, but the obtained 
results are important for the whole country, since this 
is the only place where such measurements are 
performed. The amount of ozone in the stratosphere 
strongly influences the Sun’s UV radiation which 
reaches Earth’s surface, so it is important to perform 
these measurements at the same place. 

Obtained results showed that maximal annual 
values have not changed during the observed period, 
and they have been around 9 UV Indices. On the other 
hand, the monitoring of ozone layer thickness showed 
that considerable thinning appeared in 2010 and 2011 
when recorded values were below  the ozone hole limit. 
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Abstract The number of sources of Non - Ionizing radiation, especially cellular phone network stations, are steadily 
increasing. Due to the fact that the impact of electromagnetic fields (EMF) on human health is not yet fully understood, 
the public concern on the increasing EMF levels in cities is present.  
In this work, the results of the first systematic survey of EMF levels in Vojvodina are presented. During the year 2011, 
in more than 10 major cities low-frequency and high-frequency EMF are performed environmental “spot” broadband 
and frequency-selective measurements. In each city one radio emission antenna, one cellular phone network station, 
one high voltage power transmission line and transformer station was measured at about 10 locations. In the low-
frequency region (to 100 kHz) the electric field strength and magnetic induction have been measured while in the high-
frequency region (100 kHz to 300 GHz) the electric field strength was measured. 
Analyzing the collected data, it is shown that even in the worst case scenario the total impact of the EMF levels is not 
bigger than 60 % of the authorized limiting values. 
 

Key words: sources of Non - Ionizing radiation, EMF levels, “spot” broadband measurements, frequency-selective 
measurements   

1. INTRODUCTION 

In order to explore the existing situation in 
environment of Vojvodina province, regarding to 
electromagnetic field levels in the vicinity of sources of 
non-ionizing radiation, as well as for comparison of 
these values with current legislative, the corresponding 
measurements are performed in 12 cities. Also, this 
exploration should contribute to the analysis of 
possible ways of future reduction of electromagnetic 
field intensity in the environment. Low-frequency 
measurements (range: 5 Hz – 100 kHz) in areas of 
increased sensitivity, covered transformer stations and 
high-voltage power transmission lines.                             
Within the high-frequency range (1 MHz – 3 GHz ) all 
the measurements were related to cellular phone 
network stations and radio emission antennas.  

Measurements of electric field strength and 
magnetic induction are realized at several 
measurement points around each source of non-
ionizing radiation with the aim of determination of 
current levels and estimation of possible maximal 
exposures of the population to this kind of radiation in 
"worst-case scenario”. For this purpose, the 
corresponding measurement equipment for broadband 
and frequency-selective measurements is used.  

2. MEASUREMENT EQUIPMENT AND PROCEDURES OF 

MEASUREMENTS   

2.1 Low-frequency range  

In the low-frequency  range the measurements of  
electric field strength and magnetic induction are 
performed by Portable field meter PMM 8053B 
(Narda, Italy ) using spectrum analyzer EHP-50C (5 Hz 
– 100 kHz). The view of measuremnt eqipement is 
presented on Fig.1. 

 

Figure 1. Portable field meter PMM 8053B and spectrum 
analyzer  EHP-50C 

The probe EHP-50C allows measurements of 
electric or magnetic field components along three 
spatial axes. It has own power supply and possibility of 
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automatic data collecting as independent unit.  The 
probe was mounted on tripod made of  non-conducting 
material  and connected to the portable field meter by   
5m long optical-fiber cable, avoiding the perturbation 
of electromagnetic field by operator [2].  Near the 
transformer stations and high voltage power 
transmission lines, the dominant frequency of 
electromagnetic field of 50Hz, as well as several 
harmonics is detected. The measured values of electric 
and magnetic field on these frequencies were found for 
the probe position of 1m above ground. The 
measurement procedures in low-frequency range were 
consistent with  standards [2], [4] ,[6]. 

2.2 High-frequency range 

The broadband measurements of electric field 
strength  in high-frequency range are performed by 
Portable field meter PMM 8053B and probe EP-300 
(100 kHz – 3 GHz). These components of equipment 
are given on Fig.2.  

 

Figure 2. Portable field meter PMM 8053B and probe EP-300 
for broadband measurements 

The frequency-selective measurements in the high 
–frequency region are realized by RF Spectrum 
Analyzer-SPECTRAN HF 2025E (AARONIA, 
Germany) and Radial Isotropic Broadband antenna – 
OmniLog 90200 (700 MHz – 2.5 GHz). The 
measurements are performed at three different heights 
above ground (1.1 m, 1.5 m and 1.7 m) on different 
distances from the non-ionizing sources according to 
standards [1], [3], [4], [5]. The measured values of 
electric field strength are averaged over 6 minutes. 

3. RESULTS  AND DISCUSSION  

3.1 Cellular phone network stations  

The maximal values of electric field strength at 
certain frequencies measured in local areas of cellular 
phone network stations in the cities of Vojvodina are 
presented in Fig.3. Maximal values of broadband 
measurements for these locations did not exceed the 
value of 2.1 V/m.  

 

Figure 3. The maximal values of electric field strength at 
certain frequencies ( frequency-selective measurements) 

Distribution of electric field values from broadband 
measurements in Vojvodina, averaged for each city, is 
given in Fig.4.    

 

Figure 4. The average values of electric field from broadband 
measurements 

As can be seen these average values of electric field 
strength are below 1.2 V/m. Relatively small value of 
standard deviation of about 85% indicate considerable 
uniformity of emissions of cellular phone network 
stations on the Vojvodina territory. 

3.2 Radio emission antennas  

The radiation of radio emission antennas was 
measured in eight cities, where one antenna was 
selected in each city. For such measurements the 
broadband technique is used. Results of maximal and 
average electric field values are presented in Fig.5 and 
Fig.6, respectively. These distributions, together with 
very small values of standard deviations show that this 
category of electromagnetic radiation is very uniform 
in the Vojvodina region.  
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Figure 5. The maximal values of electric field 
strength(broadband measurements)  

 

Figure 6. Distribution of average values of electric field 

3.3 High voltage power transmission lines  

The electromagnetic radiation of high voltage 
power transmission lines was investigated in 10 cities 
in Vojvodina. The values of electric field strength and 
magnetic induction were covered by measurements. 
The figures 7 and 8 illustrate distributions of average 
values for all locations. 

The average values of electric field varied 
significantly among locations, while the variations of 
magnetic induction were relatively small. 

 

Figure 7. Distribution of average values of electric field 
strength  

 

Figure 8. Distribution of average values of magnetic induction 

3.4 Example of electromagnetic field 
measurements of  220 kV high voltage power 
transmission lines No. 127/11 in Novi Sad 

Measurements of electric field strength and 
magnetic induction are performed at 1m above ground 
in 21 points along direction perpendicular to the high 
voltage power transmission lines (Figure 9.). The 
figures 10. and 11. show distributions of electric and 
magnetic field values.   

 

Figure 9. Measurement points below high voltage power 
transmission lines 

 

Figure 10. Distribution of electric field 
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Figure 11. Distribution of magnetic field 

3.5 Transformer stations  

Electromagnetic radiation of transformer stations 
is measured in 12 cities in Vojvodina. The strength of 
electric field and magnetic induction are measured and 
the average values for different locations are given on 
Figures 12 and 13.  

 

 

Figure 12. Average values of electric field for transformer 
stations 

 

Figure 13. Average values of magnetic field for transformer 
stations 

Very high  value of electric field strength is found at  
one measurement point around transformer station in 
Vrbas, under the high voltage power transmission 
lines, where the transmission lines are connected to 

the  transformer station. This value, which is mainly 
caused by transmission lines, reached 58% of reference 
value [9]. At the other locations, the measured 
maximal values of electric field were much lower, and 
did not exceed 0.34% of reference value. A similar 
conclusion applies for the average values of electric 
field in the cities, reaching 10.2% of reference value for 
transformer station in Vrbas, while for other cities the 
average values were below 0.05% of reference value. 

The magnetic induction values were much more 
uniformly distributed than electric field values.    

4. CONCLUSION 

Obviously, the described system of measurement 
can provide the rough insight in distribution of 
electromagnetic field intensity on the Vojvodina 
territory, but the amount of acquired data is not 
enough for formulation of statistically significant 
conclusions. 

In recent time the mobile telephony develops   
intensively, so the cellular phone network stations are 
perceived in public as the major sources of non-
ionizing radiation in the environment. However, this 
research shows that all sources of non-ionizing 
radiation [7],[8], should be considered with equal and 
increased attention, having in mind that the health 
effects of non-ionizing radiation are not well known.   
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Abstract. Based on the experiences gained in developed countries and the results of broadband measurements of 
electric and magnetic fields in the vicinity of the most numerous artificial sources of electromagnetic fields 
(transformer substations, power lines, GSM base stations of commercial mobile telephony, radio and TV transmitters) 
in the environment, the objective of this work is to circumscribe the basis of in-situ measurements and so contribute to 
the development of non-ionizing radiation protection in Serbia. 
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1. INTRODUCTION 

With regard to Non-ionizing radiation protection, 
the relationship between human exposure to 
electromagnetic fields and health is controversial. 
Electromagnetic fields have become omnipresent in 
our daily environment. The use of devices emitting 
electromagnetic fields (EMF) ranging from static to 
microwave frequencies has significantly increased in 
the past two decades. Their presence has affected 
almost every aspect of living (home, traveling, school, 
college, work …). In the case of low frequency fields (up 
to 100 kHz), attention is focused on the systems for 
transmission, distribution and use of the electrical 
energy. For the high frequency range (from100 kHz to 
300 GHz), the main sources up to now have been 
Radio and TV transmitters and the cellular mobile 
communication systems. Their functions will be 
enlarged by additional services (mobile video and 
television) in the future. Generally, new artificial 
sources include different exposure scenarios with 
regards to body site, duration of use, target population, 
and also to simultaneous exposure to complex multiple 
frequencies spread over a potentially large frequencies 
range [1]. 

Significant public and media concerns are 
expressed about increases in EMF exposure of people 
and its potentially adverse effects on health, 
particularly children health. These  associations are not 
explained by any confirmed biological mechanism and 
there are doubts as to their causal nature, as the 
available evidence is inadequate to make sound 
scientific conclusions. 

In order to evaluate population exposure, 
knowledge of the field levels is very important. 
Measurements are basic both for the verification of the 
results obtained through the use of numerical models,  

and for the evaluation of the field levels when the 
sources are unlikely to be simulated because of their 
number, working condition, and complex distribution.  

The major intention of this paper is to give the  
basic information about relevant EMF standards in 
connection with in-situ measurements.  

2. STANDARDIZATION OF EMF MEASUREMENTS 

The International Electrotechnical Commission 
(IEC) promotes international co-operation on all 
questions concerning standardization in electrical and 
electronic fields. IEC collaborates closely with the 
International Organization for Standardization (ISO), 
in accordance with conditions determined by 
agreement between the two organizations. 

