
Sudan Academy of Sciences, SAS 
Atomic Energy Council 

Performance and type testing of selected 
dosimeters used for individual monitoring 

By 

Eltayeb Hamad Elneel Yousif Almhena 
B.Sc. in Physics 

University of Khartoum 
2003 

A Thesis Submitted for Fulfillment of the Requirements for 
Master Degree 

In 
Radiation Physics 

Supervisor 

Dr. Ibrahim Idreis Suliman 

2010 

i 



Performance and type testing of selected 
dosimeter used for individual monitoring 

By 

Eltayeb Hamad Elneel Yousif Almhena 

Examination Committee 

Title Name Signature 

Supervisor Dr.lbrahim Idris Suliman 

External Examiner Dr.Omer Ibrahim Eid c r'^ 
Internal Examiner Dr.Isam Salih Mohammed Musa 

n—/ 

Date of Examination 2010 

ii 



DEDICATION 

To- my lovely cw\xb beloved/ 

on&y... 

in 



Acknowledgements: 

I would like to express my gratitude to all those who gave me the possibility to complete 

this thesis. I want to thank and give a special thanks to my supervisor Dr. Ibrahim Idris 

Suliman who eliminated all obstacles from my way to achieve this work and gave my all 

guidance to fulfil it. Also I want to thank my colleagues Areej Motwakil and Bdour 

Imam for their valuable help and all support they provided my with. 

Thanks also are due to Nada Abbas for providing me with (Phantom PMMA) tat helped 

me a lot. I would like also to thank Dr. Sidig Abd Allah Talha and Safa El Khawad and 

all members of Personal Monitoring department and Ayman Abdel Safi , Maha, Ali, freid 

,alsadig jumma, Mohammed abubker and Hajo . 

Many thanks also to Dr. Isam Salih Mohammedo and all members of Radiation Safety 

Institute. And I am here standing so grateful for all my friends who remained around me 

with their support and encouragement. 

To Sudan Atomic Energy Commission and to INIS department. 

Thanks to all my dear friends and colleagues; 

I never forget my dear brother to paved and smoothed my way. To him my thanks and 

deep appreciation. 

All my thanks and gratefulness to my beloved family who provided me with all my 

needs. 

iv 



Abstract: 

This study describes calibration and performance testing carried out for a set of 14 

electronic personal dosimeters (EPDs) and thermoluminescence dosimeters (TLDs) at the 

Secondary Standard Dosimetry Laboratory of Sudan. Also the conversion coefficients 

from air kenna have been determined. Dosimeters tested are belonging to three 

manufactures representing most commonly used types in Sudan. Calibrations were 

carried out at three X- ray qualities: 80, 120 and 150 kV, ISO 'narrow' spectra and for 
137Cs, 60 Co gamma rays. 

The experiments were carried out using ICRU Slab phantom with dimention 30x30x15 

cm. Secondary standard ionization chamber was used to measure the personal dose 

equivalent, Hp(10) as standard dosimetric quantity of interest. Parameters tested include: 

The variation of response with radiation energy and angle of incident in addition to dose 

rate dependence. The angular dependence factors have been experimentally determined 

for the same qualities and for different angles (0, ±20, ±40, ±60°). + were performed in 

accordance to the relevant international standards. Excellent energy, angular and dose 

rate response was demonstrated for 662 137Cs, 1250 60 Co beam and (118, 100, 65 keV) 

X-ray beam qualities, exception the EPD at PM1203M are slightly larger but still with 

the acceptable range. 

The responses of electronic dosimeters were found to in limits of acceptable 

performance. For the mean response of all energies is range of EPDs type RADOS 60, 

Greatz ED 150, Polimaster PM1203M, TLD were (0.75 ±0.08 - 1.13±0.13), (0.83±0.29 -

1.06±0.07), (1.08±0.14 -1.27±0.09), (0.99±0.05 - 1.14±0.13) respectively. The majority 

of the dosimeters^ tested showed good energy and angular response. 
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CHAPTER ONE 

INTRODUCTION 

1.1 General introduction: 

Radiation monitoring of workers to assess exposure due to external sources of radiation 

and intakes of radionuclides is an essential component of any occupational radiation 

protection programme (IAEA, 1999). In order to limit the risk of adverse health effects, 

international and national law set limits to the annual dose due to occupational exposure 

to ionizing radiation. Programmes must be in place to monitor the exposure by dosimetry. 

In order to be an effective tool in limiting the exposure, this dosimetry must comply with 

adequate quality standards which in general means that dosimeters must be used which 

are issued by services that are approved by the relevant authorities (van Dijk, 2006). 

The International Commission on Radiation Units and Measurements (ICRU) and the 

International Commission on Radiological Protection (ICRP) have developed the 

dosimetric concepts and the definition of specific quantities for use in radiation protection 

(ICRU, 1996; ICRP, 1996). These standards recommend the use of operational quantities 

for the personal dosimetry, namely: the personal dose equivalent Hp (10), dose equivalent 

to the lens of the eye Hp(3) and the dose equivalent to the skin Hp(0.07). These 

quantities are measured using thermoluminescence dosimeters (TLDs), film badges and 

recently, the electronic personal dosimeters (EPDs) worn by the radiation worker. On the 

other hand, calibration and performance testing of these dosimeters is very important to 

ensure that dosimeters perform satisfactory and thus suitable for their intended purposes. 

In Sudan, radiation protection services are provided by the Sudan atomic energy 

commission. This is the national body established for the purpose of safety and protection 

of human and their environment from hazards of ionizing radiation. Commission started 

providing individual monitoring services since 1980's. The programme covered 

individuals working mainly in medical field. 
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Since 1996, the commission is using the Harshaw model 6600 TLD reader, which was 

provided by the IAEA under the project RAF/9/024. Significant number of radiation 

worker was covered by the time. By the end of year 2004 this service was covering about 

700 workers in 45 installations, 36 of them are hospitals and medical clinics. This is 

estimated to be less than half the total number of radiation workers in Sudan. 

The effective doses of Hp(10) (deep dose or whole body dose) and Hp(0.07) (shallow 

dose or skin dose) were assessed for occupational^ exposed persons in medical practices 

such as radiographers, radiologists, radiotherapists , NDT, and others including those in 

governmental and private clinics and hospitals to ensure the safe use of radiation sources. 

The accurate assessment of effective doses was ensured by proper calibration of the 

Readers and the dosimeters in addition to participation in International inter-comparisons 

Many types of ionizing radiations are employed in a variety of useful and steadily 

increasing applications. This progress in radiation technology has necessitated the 

development of scientific methodology aimed at the protection of workers and the public 

from potential harm. Some uses of radiation technology have critical requirements for 

accurate dosimetry, because they are directly related to health and safety (Joseph C, 

2004). Thermoluminescence dosimeters (TLDs) and Electronic personal dosimeters 

(EPD) are used for a wide array of radiation measurement applications. Broadly 

speaking, these applications can be divided into four areas: environmental, personnel, 

medical, and radiation processing. Performance testing of a dosimetry system is an 

integral part of quality assurance. This practical will be conducted to illustrate (evaluation 

of energy and angular uncertainties as part of type testing (Soares, 2006). Electronic 

personal dosimeters (EPD) based on miniature GM counters or silicon Detectors are 

available with the measurement range down to 30 keV photon energy. EPDs are very 

useful at the emergency situation for immediate read out of the doses received (IAEA, 

2003). 

Electronic personal dosimeters shall be checked at periods not to exceed 12 months for 

correct response to radiation. Acceptable Dosimeters shall be read within plus or minus 
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20 percent of the true radiation exposure. In this study we also evaluated the linearity test 

for electronic personal dosimeters. Other studies use passive dosimeters, which only 

provide an integrated measurement of the total dose, including the unwanted dose 

received at preparation, transport and read out stages. However, the benefits of using 

inexpensive, reusable and rugged dosimeters in remote locations permit one to establish 

adequate procedures to perform environmental monitoring over wide areas Calibration 

and performance testing of such devices is of paramount important are to assure that they 

measure accurate dose within the range for their intended purposes. (IAEA, 2003). 