In accordance with the document of the IEC 
technical committee  TC 106, “Methods for the 
assessment  of electric, magnetic and electromagnetic 
fields associated with human exposure”, the 
standardization of EMF measurements includes [2, 3]: 

- characterization of the electromagnetic 
environments with regard to human exposure; 

- measurement methods, instrumentation and 
procedures; 

- assessment methods for the exposure produced 
by specific sources; 

- basic standards for the other sources; 

- assessment of uncertainties. 
 

Excluded are: 

- the  establishment of exposure limits; 

- mitigation methods which have to be dealt with 
by the relevant product committees. 
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The European Committee for Electrotechnical 
Standardization (CENELEC) makes sure that the 
majority of its standards are identical to the standards 
developed by the IEC.  Technical committee TC 106x  
in the CENELEC deals with various aspects of the 
exposure of people to EMF from 0 Hz to 300 GHz [4]. 
In Table 1 shows the structure of the IEC TC 106 and 
CENELEC TC 106x Committee respectively. 
 

Table 1 IEC TC 106 / CENELEC TC 106x  structure 
 

IEC TC 106 CENELEC TC 106x 
WG 1: Measurement and 

calculation methods for LF 
fields and induced currents 

(0 to 100 kHz – Basic 
Standards) 

WG 1 : Mobile Phones 
and Base stations 

 
WG 2: Low frequency fields 
produced by specific sources 

(product standards) 

WG 2 : Anti-theft 
devices 

 
WG 3: Measurement and 

calculation methods for high 
frequency EM fields and SAR 

(100 kHz – 300 GHz) 
 

WG 3 : Basic 
Standards 

 
WG 4 : Generic 

Standards 
 

WG 4: High Frequency EM 
Fields produced by specific 
sources(Product standards) 

WG 7 : Broadcasting 
 

WG 9 : Inductive and 
dielectric heaters 

 

WG 5: Generic standards 
WG 13: Domestic 

appliances 
 
Meaningful comparison is possible only between 

the result of EMF measurements obtained following 
these methods on the one hand, and the reference 
levels and basic restrictions of contemporary safety 
standards (i.e. IEEE C95.1) and guidelines from 
International Commission on Non-Ionizing Radiation 
Protection (ICNIRP) [5]. 

3. MEASUREMENT  METHODS 

CENELEC Standard EN 50413 [6] gives elements 
to establish methods for measurement and calculation 
of quantites associated with the assessment of human 
exposure to electric, magnetic and electromagnetic 
fields in the frequency range from 0 Hz to 300 GHz.  
The major intention of this Basic Standard is to give 
the common background and information to relevant 
EMF standards. 

3.1. Low frequency range 

The electric and magnetic fields in the low 
frequency range (up to 100 kHz) are mainly 
independent from each other and shall both be 
assessed, when measurement is to be made. For a 
given exposure scenario, the electric field strength 
depends only on the voltage used, while the magnetic 
field strength or magnetic flux density depends only on 
the electric currents. 

IEC 62110 Standard [7] is applicable to public 
exposure in the domestic environment and in areas 

accessible to the public. This standard is not applicable 
to DC transmission systems. IEC 61786 Standard [8] is 
indinspensable for the application of IEC 62110 
Standard. 

IEC 61786 provides guidance for measuring the 
steady-state root-mean-square (rms) values of quasi-
static electric and magnetic fields which have a 
frequency content in the range 15 Hz to 9 kHz. The 
magnitude renges covered by this standard are 1 V/m 
to 50 kV/m and 100 nT to 100 mT for electric and 
magnetic fields , respectively. Specifically, this 
standard: 

- defines terminology; 
- identifies requisite field meter specifications; 
- indicates methods ofcalibration; 
- defines requirements on instrumentation 

uncertainty; 
- describes general caracteristics of fields; 
- surveys basic principles of instrumentation; 
- describes measurement methods that achieve 

defined goals pertaining to human exposure. 

3.2. High  frequency range 

In the high frequency range (Radio Frequencies – 
RF : 100 kHz – 300 GHz), several field types exist 
which should be assessed differently depending on the 
distance r from and the biggest dimension D of the 
radiating source. Table 2 indicates whether to measure 
electric (E) or magnetic (H) field strength, or both, at 
different distances from the field source. 

 
Table 2. Evaluation parameters for high frequency [6] 

    
 

Reactive 
near field 

Radiating 
near field 

Far field 

Distance  
(r) r     r  2D2/ r   2D2/ 

E,H  1/r No No Yes 
Z0 = E/H  Z0  Z0  Z0 

To 
measure 

E and H E or H E or H 

NOTE: D - biggest dimension of the radiating 
structure; i.e. diameter of a parabolic antenna 

 

       Reliable assessment procedures have to be able 
to distinguish between the contributions from different 
RF sources and also to estimate individual exposure. 
Possible dosimetric approaches are the use of 
frequency selective monitoring equipment to assess 
variation versus time, and of frequency selective 
equipment like dosimeters to assess individual 
exposure. Procedures based on the use of broadband 
measurements equipment are suitable for 
epidemiological studies if one source is dominant or if 
other reliable procedures, such as analytical 
calculations, are applied, that make it possible to 
distinguish between the contributions from different 
sources [9]. 

        CENELEC  Standard EN 50492 [10] specifies 
in the vicinity of base station the measurement 
methods. For the purpose of this standard, the term 
„base station“ is fixed equipment for radio 
transmission intended for use in wireless 
telecommunications networks, such as those used in 
cellular communication, Wireless Local Area Networks 
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(WLAN), point-to-point communication and point-to-
multipoint communication. Also, the term „base 
station“ includes the radio station and antenna. 

4. OUR EXPERIENCE WITH  IN-SITU  MEASUREMENT 

This part of work presents a summary of values of 
environmental broadband in-situ measurements of low 
frequency (ELF: 30 Hz to 2 kHz) magnetic fields and 
RF (100 kHz – 3 GHz) electromagnetic fields in over 
35 municipalities in Serbia. These investigations were 
motivated by the local population requesting 
information about levels of general public exposure to 
time-varying electric and magnetic fields in living 
spaces.  

4.1. ELF Magnetic field in-situ measurements  

The purpose of our paper (Reference [11]) was to 
assess the background or “ambient” ELF magnetic 
fields in yards and houses located under high voltage 
power overhead lines (110, 220 and 400 kV) as main 
sources of ELF electric and magnetic fields.  

The spot measurements are divided into two 
groups, those in yards and those in the houses 
(bungalows). All yards and houses were measured 
wherever someone was there to open the door for the 
operator. In yards, the measurements were performed 
under or between power overhead lines at a height of 
1,8 m over ground. In bungalows, the measurements 
were performed in the middle of the living and 
sleeping rooms at 1,5 to 1,8 m above the floor. All 
measurements were made in the period November – 
March, because the consumption in this period is 
typical for the maximum average. There are good 
reasons to believe that the measured values in this 
paper are representative. 

Figure 1 presents the accumulative percentile 
distribution of measurement values vs. magnetic field 
flux density (Bmax) in the measurements for different 
power lines.   

 

Fig. 1 The percentile distribution of measurement values  

From the standpoint of possible health effects, the 
interpretation of these measurements should proceed 
very cautiously.  

4.2. RF EMF in-situ measurements  

The purpose of paper (Reference [12]) was to 
presents a summary values for broadband  
measurements of the RF radiation (100 kHz – 3 GHz)  
around GSM base stations (GSM BS) near  residential 
areas. Measurements were divided into four groups: 

- Group 1:  Measurements on roofs where GSM BS 
are mounted; 

- Group 2:  Measurements in rooms below GSM 
BS; 

- Group 3:  Measurement in rooms were situated 
around GSM BS; 

- Group 4:  Measurement around masts of GSM 
antennas.  

All measurements were done in points on about 1,5 
to 1,8 m from ground/floor and on distance from 
antennas of GSM BS above 1 m (»far-field conditions«) 
in the day-time  period from 12h  to 16h.  

In order to minimize influence of other sorces of 
RF radiation, GSM BS were selected  by means that 
ones are solely sorces of RF radiation in area within 
150 m.   

Figure 2 presents  the accumulative percent of 
measurement values vs. RF electric field strenght for 
all four groups measures in the region of GSM BS  for “ 
the worst case” (maximal value on display). 

 
Fig. 2 The percentile distribution of measurement values 

With standpoind of possible health effects, 
annotations of these measurements should be 
cautious.  

The maximum values for both investigations [11, 
12],  are well below  ICNIRP  reference levels.  In terms 
of Non-ionizing radiation protection, in situ broadband 
measurements gives a basic information. Prospective 
activity should be to obtain more data (technical data 
of main sources, meteorological conditions, evaluation 
of uncertainty in the measurement etc.) in order to 
assure stricter monitoring of the measurement in 
“sensitive” places (residencies, nursery schools, junior 
schools, hospitals etc.). 

5. CONCLUSION 

In order to evaluate population exposure, 
knowledge of the field levels is very important. In situ 
broadband measurements are basic for the evaluation 
of the field levels. 

Bmax µT 
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IEC technical committee  TC 106 includes 
characterization of the electromagnetic environments 
with regard to human exposure and measurement 
methods, instrumentation and procedures.  

Technical committee TC 106x in the CENELEC 
deals with various aspects of the exposure of people to 
EMF from 0 Hz to 300 GHz.  

A comparison is possible only between the result of 
EMF measurements obtained following 
IEC / CENELEC methods on the one hand, and the 
reference levels of contemporary safety standards (i.e. 
IEEE C95.1) and ICNIRP guidelines. 
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Abstract. Short Human body is constantly exposed to magnetic fields, primarily to the Earth’s magnetic field. The Earth’s 
magnetic field is constant and has an intensity from 30 to 50μT, depending on the geographical location. Human 
exposure to magnetic fields has significantly increased following technical progress. Modern technologies, like MRI in 
medicine, lead to human body exposure to magnetic fields with an intensity of several teslas. Today, multiple magnetic 
field sources are publicly available: strong AC and DC transmission lines, high speed magnetic levitation trains, small 
permanent magnets, etc. Also, there are a number of sources who cause professional exposure of their staff: 
thermonuclear reactors, magneto-hydrodynamic systems, superconducting generators, welding equipment, galvanizing 
power facilities, etc. There are different interaction mechanisms between the living matter and the magnetic field. 
Several of those mechanisms are presented in this paper. This is why the magnetic field exposure risk is studied and why 
it’s necessary to develop a magnetic field dosimeter. The dosimeter is designed for professionally exposed workers and 
patients. Integrated 3D Hall sensor is selected as a magnetic field sensor, it has four operating ranges: 20mT, 200mT, 
2T, and 20T. This enables the sensor to measure from weak to extremely strong magnetic fields. The signal processing 
electronics is based on a popular PIC18F4520 microcontroller. The microcontroller controls the sensor’s supply, 
performs measurements using an AD converter, and records the data on the SD card. The data on the SD card are 
transferred to a PC, where they are later processed. 