The utilization of radiation sources and equipment is tremendously increasing in 

industrial applications as well as the medical fields especially after the huge investment 

in oil extraction in Sudan. Consequently, the number of radiation worker is increasing. 

1.2 Thesis outlines: 

This thesis consists of six chapters; in the first chapter an introduction is given. In 

chapter two, literature review is given. Radiation physics and dosimetric principles are 

presented in chapter three. Materials and methods used are described in chapter four. 

Results of discussion are provided in chapter five. Conclusions and recommendations are 

given in chapter six. 

3 



References: 

IAEA. (2003) International Atomic Energy Agency.Review of Radiation oncology 

physics: ahand book for teachers.Ed.podgorsak E. 

IAEA. (1999). Intercomparison for individual monitoring of external exposure from 

photon radiation. Results of a co-ordinated research project 199&-1998. IAEA-

TECDOC-l 126 XA0053402-4A. 

Van Dijk, J. W. E. (2006). On the assessment of the performance of personal dosemeters 

and individual monitoring service. Rad. Prot. Dosim. Vol. 120, No. 1-4, pp. 250-258. 

Wernli, Christian. (2004). External dosimetry: operational quantities and their 

measurement. 11th International Congress of the International Radiation Protection 

Association (IRPA) Madrid. Refresher Course RC-3b, Paul Scherrer Institute, 5232 

Villigen, Switzerland 

Cruz Suarez.R, Mrabit.K. (2000). Division of Radiation, Transport and Waste Safety, 

International Atomic Energy Agency, Wagramerstrasse 5, PO Box 100, A-1400 Vienna, 

Austria. 

M. Saravi, A. Zaretzky, C. Lindner, J. Di'az, G. Walwyn, R. Amorim, D. De SouzaB. 

Gregori, S. Papado'pulos, A. Meghzifene, P. Ferruz, R. Cruz ua'rez(2006). Results of the 

regional intercomparison exercise for the determination of operational quantity Hp (10) 

in latin America. Rad. Prot. Dosim. I of 4, doi:10.1093/rpd/ncl538. 

4 



McDonald. Joseph C. (2004). Calibration measurements and standards for radiation 

protection dosimetry. Rad. Prot. Dosim. Vol. 109, No. 4, pp. 317-321. 

Soares, C.G.(2006). National and international standards and Calibration of 

thermoluminescence Dosimetry systems. Rad. Prot. Dosim. Vol. 101, Nos. 1-4, pp. 167— 

171. 

Hoiam, 2008. Calibration and performance testing of electronic personal dosimeters. 

5 



CHAPTER TWO 

LITERATURE REVIEW 

2.1 General Literature Review: 

Van Dijk (2006) formulated recommendations and requirements on the performance of 

dosimetric systems and individual monitoring services based on recommendations of the 

International Commission on Radiological Protection. He reviewed a number of ways to 

estimate the uncertainty in dose measurements and compared to the criteria given in the 

ICRP recommendations and other standards. He made an attempt to contribute to some 

convergence of recommendations and requirements on aspects of dosimetric 

performance. On the otherhand, Marshall, et al (1995) examine type test data for 

electronic dosimeters for the measurements of photon radiations in terms of HP (10) in 

order to assess the feasibility of meeting ICRP requirements with current or future 

dosemeter designs. The sources of error with EPD are relatively small and unimportant 

other than those due to its energy response and directional dependence. Random 

uncertainties are less than 2 %, the response is linear to well in excess of 50 mSv .h"1 

being only 20 % at 4 Sv.h"1. The photon energy response at normal incidence measured 

by Burgess and Hill If the curve is normalized at 1.0, then values are within ± 20% for 

energies above 20 keV for Hp(10). (Marshall, 1994). 
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Following the specifications and test methods given by the International Electrotechnical 

Commission, IEC-61526 and International Organisation for Standards, ISO 4037 

(Texier et al 2001). The dosimetry department of the IPSN studied the performance of 

seven recent electronic personal dosemeters in photon beam. The dosimetric performance 

of each piece of equipment was tested with X and gamma radiation between 12 keV and 

1.25 MeV. For each EPD, the chosen radiation qualities were N-40 (mean energy of 33 

keV), N-60 (48 keV), N-80 (65 keV), N-100 (83 keV), N-120 (100 keV), N-150 (118 

keV), N-200 (164 keV), N-250 (208 keV) and N-300 (250 keV). For the STEPHEN 6000 

and the Siemens EPDs, additional measurements with radiation qualities N-30(24 keV) 

and N-15 (12 keV), N-20 (16 keV), N-25 (20 keV), N-30 (24 keV) were performed. The 

resolution in each case was about 30%. For higher energies, radiation beam generated by 

of 137Cs (662 keV) and 60Co (1.25 MeV) sources were used. The response of each EPD 

as a function of the energy, was normalized at 662 keV as specified in the standard IEC-

61526. The standard deviation was of the order of 2% for all experimental points, 

the authors observed that below 50 keV, the response of the majority of the dosemeters 

falls sharply and does not meet the standard required limits of 30%. A difference of 50% 

at cobalt-60 energy between the responses of some types of EPDs was noted. However, 

in all cases, the dosemeter responses were inside the standard limits. (Texier el al 2001). 

Butterweck, (2001). Performed tests on 11 types of electronic dosemeters manufactured 

by 10 European and American companies. The study was carried out at the calibration 

laboratory of the Paul Scherrer Institute, Germany. The reproducibility of a dose of 0.1 

mSv generated with 137Cs radiation beam at a dose rate of 2.1 mSv.h-1 was found 

adequate for all tested dosemeter types. The response for environmental levels of 

radiation showed a large variation, indicating insufficient background correction of some 

dosemeters. A very high dose rate of 10 Sv.h-1 provoked faulty dose readings for more 

than half of the tested dosemeters. Dosemeter response for low-energy photon radiation 

was satisfactory for two of the tested dosemeter types. Four dosemeter types were 

selected for extended technical tests. The arithmetic mean of 80 irradiations at a dose of 

7 



0.11 mSv was calculated. With the exception of the Gamma watch, the deviation of 

dosemeter response from the target dose is well below 10%, indicating good quality of 

initial calibration by the manufacturers. Furthermore, the dosemeters were irradiated for 

185 s with a 137Cs beam contained in a Buchler OB34 irradiator at a dose rate of 2.12 

mSv.h '. Typically, the response of electronic dosemeters decreases with decreasing 

photon energy (Butterweck, 2001). investigated the dependence of dosemeter response 

on photon energy. The dosemeters were mounted on a Perspex phantom and irradiated 

with X-rays (Phillips MG 324 at PSI calibration laboratory), 137Cs and 60Co sources 

(Buchler OB20 of PSI calibration laboratory). He found that all the dosimeters perform 

satisfactorily for photon energies above 50 keV. Below this value, only two dosemeters 

(Siemens EPD and NE Technology Mini 6100) have reasonable sensitivity. One of these, 

Siemens EPD was specially designed for the additional measurement of Hp (0.07) 

(Butterweck, 2001). Variations in response to changes in radiation quality were observed 

for all EPDs. The variation in response (ratio of the dosimeter reading to the nominal 

dosimetric quantity) to changes in radiation quality for each model. In Their study, All 

measurements were taken with dose rates fixed as close as possible to 0.12 mSv s The 

readouts of the three EPDs demonstrated that the dosimeters were calibrated to 137Cs or 

60Co radiation qualities. This is obvious for the Siemens and Rados EPDs, but is not 

obvious for the Vertec EPD. The anomalous Vertec response and its calibration become 

more understandable when comparing. The variation in the dose rate response for these 

three RVDs,TV\e dVKerent svm'oo'is and curves correspond to \'r\c seven Tad\ai\on quaYVues 

measured in this study. The air kerma rates have been converted to personal dose 

equivalent rates as described earlier, with the dose rates varying over two orders of 

magnitude from 0.001 to 0.2 mSv s"1 The Siemens EPD maintains the most consistent 

response over all qualities and dose rates. The dose rate response ratio to the lowest 

energy beam, N20, is significantly different in slope than the other six qualities and likely 

reflects the algorithm response to little or no signal from the hard gamma detector. The 