Key words): magnetic field dosimeter, exposimetry, hall elements, magnetic field transducer, microcontroller, SD 
card  

1. INTRODUCTION 

Rapid technological development in industry and 
medicine uses powerful magnetic field sources, which 
causes daily exposure of people to this field. This is why 
magnetic field influence on health is being researched. 
Certain biological effects have been noticed after an 
exposure to a static or changing magnetic field. 
Numerous of scientists throughout history have studied 
the possible effects of a constant magnetic field on a 
human tissue, such as: Paracelsus, Mesmer, Gilbert, 
Franklin and Charcot [1]. In literature, magnetic field’s 
influence is usually approached in two ways: static 
magnetic fields and time dependent magnetic fields. In 
case of time dependent magnetic fields, the range of 
frequencies is from ultra low, up to 300 GHz [2]. This 
selection was performed because of different 
interaction mechanisms with biological systems. 

The risk of exposure to a foreign magnetic field 
includes the effect of the force on ferromagnetic 
objects and interference with different medical 
applications (especially pacemakers and ferromagnetic 
implants). 

In order to understand the biological effects of a 
magnetic field, it’s necessary to consider the field’s 
direct influence on cells in different parts of the body 
and tissues. The dose can be defined as an appropriate 
function of the magnetic field at the point of 
interaction. The main goal of dosimetry is to set up a 
correlation between external and internal fields. 

The microdosimetry is a quantitative study of 
inductive electrical environment, which is equal or 
smaller than the size of the living cell. The 
macrodosimetry studies dosimetric values, which are 
macroscopic averages by area or by volume, and their 
dimensions are larger than dimensions of most 

individual cells (ICNIRP, 2003) [3]. 
An assessment of the health risk as a function of 

persistent fields could provide useful, as well as 
measuring the exposure to radiation. The workers who 
are professionally exposed and patients can be 
monitored with a use of a personal dosimeter or with an 
assessment of the field distribution. In case of 
professionally exposed workers, exposure to a current 
field or to a cumulative field can be appropriately 
monitored with a dosimeter. In general, the dosimeters 
measure the exposure of an individual or an object to the 
environment that is especially risky, creating a 
cumulative impact for a long period of time. In this case, 
the dosimetry is very complex because all the relevant 
factors must be taken into account. For this purpose, in 
1979 a project was started in order to design a compact 
battery powered personal dosimeter. This project was 
supported by the U.S. Department of Energy. The 
dosimeter was developed within the next two years and 
was based on three Hall sensors with orthogonal 
sensitivity vectors [4]. Since then there were several 
similar projects. 
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2. SOURCES OF EXPOSURE 

Whenever there is a current flow there is a magnetic 
field. The direct current forms a persistent magnetic 
field, while the alternative current forms a time-
dependent magnetic field.  

The basic magnetic field vector values are magnetic 
field intensity H [A/m] and magnetic flux density B 
[T]. 

These values are correlated by B=μH, where μ is 
magnetic permeability of the environment. 

The Earth’s persistent natural magnetic field is 
approximately 50 μT, depending on the geographic 
position, it can be from 30 to 70 μT [5]. The flux 
density of the natural time-dependent magnetic field is 
within the range from 10-7 to 10-14 T [6]. 

In general, man-made magnetic fields have higher 
intensity than the natural sources. The magnetic flux 
density under the transmission power lines of direct 
currents is 20 μT [5]. The development of new 
transport technologies in the future presents a wide 
spectrum of public exposure to an increased density of 
the magnetic flux. Fast passenger magnetic levitation 

trains produce a relatively high density of the magnetic 

flux near the engine. The conventional magnetic 

levitation electric trains have relatively low fields inside 

the passenger’s cabins, under 100 μT, but local magnetic 

fields up to several mT on the floor level are the result of 

inductors under the floor [5]. Other sources of 

persistent magnets in housing and commercial zones 

are small permanent magnets in magnetic clamps and 

holders, that generate a persistent local field higher than 

0.5 mT [5]. High power magnetic field sources are MRI 
diagnostic applications. During the scan, the patients are 

exposed to a field of 0.15 to 3 T. The exposure to this field 

is usually shorter than one hour [5]. During this 

procedure there is also an exposure of the medical staff 
to a strong magnetic field. The members of the staff 
spend even several hours in the area of the main 
magnetic field, when they have to be near the patient. 
Also, professionals who are in charge of production or 
maintenance of the MRI systems are also exposed to a 
strong magnetic field. 

High fields are also present in high-energy 
technologies like thermonuclear reactors (9 T to 12 T 
internal field and 50 mT external field), magnetic-
hydrodynamic systems (5 T to 6 T internal, 10 mT 
external at a distance of 50 m and 0.1 mT at a distance 
greater than 250 m) and superconducting generators 
(6 T to 7 T internal and external field within personnel 
area less than 0.1 mT) [4]. Research facilities that use 
bubble chambers, particle accelerators, superconducting 
spectrometers, isotope separation units also have areas 
in their environment with high magnetic flux density 

There is an exposure to high magnetic fields in 
various industrial branches. Welders are exposed to a 
magnetic field of 0.35 mT. Typically, magnetic field 
frequencies when welding are lower than 1 kHz [7]. In 
the aluminium fabrication process the magnetic field 
reaches several tens of mT in the operating area. In 
permanent magnet production, the magnetic field on 
the workers hands is typically 2 to 5 mT, on the chest 
and hands 0.3 mT to 0.5 mT [4]. 

3. INTERACTION MECHANISMS 

Magnetic fields interact with the live matter over 
three physical mechanisms: magnetic induction 
(electro-dynamical interactions with moveable  
electrolytes and inductive electric fields and currents),  
magneto-mechanical effect (magnetic orientation and 
magneto-mechanical translation) and electronic 
interaction [5]. 

Magnetic induction is in the base of electro-
dynamic interaction with moveable electrolytes [8, 9]. 
Static magnetic field acts with a Lorentz force on 
moving ions, and that way it inducts electric fields and 
currents (equation 1): 

F=q(v×B) (1) 

where F is the force on the electric charge q with 
velocity v, while B is the magnetic flux density. 

An example of an inducted electric potential caused 
by blood streaming through the aorta in a persistent 
magnetic field, is demonstrated using an 
electrocardiogram – EKG (figure 1) [10]. The primary 
change of the EKG in the field is the change of the 
signal’s amplitude in the place of T waves. 
Repolarisation of the ventricular heart muscle, which 
increases T waves, occurs in a normal EKG, almost 
simultaneously with the heart pumping the blood 
through the aorta. Therefore, it’s expected that the 
potential inducted by the magnetic field, is 
superimposed to the T wave [6]. 

 
Figure 1. Normal superimposed EKG and EKG measured in a 

presence of a high magnetic field 

Another example of an interaction by magnetic 
induction is a case of time-dependent magnetic field 
that inducts electric currents in living tissues, according 
to the Faraday’s law of induction (equation 2). 

dt

dBr
EJ 
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where J is the current density, E is the induced 
potential, r is the radius of the induced loop, σ is the 
conductivity of the tissue, and (dB/dt) is the time rate 
of change of the magnetic flux [6]. 

Many studies use the possibility of a direct 
interaction between the magnetic field and the DNA as 
an explanation for the changes in the biosynthesis [11]. 
Spiral force acts on electrons moving in the DNA 
(equation 1), repulses them from each other, or even 
breaks the chain (figure 2). This increases the number 
of DNA multiplications. 

 



 

 
Figure 2. Bending of the DNA chain 

4. INTEGRATED HALL SENSOR 

For a long period of time the Hall sensors were based 
on Hall plate, like the one shown on figure 3. 

The largest number of integrated commercially 
available Hall sensors is realised in a conventional 
bulk CMOS technology. 

 
Figure 3. A model of the Hall plate - moderately-doped 
semiconductor plate fitted with two pairs of electrical 

contacts 

The Hall voltage is given by: 

 IB
qnt

VH

1
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where q represents the charge of electrons, n is the 
average density of electrons inside the plate, t is the 
thickness of the plate, I is the bias current, and B┴ is 
the component of the magnetic field orthogonal to the 
plate’s surface. 

In general, sensitivity parallel to the plate’s surface 
was achieved by using the conventional Hall plate in a 
position orthogonal to the plate’s surface. The problem 
is, that a structure like that isn’t compatible with 
conventional IC technology. The solution for the vertical 
Hall element was discovered in 1984 by Popović [12]. 
The principle of the vertical Hall element is illustrated 

on figure 4 [13]. The Hall voltage of the transformed 
element is defined as the integral of the Hall electric 
field along the dashed line, that connects the 
measuring contacts S1 and S2 on figure 4 (picture on 
the right): 
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reduces to eq.(3). This is precisely the same result as in  

the case of the classical long conventional Hall plate 
shown in fig. 1. Therefore, a vertical Hall de vice is, in 
principle, equivalent to a conventional rectangular 
Hall plate. 

The optimized version of the integrated 3-axis 
Hall, fig. 17, is now used as a 3-axis probe for 
measuring magnetic fields [3]. This is the only 3-axis 
Hall probe in the world featuring a spatial resolution 
under a few millimetres (de facto, only about 
0.1 mm), a hardly measurable error in the mutual 
orthogonality of the three axes and a negligible cross-
talk. 

5. DEVELOPMENT OF A PORTABLE DOSIMETER 

As an external memory for storing information, this 

device uses the standard Micro SD card. This type of 

memory was selected because of its wide usage, small 

size, reliability and small price, which was crucial. To 

read the information from the card, there is no need 
for any special devices, a standard SD card reader is 

sufficient. Cards can be swapped easily, and at the 
moment large capacity cards are available on the 
market, that can store huge quantities of data. 

The design is based on a popular standard 
microcontroller PIC18F4520. It was primary chosen 
because it has enough RAM memory to create a FAT 
file system, that stores the data on the SD card. Also, 
the microcontroller controls the sensor’s power 
supply, performs measurements with a built-in ADC 
convertor, and records the information on the SD 
card. A block diagram of the unit is shown in figure 6. 

The SD card can operate in two modes: the SD mode 
and the MMC mode. The SD more is faster, but requires 
a purchased licence, while the MMC mode is slower, 

with less capabilities, but is free of charge [14]. The 

MMC was fast enough for this system, therefore it was a 

logical choice. As the SD card operates at 3.3 V, and 
the microcontroller and sensor at 5 V, it was necessary 
to provide a translation of voltage levels between the 
microcontroller and the SD card. This was achieved by 
using a simple resistant voltage divider, which has 
shown as a cheap and reliable solution. A photograph 
of  the final device is shown in figure 7. 

 

 
Figure 4. Imaginary conformal transformation of a conventional Hall plate HP embedded vertically into a chip CH (left), via an 

elastic stage (middle), into an integrated vertical Hall de vice VH (right). The vertical Hall device has all terminals (C1, C2’, C2’’, S1 
and S2) accessible at the chip surface. In the right-hand structure, the solid arrows represent the current lines, while the dashed line 

between the terminals S1 and S2 is the integration path for determining the Hall volt age by eq. (4) 
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Figure 5. Photograph of a fully integrated 3-axis Hall magnetic sensor. This is a CMOS intgrated circuit which consists of the 

magnetic sensing part, the signal processing part, and the connecting part. The magnetic sensing part, is shown on the right-hand 
side. A single horizontal Hall plate (HH) measures the magnetic field component perpendicular to the die plane and two pairs of 

vertical Hall devices (VH) measure each of the two in-plane components of a magnetic field. All of these Hall elements are integrated 
on an area of about 150 μm x 150 μm and have a depth of less than 10 μm. The die dimensions are 4300 μm x 640 μm x 550 μm. 