Rados EPD could not provide valid readings for the N20 quality and significantly under-
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reported the N60 quality, in agreement with the claimed energy range. This device 

response follows the same pattern as the Siemens device, in that the response ratio also 

increases with energy from N60 to Cs-I37, and then drops off for the higher energy of 

Co-60 beam. The dose rate response varies by 5-10% for most qualities, demonstrating a 

gradually increasing response with dose rate. The Vertec EPD could not provide valid 

readings for the N20 quality, but does report the N60 quality (effective energy 43.4 kV) 

in a consistent manner with the higher energy qualities, confirming the range claimed for 

this device. It generated a different pattern of air kerma response as a function of energy 

than the other two models of EPDs. For the Vertec device, the response ratio at all dose 

rates fell from N60 to N200, then steadily rose up to the Co-60 energy. The Vertec 

response for all qualities ratio fell dramatically with increased dose rate, possibly due to a 

saturation effect. We could not provide dose rates below 2 mSv s"1 so could not determine 

whether the response flattened at very low dose rates. If the responses did flatten at very 

low dose rates, this EPD could possibly provide meaningful measurements, as the lowest 

dose rates are the most likely to be encountered for normal radiation protection 

monitoring. However, at higher dose rates of exposure, this EPD would significantly 

underestimate the accumulated dose. If these devices were calibrated, higher dose rates 

are the most likely to be used for calibrations, which would result in a significant 

overestimation of the accumulated dose. For example, if this Vertec EPD was calibrated 

with Cs-137 radiation at a dose rate of 0.1 mSv s"1 and the working environment exposed 

the EPD to dose rates of < 0.001 mSv s"1, this EPD would overestimate the personal dose 

equivalent by a factor of 2 or 3, depending on the radiation energy. As evaluated, these 

devices could not reliably be used as a dosemeter of record, although they could provide 

qualitative back-up and would be useful in providing an alarm function, as would the 

other models. All three models were left in an office to accumulate background 

measurements. Over a 2-week period, the relative response for Siemens/Rados/ Vertec 

was 1.00/1.14/1.43, demonstrating that a background calibration is also necessary if these 

devices are to be considered as dosemeters of record. (McCaffrey et al, 2008). The 
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dosemeter types for which the manufactures specifications were available, the results 

showed that they were in good agreement with them, considering that, in most of the 

cases the specifications of the manufactures were ±10% for accuracy of Hp(10) 

measurements, ±10% for dose linearity (to doses up to 0.5 Sv) and ±20% for energy 

dependence for the energy range of interest. The variation of energy dependence of five 

different types of PDs and EPDs was examined. The majority of the dosemeters 

examined for their energy dependence have no manufactures specifications. The point of 

interest was to examine if lack of such information, can lead to wrong results in 

estimating the user's dose. As shown in Figure 5, the response of 'EPD1' decreases 

significantly for photon energies <65 keV. For this reason the use of this type of 

dosemeter is not recommended for emergency response applications. The 'PD1' showed 

underestimation of dose in the order of -20%, for energies <165 keV. This type of 

dosemeter is used for personal monitoring, in addition to the official TLD dosemeter, in 

industrial radiography applications. Therefore the dosemeter underestimation must be 

taken into consideration by the user. The 'EPD 2' was chosen for personal radiation 

protection dosemeter of the emergency responders during the Athens 2004 Olympic 

Gaines due to its efficient performance. The use of the PMMA build-up plate as standard 

methodology during personal dosemeters' calibration did not have any influence on the 

CF of the types of dosemeters examined. This answers the question on consistency 

between calibration conditions and irradiation of the dosemeter at working conditions. 

(Boziari et al, 2006). The response of the tested dosimeters to the ISO photon qualities 

UNFORS NED does not provide a measurement of //p(10). All the devices fulfil 

satisfactorily the IEC requirement for photon energy response for penetrating radiation. 