 

 
Figure 6. Simplified schematic of the system 

 
Figure 7. Photo of prototype dosimeter 

Even though the dimensions of the final 
prototype are only 28x48 mm, there is definitely a 
possibility of further decrease, and developing a 
particular microsystem that would significantly 
improve the ease of use. 

The algorithm of the microcontroller built-in 
software is shown in figure 8. At the start-up of the 
program, all crucial parameters for device operation 
are configured, like microcontroller ports and 
variables. The next procedure is switching the SD 
card into MMC mode and creating a FAT file 
system. After creating the file, the microcontroller 
activates sensor’s power supply, and performs 
measurements using a built-in 10-bit ADC. 
Conversion of the received data to a desired format 
and storage to the SD card follows. Next, the 
sensor’s power supply is disconnected, and the 
microcontroller goes into SLEEP mode. An internal 
Watchdog timer “wakes-up” the microcontroller 
after a certain time, and the whole cycle repeats 
itself. The microcontroller has a very low 
consumption in SLEEP mode, only a few μA, this 
way the whole system has a small average 
consumption. This is very important considering 
that the system has a portable battery supply. 

6. RESULTS AND CONCLUSION 

Because of the potential risk from exposure to a 
strong magnetic field, there was a need for 
developing a new dosimeter, small enough so it can 
be attached on a piece of clothing and at the same 
time doesn’t affect any human activities. The 
dosimeter can be easily applied in many situations 
where there is strong human exposure to the 

magnetic field. The transfer of measurement data, 
from the dosimeter to a computer, can be performed 
using a SD memory card. The measurement data are 
processed using standard programs. The following 
values are usually calculated: |B| - average and peak 
values, |dB/dt| - average and peak values, ∫|B|dt - 
summation over time. Furthermore, graphs with 
changes of the magnetic flux density over time, FFT 
analysis of the measured magnetic flux density, as 
well as the histogram that represents the percentage 
of the time spent in a magnetic field of certain value, 
are displayed. 

 
Figure 8. Algorithm of the program written in microcontroller 
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Abstract. The aim of this study was to investigate possible immunopathogenetic role of GSM-900 MHz 
electromagnetic field exposure through effects on thymus` functions and to examine the possible role of oxidative 
stress in this process. 
Experiments were performed on 20 Wistar Albino rats (6–8 weeks old), bred at the Vivarium of the Institute of 
Biomedical Research, Medical faculty, Nis, under conventional laboratory conditions. The animals were exposed to 
EMF for 60 days (4 h/day). The EMF was produced by a mobile test phone connected to a Communication Test Set 
(model KMP-EMZ 2D, Serbia) and controlled by PC. In the present study, an electromagnetic near-field signal for 
GSM-900 MHz with continuous wave, mobile phone system was used. EMF parameters in cage were measured 
several times during experimental exposition. Electrical field was estimated by EMF meter AARONIA SPECTRAN 
HF6080 with E=9.88-18.36 V/m and magnetical field B=4.68-8.69 µT. The whole-body specific energy absorption 
(SAR) rate was estimated as 0.043-0.135 W/kg. The intensity of lipid peroxidation in the brain tissue was measured by 
determination of malondialdehyde-MDA, and determination of protein oxidative modification was measured by 
carbonyl group concentration. After removal of thymus, thymocyte suspension was made and cell viability was 
determined by triptan blue. Obtained results were presented as total count of nonviabile cells. 
There are increasing apoptosis and cell necrosis of thymocytes after 2 months exposure to EMF compared to control 
111.75±33.56x106 vs. 70.5±34.9x106, (p<0.05). Exposure to EMF increases oxidative stress and lipid peroxidation 
4±0.12 vs. 3.18±1.2 nmol/mg proteins (p<0.01). EMF produced a significant increase of carbonyl groups content, an 
index for oxidative modification of proteins, in brain after 60 days 28.97±5.59 vs. 22.51±6.37 nmol/mg proteins 
(p<0.01). 
We demonstrated that EMF from mobile phones has immunopathogenetic role and caused early thymus involution, 
increasing apoptosis and cell necrosis of thymocytes. Second, EMF increase oxidative damage in brain by increasing 
the levels of lipid peroxidation and proteins` oxidative modification, thus indicating on possible pathogenetic 
mechanism linking immune and neurohumoral disorders. 

Key words: mobile phones, oxidative stress, thymus  

1. INTRODUCTION 

Electromagnetic field (EMF) radiation in the range 
of 100 kHz-300 GHz is becoming huge medical issue 
because they are widespread in the urban and rural 
environment nowadays. This is consequence of the 
increasing use of radio and TV appliances and 
especially the use of mobile phones and wireless 
communication devices. Electromagnetic (EM) 
radiation produced by mobile phones and their base 
station antennas is in the range of 890-960 MHz for 
the GSM 900 system. Although EM radiation produced 
by broadcast transmitters and base stations is much 
lower than from use of the phone handset, the more 
continuous exposure from antennas has caused great 
public concern [1]. 

A magnetic field (MF) can alter the energy levels 
and spin orientation of electrons and, as a 
consequence, increase the activity, concentration and 

lifetime of free radicals. Several reports indicated that 
EMFs enhance free radical activity in cells and tissues 
[2]. 

Cells of the immune system are particularly 
sensitive to changes in antioxidant status because they 
carry out important functions through the generation 
of high numbers of oxygen free radicals [3], and in vivo 
generation of ROS in an animal model led to 
suppression of hummoral and cell mediated immune 
responses [4].  

Alterations in immune functions may results in 
ineffective responses against pathogens, reduction in 
tumour surveillance, and development of immune-
mediated-diseases. In the recent years, there have been 
considerable discussion and concern about the 
possible hazards of RF/MW radiation through the use 
of mobile phones, occupational exposure, hobbies, or 
residence near radio or television transmitters [5]. 



 376 

2. AIM 

The aim of this study was to investigate possible 
immunopathogenetic role of GSM-900 MHz 
electromagnetic field exposure through effects on 
thymus` functions and to examine the possible role of 
oxidative stress in this process. 

3. MATERIAL AND METHODS 

3.1. Animals 

Experiments were performed on 20 Wistar Albino 
rats (6–8 weeks old), bred at the Vivarium of the 
Institute of Biomedical Research, Medical faculty, Nis, 
under conventional laboratory conditions. They were 
procured, maintained and used in accordance with the 
Animal Welfare Act and the Guide for the Care and Use 
of Laboratory Animals prepared by the Ethics 
Committee of Faculty of Medicine, University in Nis 
2007. 

Rats were housed collectively in a pure (i.e. lacking 
any metallic fittings) polycarbonate cages 
30x40x40cm, under laboratory conditions (12 h 
day/12 h night cycle, air temperature of 21±1C, 
standard rations and tap water ad libitum) during the 
experiment. 

3.2. Experimental Design 

All animals were divided into two groups. In 
control group there were (2 cages, with 3 female and 2 
male each) and the same number of cages and animals 
in experimental group.  

The animals from experimental group were 
exposed to EMF for 60 days (4 h/day). The EMF was 
produced by a mobile test phone connected to a 
Communication Test Set (Control – Measurement 
Instrumentation for exposition electromagnetical 
radiation, model, KMP-EMZ 2D, Serbia) and 
controlled by PC. In the present study, an 
electromagnetic near-field signal for GSM-900 MHz 
with continuous wave, mobile phone system was used. 
EMF parameters in cage were measured several times 
during experimental exposition. Electrical field was 
estimated by EMF meter AARONIA SPECTRAN 
HF6080 with E=9.88-18.36 V/m and magnetical field 
B=4.68-8.69 µT. The animals from control group were 
housed together with exposed animals except during 
exposure times when they were removed in room 
without near sources of EMF field.  

Before the rats were exposed, the background 
effects of other laboratory electrical fields, magnetic 
fields and electromagnetic sources were measured with 
an electrical field meter. 

The whole-body specific energy absorption (SAR) 
rate was estimated as 0.043-0.135 W/kg using data for 
a rotating ellipsoidal model of a rat.  

Rats were euthanized by cervical dislocation on the 
60th day (control and EMF treatment groups) after 
intraperiotonal Kethamine anesthesia applying. 

3.2. Oxidative stress measurements 

The intensity of oxidative stress was determined 
indirectly by measuring lipid peroxidation and 

oxidative modification of proteins in the brain tissue. 
The concentration of malondialdehyde-MDA, and 
protein oxidative modification (carbonyl group 
concentration) was determined in brain tissue.  

3.3. Thymocyte viability 

After removal of thymus, thymocyte suspension 
was made and cell viability was determined by triptan 
blue. Obtained results were presented as total count of 
nonviabile cells. 

3.4. Statistical analysis 

Data are presented as mean ± standard deviation 
(SD). Analysis of data was performed using Student;s t 
test (one tailed distribution). The computer program 
SPSS v.12 was used for analysis; p<0.05 was regarded 
as significant. 

4. RESULTS 

It was shown that rats exposed to EMF from mobile 
phone had increased level of oxidative stress in brain’ 
tissue. Intensity of lipid peroxidation determined by 
MDA concentration is significantly increased (1.42 
fold) in exposed rats compared to control group 
(4±0.12 vs. 3.18±1.2 nmol/mg proteins, p<0.01) (Fig. 
1). 
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Fig. 1 Concentration of MDA in rat’s brain tissue 

EMF produced a significant increase of carbonyl 
groups content, an index for oxidative modification of 
proteins, in brain after 60 days 28.97±5.59 vs. 
22.51±6.37 nmol/mg proteins (p<0.01) (Fig. 2). 
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Fig. 2 Concentration of Carbonyl in rat’s brain tissue 

There are increasing apoptosis and cell necrosis of 
thymocytes after 2 months exposure to EMF compared 
to control 111.75±33.56 x 106 vs. 70.5±34.9 x 106, 
(p<0.05). 

3. DISCUSSION 

Alterations in immune functions may results in 
ineffective responses against pathogens, reduction in 
tumour surveillance, and development of immune-
mediated-diseases. The generation of the immune 
system requires a series of carefully timed and 
coordinated events during the prenatal and early 
postnatal period of mammalian development. 
Exposure to toxic compounds, at levels producing 
limited transient effects in adults, results in long-
lasting or even permanent immune deficits when it 
occurs during early in childhood. The exposure to 
(Global System for Mobile communication) GSM 
electromagnetic field (EMF) has been implicated in 
many immune and neurochumoral disorders, but the 
variability of results still did not revealed exact 
pathogenetic mechanism. 

In this study, increased levels of lipid peroxidation 
were found in the brain of rats exposed to the 900 
MHz microwave radiation (MW) during observed 
periods of 60 days (Figure 1). This result suggests that 
the microwave can induce brain damage of exposed 
rats by increasing oxidative stress and lipid 
peroxidation. The similar findings were presented by 
Ilhan et al. [6]. They found that malonaldehyde (MDA) 
levels in rat brain tissues was increased significantly 
after exposure to mobile phone (SAR = 0.25 W/kg, for 
one hour/day for seven days). 