Only 5/13 devices measure within IEC limits N-30 quality, this behaviour is consistent 

with the manufacturers declared performance. The response to 137Cs, which is the 

reference calibration energy, is within 10 % for all the dosimeters (IAEA, 2007). 
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2.2Angular response: 

The angular response to photon radiation was tested at an angle of 45° and 60° the relative 

angular response at those angles for the 13 tested dosimeters. It can be observed that all 

the devices present a satisfactory angular response to 137Cs (IAEA, 2007). 

Every single dosemeter should be calibrated before its first use and then recalibrated 

periodically. Ideally, calibrations should be carried out under reference conditions (e.g. 

air pressure 96.69 kPa, air temperature 33°C and relative humidity 65%). 

As this is not always achievable or convenient a (small) interval around the reference 

values can be used. The deviation of the calibration factor from its value under reference 

conditions caused by these deviations should in principle be corrected for. 

The calibration factor, N, is the conventionally true value of the quantity the dosemeter is 

intended to measure, a dose equivalent quantity H, divided by the dosemeter reading, M, 

N f H/M 

The calibration factor N is dimensionless when the instrument indicates the quantity to be 

measured. A dosemeter indicating the conventionally true value correctly has a 

calibration factor of unity. 

The response, R, of a dosemeter is the quotient of its reading M and the conventionally 

true value of the operational quantity the dosemeter is intended to measure, H: 

R =M/H 

The reciprocal of the calibration factor is equal to the response under reference 

conditions. In contrast to the calibration factor, which refers to the reference conditions 

Only, the response refers to any conditions prevailing (Bo"hm. J et al, 1999). 

At each energy the dosemeters were irradiated under 7 angles of incidence and for each 

irradiation three dosemeters were used. So for each participating dosemeter type in total 

15 different dosemeters were used. Such a type test and calibration gives a wealth of 

information that can be used for estimating the uncertainty in a dose ssessment. If I user 

of the dosemeter is, during work, exposed in a radiation field of which neither the energy 
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distribution of the dose nor the angle of incidence distribution of the dose are known, the 

uncertainty margins have to be assigned to the dose measured. 
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CHAPTER THREE 

RADIATION PHYSICS AND DOSIMETRY 

3.1 Classification of radiation: 

Radiation is classified into two main categories: ionizing and non-ionizing, depending on 

its ability to ionize matter. The ionization potential of atoms (i.e. the minimum energy 

required to ionize an atom) ranges from a few electron volts for alkali elements to 24.5 

eV for helium (noble gas). Due to its low energy, non-ionizing radiation cannot ionize 

matter. Ionizing radiation can ionize matter either directly or indirectly. Directly ionizing 

radiation (charged particles) is: electrons, protons, a particles and heavy ions. Indirectly 

ionizing radiation (neutral particles) is: photons (X rays and J rays), neutrons. Directly 

ionizing radiation deposits energy in the medium through direct interactions with the 

coulomb field of the nucleus, interaction with orbital electrons of atoms in the medium. 

Indirectly ionizing radiation (photons or neutrons) deposits energy in the mediunl through 

a two step process: In the first step a charged particle is released in the medium (photons 

release electrons or positrons, neutrons release protons or heavier ions). In the second 

step the released charged particles deposit energy to the medium through direct 

interactions with the coulomb field of the nucleus, and with orbital electrons of the atoms 

in the medium. 

3.2 X-rays: 

3.2.1 Characteristic Radiation or Discrete X-ray Spectrum: 

If the projectile electron interacts with an inner-shell electron of the target atom rather 

than outer-shell electron, characteristic radiation can be produced. Characteristic x-ray 

results when the interaction is sufficiently violent to ionize the target atom by total 

removal of the inner-shell electron. Excitation of an inner-shell electron does not produce 

characteristic radiation. When a target electron ionizes a target atom by removal of a K-

shell electron, a temporary electron hole is produced in the K-shell. This highly unnatural 
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state for the target atom is corrected by an outer-shell electron falling into the hole in the 

K-shell. The transition of an orbital electron from an outer shell to an inner shell is 

accompanied by the emission of x-ray photon. The x-ray has energy equal to the 

difference in the binding energies of the orbital electrons involved (Areej, 2008). 

hv ~ EK - EB 3.1 

Where hv is the energy of the x-ray photon, and are the binding energies of the 

orbital electrons respectively. Since the electron binding energy for every element is 

different, the characteristic x-rays produced in the varieties of elements are also different. 