Oxidative modification of proteins, assessed based 
on carbonyl group content, can be an early marker of 
oxidative brain damage induced by microwave 
radiation. In the brain of experimental rats exposed to 
EMF, significant increase of carbonyl group content 
was registered compared to control group, after 
prolonged exposure to mobile phones EMF (Figure 2). 
As a consequence of the conformational changes in 
proteins resulting from their interactions with free 
radicals, they become increasingly vulnerable to 
proteolytic degradation. Accumulation of free radical-
induced carbonylated proteins indicates the ageing of 
cells and their susceptibility to damage [7]. 

The obtained data showed substantial, deleterious 
biochemical changes in oxidative stress metabolism 
after electromagnetic field exposure. This is in line 
with the literature data that showed antioxidant 
enzyme activities (catalase and glutathione 
peroxidase), and the antioxidant capacity of the plasma 
decreased in mature and immature rats, but lipid 
peroxidation and nitric oxide levels in leukocytes 
increased. Oxidative damage was tissue specific and 
recovery after 15 days was limited, especially in 
immature rats.  

Exposure of laboratory animals in vivo and of 
cultured cells in vitro to various radiofrequency signals 

has produced changes in DNA damage [8]. This could 
lead to cell apoptosis and irreversible tissue damage. 
Similar results were obtained in conducted study 
where thymocite apoptosis was significantly higher in 
exposed group. This could be direct consequence of 
DNS strands break under EMF exposure in rat’s 
thymocite, but also nurochumoraly induced apoptosis 
due to malfunction of hyopothalamo-hypophiseal axis. 

The precise pathogenetic mechanism underlining 
thymocite apoptosis and its consequence is probably 
more important in immature animals. The long term 
effects on ontogenesis and immune function 
development will present further mainstream for 
researches in this field.  

3. CONCLUSION 

It was demonstrated that EMF from mobile phones 
has immunopathogenetic role and caused early thymus 
involution, increasing apoptosis and cell necrosis of 
thymocytes after 2 months of exposure. Second, EMF 
increase oxidative damage in brain by increasing the 
levels of lipid peroxidation and proteins` oxidative 
modification, thus indicating on possible pathogenetic 
mechanism linking immune and neurohumoral 
disorders. 
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DIELECTRIC ANALYSIS OF SUNFLOWER AND OLIVE OIL SUBMITTED TO MICROWAVE RADIATION 
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Abstract. The effect of microwave (MW) heating on the dielectric properties and oxidation processes of virgin olive oil 
and refined sunflower oil were determined by dielectric and UV- spectroscopy. Samples were heated in the microwave 
oven (850 W, 2.450 MHz) for 0 to 14 minutes. The results show degradation of dielectric characteristics, conductivity 
and oxidative stability of investigated oils, increasing with the exposure time. UV spectrum shows only one peak at 
206 nm for olive oil confirming the dominant presence of monounsaturated fats and three peaks for sunflower oil 
(203 nm, 230 nm, and 269 nm) dependent on polyunsaturated acid fats contents. Increasing of absorbance at all peak 
wave lengths indicates production of lipid oxidation, due to formation of conjugated monoenes and dienes and in small 
amounts due to triunes. Dielectric loss �” decreases with increasing time of MW radiation and its maximum shifts 
towards higher frequencies. Conductivity of oils is increasing in similar way with increasing frequency and is not 
changed with MW exposure time. Olive oil has conductivity higher for four orders of magnitude than sunflower oil, 
which is connected to the high content of monounsaturated fats. The differences between sunflower and olive oil 
characteristics are discussed. 
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1. INTRODUCTION 

Vegetable oils biodegrade quickly and completely 
and exhibit very low or no toxicity compared to 
mineral oils because they do not contain halogens, 
polynuclear aromatics, volatile or semi-volatile 
organics [1]. These esters degrade almost 100% within. 
Very important characteristics are their environmental 
friendly behavior: renewable, non toxic and 
biodegradable. The oxidation stability of natural oils is 
well. Their viscosity rapidly increases with the heating 
and they ultimately polymerize, which may form the 
basis of a “smart” self sealing system [2].  

The thermal and chemical stability of natural esters 
is very high. 

In this article we obtain the dielectric properties of 
two types of edible oils that are common in our region 
(south Europe-Balkan), refined sunflower oil and 
virgin olive oil. Their characteristics under 
conventional heating were discussed in our previous 
work [3]. In this work we submit investigated oils 
under microwave heating. The dielectric loss factor and 
electric polarity are low, but specific heat is also low 
and that’s the reason why they are heated very quickly 
[4]. 

2. EXPERIMENTAL PROCEDURE 

Refined sunflower oil and extra virgin olive oil were 
obtained from commercial market. Their composition 

was: in 100 g olive oil, saturated oils 13 g, 
monounsaturated 71,8 g and polyunsaturated 6,5 g; in 
the sample of sunflower oil, 56,5 g saturated, 34 g 
monounsaturated and 9,5 g polyunsaturated oils in 
100 g. 

Samples were submitted to MW heating in 
microwave oven (model LG Wavedom, 850 W effective 
power, 2,450 MHz frequency) for 0, 2, 4, 6, 8, 10, 12, 
14 min. Oil temperature was determined after each 
microwave exposure period with thermocouple DT 200 
with accuracy 0.1 K. Oil samples were cooled at room 
temperature 22±1 0C for the analysis. 

Cary 3 Scan Spectrophotometer was used to 
determine absorbance at UV spectrum (200-320 nm) 
after the samples were dissolved in isooctan. 

 Dielectric measurements were made with Agilent 
4192 A LF Impedance Analyzer and 16452A Liquid 
Test Fixture (four contact probe). We measured 
capacitance of empty cell C0, capacitance of the sample 
Cx, dielectric loss D = tan conductance G and 
susceptance B in the frequency range from 100 Hz to 
13 MHz. 

The values such as real part of the dielectric 
constant ’, imaginary part ”, and conductivity of the 
sample were calculated from following equations: 

Y
S

dCx  andtan'"   ;
C

'
0
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where 
d

S
C 00  , S is electrode area in cm2, d is the 

thickness of the gate in cm, o is dielectric constant of 

the  vacuum  (8,85 x 10-12  C/m), and Y
S

d
  

 )( 22 BGY  Y is admittance - complex conduc-

tance of the sample. 
 

3. RESULTS AND DISCUSSION 

We followed the oxidative alteration of MW heated 
oils with UV absorbance changes. Temperature 
dependence from MW heating time, similar for both 
investigated oils is given in figure 1.  

The dependence saturates over 14 minute heating 
and afterwards the temperature increases slowly with 
time exposure [4].  
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Fig. 1. Oil temperature (0C) vs MW exposure time (min) 

UV spectra changes indicate that MW heating 
produces lipid oxidation. We observe three 
characteristic peaks for sunflower oil, at ~203 nm, 
230 nm and 269 nm. Figure 2 gives the absorbance of 
sunflower oil for different MW exposure times. These 
three peaks are related to secondary products, trienes 
and ketoaldehydes (265-270nm), and to primary 
compounds of oxidation, monoenes at 203 nm and 
dienes at 230 nm [5].  

The biggest changes of absorbance are observed at 
230 nm, after 6min of MW exposure, figure 3, 
indicating highest oxidations of dienes, but the 
oxidation of monoenes takes place also. The peaks 
don’t change their positions with MW heating.  

From the next figure, fig. 4, we can see different 
behavior of olive oil in the UV region for different MW 
exposures. The main peak is at 206 nm showing the 
oxidation of monoenes. The peaks at 269 nm and 
230 nm are very wide and almost unrecognizable. The 
presence of only one peak at 206 nm confirms the 
information about the content of the olive oil with 
almost 72% of monounsaturated fats and only 6,5 % of 
polyunsaturated fats. 
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Fig. 2. UV spectra for sunflower oils submitted to different 

MW exposure times 

0

0,2

0,4

0,6

0,8

1

1,2

0 5 10 15

MW time, min

A
b
s
-A

b
s 0

at 202nm

at 230nm 

at 269nm

at 278nm

 
Fig. 3. MW exposure time dependent absorbance at peak 

wavelengths (given in the legend) for sunflower oils, where 
Abs0 is for untreated sample and Abs for sample treated for 

given time of MW exposure. 
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Fig. 4. UV spectra for olive oils submitted to different MW 
exposure times 

Changing of relative absorbance is observed for 
olive oil also, fig.5. The changes are not remarkable 
and begin immediately with the first heating at 2 
minutes and are constant with time. Oxidation of 
monoenes and dienes is more pronounced but it is 
lowering with exposure time for diunsaturated acid 
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fats. The peaks don’t change their positions with MW 
heating, also.  
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Fig.  5. MW exposure time dependent absorbance at peak 

wavelengths (given in the legend) for olive oils. 

The oxidation is linearly progressive for sunflower 
oil, while it’s almost constant and very low for olive oil. 
For absorption at 230 nm we observe decreasing with 
increasing exposure time. 

The changes with MW heating were observed in 
dielectric characteristics also. Figure 6 shows the 
frequency dependent changes in ’ at different MW 
exposures for both oils. 
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b)          
Fig. 6.  Frequency dependence of the real part of dielectric 
constant for different MW exposures: a)  sunflower oil; b) 

olive oil 

Olive oil has almost no deterioration while 
sunflower oil lowers the value of ’ till 6 minutes, than 
increases (8 minutes) and go back to origin value for 
longer MW exposure times.  The dispersion curve 
moves to higher frequencies for sunflower oil, but not 
for olive oil.  

Similar behavior is observed from the dielectric loss 
spectra, figure 7, for both oils. The losses decrease for 
both oils, more pronounced and with significant 
deterioration for sunflower oil. 
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 b)      

Fig. 7. Frequency dependence of dielectric loss for different 
MW exposures. a) sunflower oil; b) olive oil 

The next figure shows frequency dependence of 
conductivity for both oils. We can see that no changes 
in conductivity are observed with MW radiation and 
conductivity  is  defined  with  Jonscher  power  law  = 
A· n, where  = 2f is radial frequency and n 
isexponential factor within values 0,6 < n < 1. 
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Fig. 8. Conductivity spectra for different MW exposures. 

For investigated samples the values for A and n are 
obtained from nonlinear least square fitting, A = 
1,3x10-16,   n = 0,95 for sunflower, and A = 2 x 10-12, n = 
0,98 for olive oil. dc = 0 was obtained from the 
intercept of the curve with y-axis, 2,24 x 10-12 S/cm for 
untreated sample until 2,28 x 10-12S/cm for 14 minutes 
treated olive oil and 5,34 x 10-16 S/cm to 5,37 x 10-

16 S/cm for sunflower oil. Sunflower oil conductivity is 
lower than olive oil conductivity for almost four orders 
of magnitude owing to the lower presence of 
monounsaturated fats and lower values of dielectric 
losses. The conductivity dependence from MW 
exposure is not similar to dielectric losses, because 
both susceptance B and conductance G are taken in 
consideration. So while conductance (ac conductivity) 
is connected to dielectric losses and lowers after the 
maximum value, in the same time susceptance 
increases giving the linear change of the complex 
conductivity. 

4. CONCLUSION 

Two types of vegetable oils, refined sunflower oil 
and virgin olive oil, were subjected to microwave 
heating at 2.450 MHz and 850 W with different 
exposure times from 2 minutes until 14 minutes. The 
changes were observed in UV and dielectric spectra. 
Olive oil has higher content of monounsaturated fats 
(71,8% ) than sunflower oil (34%) which is confirmed 
with the absorbance results. Absorbance spectra of 
olive oil show only one well defined peak at 
206 nm connected to oxidation of monounsaturated 
fats, while wide plateau is observed at 230 nm 
indicating presence of polyunsaturated fats in small 
amounts. Absorbance of sunflower oil defines four 
peaks, at 202 nm connected to monoenes, at 
230 nm to dienes, at 269 nm to trienes and at 278 nm 
to ketoaldehydes.  

Observed changes of all peaks with MW exposure 
times show that oxidation of unsaturated fats takes 
place. This oxidation is increasing almost linearly with 
the increasing MW exposure time for all constituents 
of sunflower oil, but most pronounced for dienes, while 
other fats oxidize very slowly.  

Oxidation process for olive oil is different. Fats 
oxidation is almost constant for all MW exposure time. 
Only dienes oxidation is lowering with increasing MW 
heating time. 

Dielectric properties of olive oil are better than 
sunflower’s ones. MW heating makes no changes to 
olive oil dielectric constant, but lowers its dielectric 
losses. Sunflower oil changes its dielectric constant, 
but still around the initial value for untreated sample. I 
n the same time its dielectric losses are decreasing and 
deforming which can be connected to the refining 
process of production and higher value of saturated 
fats content (56,5%).  

The conductivity obeys no changes with MW 
heating and undergoes Jonscher power law    = A· n 

for both oils with four orders of higher value for olive 
oil than sunflower oil. 

Although both oils present good dielectric and UV 
characteristics when subjected to MW heating, olive oil 
shows itself as better candidate for MW radiation use, 
because of lower deterioration during MW processing. 

REFERENCES  

1. S.Howell, Promising Industrial application for soyabean 
oil in the US (2007 ). 

2. Z.H.Shan, Q.A.Tahir, Dielectric properties of vegetable 
oils, J.Sci.Res 3 (3), 481-492 (2011). 

3. M.Pecovska-Gjorgjevich, A.Andonovski, J.Velevska, 
Measuring frequency and temperature dependent 
permittivity of vegetable oils, Physica Macedonica 59, 
77-90 (2010). 

4. T.Vieira, M.Regiyano-D’arce, Stability of oils heated by 
microwave: UV-spectrophotometric   evaluation, 
Cienc.Tecnol.Aliment, vol.18, no.4, Campinas Oct/Dec. 
1998 . 

5. Rovellini, P.Cortesi, N. Fedeli E. Ossidazioni dei lipidi, 
Nota 1. La Rivista Italiana delle Sostanze Grasse,v.74, 
n.5, p. 181-189, 1997. 



 

 

ELECTROMAGNETIC COMPATIBILITY BETWEEN LTE USER EQUIPMENT AND EEG SIGNAL 

A.E. Maganioti, L.S. Pragiatis, C.N. Capsalis 

National Technical University of Athens, Department of Electrical Engineering, Division of Information Transmission 
Systems and Material Technology, 9 IroonPolytecneioy str., Athens, 15773, GREECE 

roumag@mail.ntua.gr 

Abstract: The present work investigates the electromagnetic compatibility (EMC) issue that occurs when an 
electroencefalographer (EEG) is functioning in an environment infested with electromagnetic radiation of 4th 
generation mobile services. In this context an experiment was conducted, evaluating the possible interference of a 
3GPP Long Term Evolution (LTE) user equipment (UE) on the EEG signal. LTE operates under several different 
parameters, thus the measurements were performed using all possible combinations, as verified by the standard. The 
results showed that the measured signals with the generator switched off are significantly different from those when it 
is operating in 942.5 and 2140 MHz frequencies, in all possible bandwidths and modulations, as far as the Frequency 
Division Duplexing (FDD) is concerned. As for the Time Division Duplexing (TDD), these differences occur in all 
bandwidths of 1880 MHz, while in 2017.5 MHz frequency only when the bandwidth is set on 5 MHz. In the rest cases 
the LTE signal seems to be electromagnetic compatible with the EEG. 

Key words:EMI, EMC, EEG, LTE, FDD, TDD 

1. INTRODUCTION 

In medical environments, the influx of technology 
over the past several years has permeated hospitals. 
Portable transmitters and other wireless equipment 
can no longer be prohibited from the patient vicinity,as 
it has become essential to the efficient provision of 
healthcare.The modern instruments are often more 
sensitive to electromagnetic interference (EMI) 
because they incorporate low power integrated 
electronic circuitry that can be much more sensitive to 
electromagnetic fields than their electrical and 
electromechanical predecessors.  

The European Union has gotten much of attention 
with regard to the regulation of electromagnetic 
compatibility (EMC) and medical electronics. Today, 
most medical EMC regulations originate within the 
International Electro technical Commission (IEC). The 
standard EN60601-1-2 [1] defines limits for emissions 
and levels of immunity and was updated to encompass 
the frequencies used by mobiles. 

The most commonly identified topic, regarding 
problems of EMI with medical equipment, involves the 
use of mobile radio frequency (RF) devices in 
hospitals. In this context, several studies have been 
conducted concerning the risks arising via RF sources 
of radiation and the potential for unintended 
consequences like EMI on specialized medical 
equipment [2,3]. Unfortunately, these studies are 
mainly focused on EMI-induced incidents by 2G 
mobile phones used for voice [4,6,7]. The array of 
literature that deals with mobile radio signals’ impact 
to health care lacks research on the latest technology of 

3+ and 4Gtelecommunication systems, which enable 
wireless internet access and data transmission. 

The present work investigates the EMC issue that 
occurs when an Electroencefalographer (EEG) is 
functioning in an environment infested with 
electromagnetic radiation of the 3GPP or 3rd 
Generation Partnership project - brand named as Long 
Term Evolution (LTE)–, whichis the name of the 4G 
wireless access technology being currently undertaken 
in Europe. More specifically, an experiment was 
conducted for the assessment of the possible 
interference of LTE user equipment (UE) on the EEG 
signal. 

The Electroencephalographer (EEG) is a recording 
equipment of brain signals with typical voltage of 100 
μV and frequency range (EEG bands) beginning from 
0.5 Hz up to several hundred Hz. The EEG is 
connected directly to the patient in order to detect 
these small physiological signals, which are then 
amplified. The EEG is known to be very sensitive to 
EMI due to the fact that the pulsed RF signals maybe 
demodulated by non-linear elements in amplifier 
circuits [8]. 

The results showed that certain specifications of the 
LTE signal, regarding frequency, modulation, 
duplexing and bandwidth, seem to be electromagnetic 
compatible with the EEG, while some others don’t. 

2. MATERIALS AND METHODS 

The experimental setup (Fig 1) was situated in a 
Faraday screen room so that no 
electromagneticinterference would affect the 
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measurements. A head phantom was placed in the 
room and the supposed bioelectrical activitywas 
recorded from thirty-two electrodes (Fp1, Fp2, Fpz, 
AFz, F2, F3, F4, F7, F8, FC1, FC2, FC5, FC6, C2, C3, 
C4, A1, A2, CP1, CP2, CP5, CP6, P3, P4, Pz, T3, T4, T5, 
T6, O1, O2,Oz) with a surface of Ag/ AgCl, placed on 
the scalp of the model-head. The electrodes were 
positioned according to the International 10-20system 
of electroencephalography [9]. The total electrodes 
impedance was below 5kΩ. The amplifier room, 
outside the Faraday room, situated the other part of 
the experimental apparatus. Theelectrodes entered a 
low-pass filter placed at the boundary wall of the 
Faraday screen room. The filter cutfrequencies over 35 
Hz so that the signal of the power supply network, 
which is at 50 Hz, would not interfere withthe signal. 
The signal was amplified by a Braintronics DIFF/ISO-
1032 amplifier, before entering a 32- bit analogue to 
digital converter which has a GPIB output. The 
digitized signal comprised an input for a Data 
Acquisition Card, which was held in a PC.This PC ran a 
LabView program for the recording of the signals, 
which was monitored by an on-screen graphical 
representation. The recording frequency was at 1 kHz. 
Another PC,connected with the aforementioned, ran a 
program which triggered the first PC to save the brain 
signalswhenever the user wanted .The recording time 
was 1.5 sec, so the saved signal included 1500 values.  

 
Fig. 1 Experimental setup 

The LTE signal was generated by an Agilent 
N5182A MXG RF Vector Signal Generator, placed 
outside the Faraday room. Subsequently, it was led to a 
log periodic broadband yagi antenna Series 
HyperLOG® 7060, with 5 dBi gain. The antenna was 
positioned at 1 m from the head phantom, which is an 
adequate distance to immunize that the electrodes 
were situated at the far field. The electromagnetic field 
strength at the point where the head phantom was 
situated was 1.5 V/m.It is of high importance to 
underline the fact that the signal used for the 
experiment is the exact LTE signal, as the vector signal 
generator used for its transmission, introduced the 
novelty of non-monochromatic radiation emission. 

LTE operates in several spectrum areas from 737 to 
2595 MHz. Furthermore, it supports scalable carrier 
bandwidths, from 1.4 MHz to 20 MHz, both frequency 
division duplexing (FDD) and time division duplexing 
(TDD) and various modulation schemes such as QPSK, 

16 and 64 QAM. The measurements were performed 
using all possible combinations from the 
aforementioned parameters, as verified by the 
standard [10]. The EIRP of the emitted signal was 
constantly 10 dBm, which renders the signal similar to 
the one emitted by a LTE User Equipment (UE). 

The experimental procedure was done twice, both 
without and with the exposure to the LTE signal. More 
specifically, the first time the vector signal generator 
was off andpractically the noise of the device was 
measured and the second time the vector signal 
generator was functioning. 

The final data for analysis for each radiation 
condition consisted of 1500 amplitude values for 
eachelectrode, expressed in μVolts corresponding to 
the 1500 msec of the time period as described above. 

3. STATISTICAL ANALYSIS 

The amplitudes at the thirty-two electrodes were 
subjected to Independent Samples t-test for the 
radiation conditions (generator on – generator off). As 
far as the on mode is concerned, it involved all 
transmitting configurations, separately. Statistical 
significance was set at 0.05. 

As it has already been stated, the measured signal 
with the generator switched off, indicated the thermal 
noise that electrodes receive inside the Faraday room. 

However, when the generator was operating at 
certain configurations, the level of the noise increased 
significantly. More specifically, this increase was 
illustrated in 942.5 and 2140 MHz frequencies, in all 
possible bandwidths and modulations, as far as FDD is 
concerned. In the rest cases the LTE signal seemed to 
be electromagnetic compatible with the EEG. 