This type of radiation is called characteristic radiation because it is characteristic of the 

target element. The effective energy of characteristic x-rays increases with increasing 

atomic number of the target element (Areej, 2008). 

3.2.2 Bremsstrahlung Radiation or Continuous X-ray Spectrum: 

This is a second type of interaction in which the projectile electrons can lose its kinetic 

energy as a result of its interaction with the nucleus of a target atom. In this type of 

interaction, the kinetic energy of the projectile electron is converted into electromagnetic 

energy. A projectile electron that completely avoids the orbital electrons on passing 

through an atom of a target may come sufficiently close to the nucleus of the atom and be 

under its influence. Since the electron is negatively charged and the nucleus is positively 

charged, there is an electrostatic force of attraction between them. As the projectile 

electron approaches the nucleus, it is influenced by a nuclear force much stronger than an 

electrostatic attraction. As it passes by the nucleus, it slowed down and deviated in its 

course, leaving with a reduced kinetic energy in a different direction. This loss in kinetic 

energy reappears as an x-ray photon, explains this obviously (Abdalrahim Azza, 2001). 

The intensity of this energy loss is due to propagation of the electrons and is proportional 

to the energy of the electrons and to square atomic number of the target atom as shown 

below: [Abdalrahim Azza, 2001] 
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The general formula of the energy lost by the electrons which is converted to x-ray is 

described as: [Abdalrahim Azza, 2001]. 

F = 9 x 10~*ZEO 3.3 

Where F is the factor of energy loss, Z is the atomic number and E0 is the energy of the 

electron falling on the material. These types of produced x-rays are called 

Bremsstrahlung radiation. Bremsstrahlung is a German scientist worked for slowing 

down or braking; bremsstrahlung radiation can be considered radiation resulting from the 

braking of the path of projectile electrons by the nucleus. If it were possible to identify 

and to quantify the energy contained in each bremsstrahlung photon emitted from an x-

ray tube, one would find that these energies extend from that associated with the peak 

electron energy all the way down to zero [Abdalrahim Azza, 2001 ]. 

3.3 Interaction of photons with Matter 

3.3.1 Photoelectric effect: 

In the photoelectric effect (sometimes referred to as the photo effect) the photon interacts 

with a tightly bound orbital electron of an attenuator and disappears, while the orbital 

electron is ejected from the atom as a photoelectron with a kinetic energy given as: 

(Padgorsak E.B, 2005). 

Ek = hv — EB 3.4 

Where hv is the incident photon energy and Eq is the binding energy of the electron 

(Hendee William R, 2002). The atomic attenuation coefficient for the photoelectric effect 

a t is proportional t oZ 4 /(hv)3, while the mass attenuation coefficient for the photoelectric 

effect xm is proportional to (Z/hvf where Z is the atomic number of the attenuator and hv 

is the photon energy [Areej , 2008]. The cross-section for photoelectric effect aph depends 

on h v and Z according to: (Areej, 2008). 
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3.3.2 Compton Effect: 

The Compton Effect (incoherent scattering) represents a photon interaction with an 

essentially 'free and stationary' orbital electron. The incident photon energy hv is much 

larger than the binding energy of the orbital electron. The photon loses part of its energy 
r 

to the recoil (Compton) electron and is scattered as photon hv through a scattering 

angle 0 . Angle (p represents the angle between the incident photon direction and the 

direction of the recoil electron. The change in photon wavelength AX is given by the well 

known Compton relationship: (Padgorsak E.B, 2005). 