The following Table is quite helpful in explaining 
this effect, showing the percentage of the 32 leads 
which did not present statistical significant difference 
between the off and the radiation mode. For the ease of 
reading, incompatible results are shaded in grey color. 

Table 1 Percentage of the 32 leads which succeeded the t-test, 
in FDD 

Mod 
Freq 

(MHz) 
BW 

(MHz) 
t-test 

1.4 94% 

3 84% 

5 88% 
737 

10 84% 

1.4 19% 

3 13% 

5 22% 
942.5 

10 13% 

1.4 84% 

3 88% 

5 88% 
1486.4 

10 84% 

QPSK 

1960 1.4 84% 
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3 81% 

5 84% 

10 81% 

15 84% 

20 78% 

1.4 0% 

3 13% 

5 19% 
2140 

10 13% 

1.4 91% 

3 84% 

5 84% 
737 

10 84% 

1.4 22% 

3 13% 

5 9% 
942.5 

10 19% 

1.4 88% 

3 88% 

5 91% 
1486.4 

10 91% 

1.4 84% 

3 84% 

5 84% 

10 81% 

15 81% 

1960 

20 84% 

1.4 9% 

3 16% 

5 19% 

16QAM 

2140 

10 19% 

1.4 94% 

3 81% 

5 84% 
737 

10 84% 

1.4 16% 

3 16% 

5 16% 
942.5 

10 16% 

1.4 84% 

3 88% 

5 88% 
1486.4 

10 88% 

1.4 81% 

64QAM 

1960 

3 84% 

5 81% 

10 84% 

15 81% 

20 81% 

1.4 16% 

3 19% 

5 16% 
2140 

10 13% 

As for the TDD, the LTE signal had significant 
effect on the recorded signals at the majority of the 
thirty-two leads, in all bandwidths of 1880 MHz, while 
in 2017.5 MHz frequency only when the bandwidth 
was set on 5 MHz. In the rest cases the LTE signal 
seemed to be electromagnetic compatible with the 
EEG. 

Table 2 illustrates these results, showing the 
percentage of the leads which did not present 
statistical significant difference between the off and the 
on mode. Once again, incompatible results are shaded 
in grey color. 

Table 2 Percentage of the 32 leads which succeeded the t-test, 
in TDD 

Mod 
Freq 

(MHz) 
BW 

(MHz) 
t-test 

1.4 16% 

3 16% 

5 9% 

10 9% 

15 13% 

1880 

20 13% 

5 13% 

10 91% 2017.5 

15 91% 

10 91% 

15 88% 2350 

20 94% 

5 91% 

QPSK 

2595 
10 88% 

5. DISCUSSION 

Studies on EMI by mobile phones have based on 
the GSM network used in Europe and lately on GPRS 
and UMTS networks [11]. Meanwhile 4th generation 
mobile phones are used for their enhanced properties 
to transmit video and data wirelessly at ahigher speed 
as well as regular voice telephony. 

The present study demonstrates new findings in 
the fieldof interference by wireless telecommunication 
devices on medical equipment, as it focuses on 
electromagnetic radiation of LTE technology. 
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The results showed that when the generator was 
turned on, the electrodes, although they were shielded, 
received some of the transmitted LTE signal power. 
This effect was more obvious in 942.5 and 2140 MHz 
frequencies, in all possible bandwidths and 
modulations, as far as FDD is concerned, while in TDD 
in all bandwidths of 1880 MHz, and in 5 MHz 
bandwidth of 2017.5 MHz frequency. The rest 
configurations of the signal seemed to be 
electromagnetic compatible with the EEG signal, in the 
majority of the 32 electrodes.  

Taking into consideration that EEG signals have 
amplitude in the scale of μV and are nested in the 
highly noisy brain signals, it is obvious that any signal 
coming from external source may be catastrophical for 
an EEG. Thus, EEG measurements have to be 
performed within very well electromagnetically 
shielded chambers, using shielded cables, electrodes 
and connectors. 

EMC is a concern not just for manufacturers, but 
also for those who install, use, modify or maintain 
medical equipment. The existence of directives and 
standards has encouraged good EMC design practices, 
but should not be relied on to prevent EMI problems 
owing to the nature of the hospital electromagnetic 
environment. Mobile telecommunication systems are 
very convenient and useful to doctors, nurses and 
patients and studies must be done to promote 
awareness of EMI and its underlying coupling 
mechanisms. 
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REMOTE CONTROL OF THE FIELD ANALYZER EFA-300 

Trajan Stalevski, Branislav Vulević, Čedomir Belić  

Public Company Nuclear Facilities of Serbia 
Non-Ionizing Radiation Protection Division  

Abstract. This paper presents an original program that provides remote control of the field analyzer EFA-300. The 
field analyzer EFA-300 is intended for measuring magnetic and electric fields in the workplace and in public spaces. 
The magnetic (B) or electric field (E) is measured over the entire frequency range up to 32 kHz in real time.  
 The program enables the monitoring of measured B or E-field in real time, transferring the stored data from the 
instrument to a computer, analysis and graphical presentation of measured data. The sample rate with a computer is 
five times grater than the achieved sample rate with the built-in instrument functions. Also, the program provides 
concurrent measuring of B or E-field in three orthogonal axes.  
 When the measurement of B or E-field is performed outdoors, the measured data are transferred to company 
server via GSM network. With the additional program, remote clients can also monitor measured data in real time via 
Internet. 
 The communication between computer and instrument is realized over serial interface RS-232. The program is 
entirely written in graphical programming language LabVIEW 8.6. 

Key words: EFA-300, magnetic field, electric field, LabVIEW 

1. INTRODUCTION 

Many people live and work in the vicinity of power 
lines and power distribution equipment. For safety 
reasons, it must be ensured that these people are not 
exposed to any electromagnetic fields that could be 
harmful to their health. 

EFA-300 is a field analyzer for measuring magnetic 
field in the workplace and in public spaces.  It’s 
designed for professional users in the power industry. 

EFA-300 has built-in, isotropic, magnetic field 
probe. This instrument has the following operating 
modes: field strength, STD (shaped time domain) 
evaluation, spectrum FFT and harmonic analysis. 

If the field under test has essentially a single 
frequency component a broadband measurement in 
the frequency range 5 Hz to 32 kHz is the best choice. 
For more precise analysis or multi-frequency fields, 
band pass and band reject filters are available in the 
frequency range of 15 Hz to 2 kHz with the user 
editable filter lists [1]. 

Spectrum analysis considerably simplifies the 
process of quickly evaluating multi-frequency signals 
up to 32 kHz. All spectral components are evaluated at 
once. To provide a spectrum, the signal curve versus 
time is recorded via a probe and converted into the 
frequency domain using a mathematical procedure 
known as “Fast Fourier Transform”.  

The harmonic mode enables fast, convenient 
evaluation of the harmonic spectrum. A table lists the 

field strengths of the measured fundamental frequency 
along with up to 9 harmonics. 

Transfer of measured data from EFa-300 to a 
personal computer and live control of  
EFA-300 can be accomplished through the serial 
interface RS-232. 

2. GENERAL CHARACTERISTICS OF THE MAIN PROGRAM 

The user application is fully written in the graphic 
software environment LabVIEW 8.6. It is graphical 
programming language that uses icons instead of lines 
of text to create the application. In contrast to text-
based programming languages, where instructions 
determine program execution, LabVIEW uses dataflow 
programming, where the flow of data determines 
execution. In LabVIEW, a programmer builds a user 
interface with a set of tools and objects. The user 
interface is known as the front panel. The program 
code is added using graphical representations of 
functions to control the front panel objects. The block 
diagram contains this code. In some ways, the block 
diagram resembles a flowchart [2]. 

In order to achieve better representation of 
relatively large number of control and measurement 
quantities the user interface is consisting of nine 
overlapping screens. At any moment the operator can 
use controls and indicators only on one screen. 
Although the other screens, are not currently visible to 
the operator, their indicators and controls are updated 
according to the preset timing interval.  
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The computer and the EFA-300 instrument 
communicate via a serial port. In order to eliminate 
electromagnetic interference EFA-300 instrument uses 
an optical cable, and an optical-electrical adapter, 
necessary for connecting to a standard PC serial port. 
Standard data transmission speed is 9600 bps which 
can be temporarily increased to 19200 bps only during 
remote operation.  

After selection of the serial port, the period of data 
collection end folder for the measurement data, the 
appropriate key is activated to start the process of 
recording the measurement signals. From that 
moment the measurement is performed continuously 
until the user stops the program execution. During the 
measurement, if necessary, writing measurement data 
to disk can be temporarily suspended.  

In the time interval of one second the program 
collects data from the instrument EFA-300, performs 
its processing, displays them in graphical form on 
multiple screens and measured data are recorded on 
the disk. When the instrument is used independently, 
the fastest period of measurement is five seconds. Data 
files are ASCII compatible files. The columns are 
separated by a tab character and therefore can be 
easily read by programs such as Excel and Origin. 

2.1 Virtual instrument 

During measurement the operator can monitor all 
measurement values in real time by activating the 
desired user screen. All measurement quantities are 
displayed in numerical and graphical form. During 
measurement the user can scale the abscissa and 
ordinate, change the color and the shape of plotted 
lines.  

 Programs written in LabVIEW programming 
language are popularly referred to as virtual 
instruments (VI) because the user interface is identical 
to the instrument with which program communicate 
(see Fig. 1). 

 
Fig. 1 Virtual instrument EFA-300 

The first version of program, which user interface is 
shown in figure 1, uses hardware function keys to 
perform certain functions, so the operator has the 
feeling of working with a real instrument. A virtual 
instrument, shown on the right side of figure 1, shows 
the measured magnetic induction and frequency in 
graphical form. This possibility is not supported by real 

instrument EFA-300. After many testing of the 
program in the laboratory and the field, we wrote a 
new version, which has many more features and is 
presented in this paper.  

2.2 Live data chart 

The measured magnetic flux density and frequency 
can be monitored in real time on separate diagrams  
(see Fig. 2). Width of time window, in which the 
measured signals are monitored, is programmatically 
defined and the default value is ten minutes. 

 
Fig. 2 Live  data chart 

2.3 Live data graph 

Besides displaying the measurement quantities in 
real time, it is possible to display the history of 
measurement quantities from the beginning of the 
measurement. On the figure 3 are shown the magnetic 
flux density and the frequency which are measured 
along the transverse route of the 220 kV transmission 
line in the village Ledine, Novi Beograd.  

 
Fig. 3 Live  data graph 

2.4 Live data chart Bx, By, Bz 

By default, the EFA-300 instrument measures the 
integral value of magnetic induction. The instrument 
can measure separately the values of magnetic 
induction along the X, Y and Z axes. Measuring the 
components of magnetic induction has not been 
adequately implemented, because the measurement in 
the same measuring point requires special instrument 
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configuration for each component. It takes about ten 
seconds to set up measurement along one axis and 
make the one measurement, which means that this 
feature is practically useless. However, our program 
really simplifies the measurement of all three 
components of magnetic induction and frequency.  
Measurement of all quantities is performed in five 
seconds   and they are displayed on the graph in real 
time (see Fig. 4). 

 
Fig. 4 Live data chart of Bx, By, Bz  

2.5 Transfer data 

Instrument control commands are listed in tables 
in the manual [1] and unfortunately they are only 
briefly explained. There are five types of data that can 
be transferred from the instrument EFA-300: 
NORMAL, AUTO, MATRIX, LIST, and VECTOR. 
Measured data are transferred in ASCII format and can 
be sent as single measurements or multiple 
measurements at once (see Fig. 5). 

 
Fig. 5 Transfer data from EFA-300 to PC 

The NORMAL data type contains only a single 
measurement while the AUTO data type contains 
multiple measurements. Upon completion of the data 
transfer from the instrument onto a computer two files 
are created. One file is identical to the file created by 
NARDA program. In this file the data from multiple 
measurements, are written in one column and each 
measurement is preceded by a header. This method of 
data recording requires more time for processing with 
programs such as Excel and Origin. In another file, 
each measurement is recorded in a separate column 

and therefore the processing of measured data is 
significantly simplified. The part of the program that 
performs data transfer is the most complex part of the 
program and we spent most of the time on its 
implementation. 

2.6 Data processing 

This part of the program provides a graphical 
presentation of measurement data of multiple 
measurements on a graph with just one mouse click 
(see Fig. 6). If necessary, the displaying of unwanted 
individual measurements can be removed. 

 
Fig. 6 Data processing 

There are two cursors that an operator selects a 
region that wants to process. For the both selected 
region and signals the program calculates the mean, 
minimum and maximum value. 

2.7 Frequency spectrum 

In spectrum FFT mode, spectrum analysis is 
performed using Fast Fourier Transformation (FFT). 
The measured signal is sampled at the maximum rate. 
The sampling is free running and it does not require 
any trigger signal derived from the measurement 
signal or external trigger signal. 

 
Fig. 7 Frequency spectrum 

After completion of the measurement the frequency 
spectrum is computed and recorded in internal 
instrument memory. A special part of the program 
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transfers the calculated spectrum and displays it on the 
screen (see Fig. 7).  

By analyzing the frequency spectrum it can be 
concluded that the dominant frequency is 50 Hz, which 
is expected since the signal recording is made in the 
vicinity of a power transmission line. 

 2.8 Harmonic analysis 

The harmonic analysis is used to automatically 
measure the entire harmonic spectrum with the  
EFA-300 instrument.  The instrument display shows 
the fundamental frequency and its harmonics 
(multiples of the fundamental), providing a fast 
overview of the quality of service.  

 
Fig. 8 Harmonic analysis 

A special part of the program transfers calculated 
harmonics (up to nine) and displays them on the 
screen (see Fig. 8). It can be noticed that odd 
harmonics are more dominant than even harmonics.  

2.8 Reference values 

The dependence of reference values for the electric 
field and magnetic induction from frequency of the 
measured signals are shown on separate graphics  
(see Fig. 9).  

Each curve can be linked to a cursor and moving 
the cursor along the curve is performing reading of 
reference values. 

 

Fig 9 Reference values 

3.0 BLOCK DIAGRAM 

The main program consists of two while loops that 
are running in parallel. If the program is running on a 
computer with one processor, then it is the quasi 
parallel work, because the program executes 
commands from two loops in the specified order.  

If the program is executed on a computer that has 
two processor cores, the while loops can be assigned to 
a separate processor core. In that case, the loops will 
be executed truly in parallel.  

Implementation of parallel loops with conventional 
textual programming languages would be very complex 
task and would require knowledge of the operating 
system. The block diagram that reads individual 
measured values from EFA-300 instrument is shown 
on the figure 10. 

 

Fig. 10 Reading individual measurement values 

By looking at the block diagram it can be concluded 
that it is a graphical programming language, because 
there are no standard text commands. Colors denote 
type of variables: blue for an integer variable, green for 
a Boolean variable and so on.  

The main while loop is executed every second and 
thus frees the processor to work with other parts of the 
program and operating system. 

4. CONCLUSION 

The program described in this paper is written in a 
graphical programming language LabVIEW 8.6 and 
allows both monitoring of measurement data in real-
time and their analysis. 

 The program allows much faster and simplified 
measurement of the magnetic induction in the three 
orthogonal axes.  

We are developing new functions that will enable 
us to follow field measurements in real time from the 
office. Measurement data will be accessible via local 
area network, Internet and mobile devices by using 
Internet browsers (Internet Explorer, Mozilla Firefox, 
Opera and etc.).    
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MEASUREMENT OF THE RADIOFREQUENCY POWER TRANSMITTED  
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Abstract. The power level emitted by a telephone during communication over a network depends on numerous 
parameters: type of use (data, voice, …), quality of the network coverage, technology employed, management of 
resources by the operator, etc. There have been several publications on assessing the power emitted by 2G mobile 
telephones during voice communication over a mobile network, but as yet very few regarding 3G mobile telephones, 
whether R99 or HSPA, smartphones and new types of use. During 2010, 133 voice communications were made in Paris 
(France) using 3G smartphones (release 99, switching in circuit mode). The power levels observed were extremely 
weak, on average about 300 times weaker than the maximum power of the equipment, and far below the mean power 
levels observed with the 2G mode in the same conditions (approximately 1/3rd of maximum power). In the framework 
of this second investigation, we are aiming to characterise the power emitted by three HSPA 3G smartphones in Voice 
Over IP communication (i.e. in packet switching mode), compared to the R99 3G voice communications (in circuit 
switching mode). The power emitted by the equipment during communication is measured in a real-life usage 
situation by a portable device measuring the power level 20,000 times per second by way of a probe which does not 
affect the signal emitted by the telephone undergoing the test (normalised power with respect to maximum power). 
Three 3G smartphones (UMTS – HSPA) from three different manufacturers were used in the city of Paris (France) and 
in its suburbs, between 9:00 and 17:00, during the period between July 28 and August 04, 2011. In total, 138 voice 
calls in R99 and 135 calls in Voice Over IP were made. In the framework of this study, the mean power emitted in 3G 
communications, in circuit switching mode (R99), was 0.22% of the maximum power of the equipment tested. With 
regard to the calls in packet switching mode (HSPA), the mean power was 1% of this same power, meaning a ratio of 1 
to 5 between the power levels of voice and VoIP communications. 

Key words (bold): power, RF, VoIP 

1. Introduction 
 

For many years Bouygues Telecom made a research on 
cell phones exposure. Especially the variation of the 
power emitted by those equipments in real 
communication in various technologies from 2G to 3G.  
This variation is focused on knowledge of the real 
exposure due to telephone in order to identify and 
verify the best practices for customer information.  The 
power emitted by a phone during a call depends on 
many parameters: the type of service used (data, voice, 
..), quality of network coverage, the technology, 
resource management by the operator, etc... Many 
articles have been published on the evaluation of the 
power emitted by 2G phones [1] [2] [3] [4] [5] [6] 
during a call but very few articles deal with 3G phones 
[ 7] [8] [9] (R99 or HSPA), smartphones or new types 
of services. 

 
2. Material and methods  
 
Mobile phones use a network of fixed antennas 
deployed over the whole territory (base stations) to 

access different mobile services. In recent years, there 
has been a gradual change on mobile phones usage 
from the GSM (2G) to UMTS (3G) to provide a more 
efficient service in terms of in particular flow and 
capacity.  
The power emitted by the equipment is measured in 
real conditions by measuring equipment a portable 
recording power level 20,000 times per second without 
affecting the power emitted by the phone under test 
(power normalized to the maximum power) .  
To replicate a real situation of utilization, real voice 
calls with a duration of 2 minutes are launched to a 
voice server. A speech (recorded on the PC) is 
transmitted in parallel by a small speaker phone near 
the microphone of the mobile.  The phone is held in the 
hand, close to the ear. 

 
3. Results 

 
As part of a measurement campaign, we aim to 
characterize the power emitted by three smartphones 
3G (HSPA) during a call Voice over IP (packet) using 
well-known application, and during a voice call (3G 
R99, in circuit mode).  
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Three smartphones 3G (UMTS - HSPA) from three 
different manufacturers were used in the city of Paris 
(France) and its suburbs, from 9 :00 to 17 :00, during 
the period from July 28, 2011 to August 4, 2011.  A 
total of 117 voice calls and R99 133 VoIP calls were 
spent in Paris in Indoor, Outdoor and Incar. 
 

 
Measurements in Paris 

 
=>Steps have been made in indoor and outdoor (localized by 
red dots proportional to the number of records). In Incar, 
measurements were made on the Paris ring road and in Paris 
(red line). 
In this study, the average power emitted during the 3G 
circuit-switched (R99) was equal to 0.21% of the 
maximum power of phones tested.  For calls in VoIP 
packet (HSPA) the average power was equal to 1.03% 
of the maximum power of phones tested, thus showing 
a ratio of 1 to 5 between the power emitted during a 
voice call (circuit) and the power emitted during a 
voice call over IP (packet).  The average power in 3G 
VoIP remains very much lower than the average power 
observed in 2G communication, and seems consistent 
with the results of Persson et al.  (Factor 3 to 5) and 
Gati et al.  (Factor of 4 to 25). 

Power mean emited by mobile 3G 

 
 
 
 
 
 
 

 Power mean emited by mobile 3G in Indoor and Outdoor 

 
Phones emit on average 1.89% of their maximum 
power in 3G VoIP Indoor communication and less than 
0.33% of their maximum power in Outdoor. A ratio 
indoor / outdoor 5.7 (or 7.65 dB) is observed.  This 
result is in line with the publication of A.Gati et al.  
regarding the ratio of indoor / outdoor communication 
of a 3G Voice, this is due to better reception conditions 
in Outdoor than in Indoor. 

 
Distribution of normalized power in VoIP communication 

 
 

 
Example Handover 2G to 3G during a VoIP communication 

 
4. Conclusion 
 
In this study, we characterized the power emitted by a 
mobile phone during a call using Voice over IP (packet 
mode), using a well known Internet mobile 
application. Raised the average power emitted is 
extremely low in 3G VoIP (Pmax/100 average), close to 
the average power observed over 3G circuit-switched 
voice (Pmax/300 average), and is very low compared 
to the power emitted during a 2G voice communication 
(Pmax / 3 on average).  In line with other publications, 
these average levels of transmitted power in 3G VoIP 
verify that the level of electromagnetic exposure of the 
user terminal is under current international limits.  
These power levels are likely to vary slightly depending 
on the application used. 
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  Mobile 1 Mobile 2 Mobile 3 Mean 

Mean power 3G voice 0,36% 0,13% 0,15% 0,21% 

Mean power 3G VoIP 1,82% 0,78% 0,47% 1,03% 

Mean power 1,13% 0,47% 0,32% 0,65% 

3G VoIP / 3G voice ratio  7,04 dB  7,78 dB 4,96 dB 6,91 dB 

 3G Voice 3G VoIP Mean 

Mean power Indoor 0,36% 1,89% 1,16% 

Mean power Outdoor 0,09% 0,33% 0,22% 

Indoor / Outdoor ratio 5,87 dB 7,65 dB 7,22 dB 
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