AX = XC{\ - cos 0) 3.6 

Where Ac is the Compton wavelength of the electron, expressed as: (Padgorsak E.B, 

2005). 

X = — = 0.024 A 3 7 
mec 

The Compton interaction represents a photon interaction with an essentially free and 

stationary electron {hv » En). Consequently, the atomic Compton attenuation coefficient 

a o c depends linearly on the atomic number Z of the attenuator, while e a c and oc/p, the 

electronic and mass Compton attenuation coefficients, respectively, are independent of Z 

(Padgorsak E.B, 2005). 

The cross-section for photoelectric effect a c depends on h v and Z according to: (Areej, 

2008). 
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3.3.3 Pair production: 

In pair production the photon disappears and an electron-positron pair with a combined 

kinetic energy equal to hv - 2mec2 is produced in the nuclear Coulomb field. (Hendee 

William R, 2002). Since mass is produced out of photon energy in the form of an 

electron-positron pair, pair production has an energy threshold (minimum photon energy 

required for the effect to happen) of 2mec2 - 1.02 Me V (Padgorsak E.B, 2005). 

The probability for pair production is zero for photon energies below the threshold 

energy and increases rapidly with photon energy above the threshold (Areej, 2008). 

The atomic attenuation coefficient for pair production aK and the mass attenuation 

coefficient for pair production k/r vary approximately as Z2 and Z, respectively, where Z 

is the atomic number of the attenuator [Areej, 2008], The cross-section for pair 

production app depends on h v and Z according to: 

<jpp a z2 ( hv - moc2 ) 3.9 

3.4 Photon Fluence and Energy Fluence: 

These quantities are usually used to describe photon beams and may also be used in 

describing charged particle beams (Padgorsak E.B, 2005). 

The particle fluence O is the quotient dN by dA, where cIN is the number of particles 

incident on a sphere of cross-sectional area dA: (Padgorsak E.B, 2005). 
dN 

(p = — 

d A 3.10 

The unit of particle fluence is m"2. 

The energy fluence \|/ is the quotient of dE by dA, where dE is the radiant energy incident 

on a sphere of cross-sectional area dA: [Padgorsak E.B, 2005], 

dE 
y/ = — 

d A 3.11 

The unit of energy fluence is J/m2 (Padgorsak E.B, 2005). 
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3.5 Physics quantities: 

3.5.1 Kerma: 

The KERMA (kinetic energy realeased in a material [per unit MAss]. 

is an acronym for kinetic energy released per unit mass. It is a nonstochastic quantity 

applicable to indirectly ionizing radiations such as photons and neutrons. It quantifies the 

average amount of energy transferred from indirectly ionizing radiation to directly 

ionizing radiation without concern as to what happens after this transfer (Padgorsak E.B, 

2005). The kerma is defined as the mean energy transferred from the indirectly ionizing 

radiation to charged particles (electrons) in the medium dEtr per unit mass dm: 

(Padgorsak E.B, 2005) 

dm 3J2 

The unit of kerma is joule per kilogram (J/kg). The name for the unit of kerma is the gray 

(Gy), where 1 Gy = 1 J/kg (Padgorsak E.B, 2005). 

3.5.2 Absorbed Dose: 

Absorbed dose is a non-stochastic quantity applicable to both indirectly and directly 

ionizing radiations (Padgorsak E.B, 2005). 

The absorbed dose is defined as the mean energy £ imparted by ionizing radiation to 

matter of mass m in a finite volume Vby: (Padgorsak E.B, 2005). 

D = ^ 
dm 3.13 

The energy imparted £ is the sum of all the energy entering the volume of interest minus 

all the energy leaving the volume, taking into account any mass-energy conversion 

within the volume. Pair production, for example, decreases the energy by 1.022 MeV, 

while electron-positron annihilation increases the energy by the same amount. 
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The unit of absorbed dose is joule per kilogram (J/kg). The name for the unit of absorbed 

dose is the gray (Gy) (Padgorsak E.B, 2005). 

Absorbed dose D is the energy (joules) deposited per unit mass (kg) of target material, 

D = dE/dm. 

The special unit of absorbed dose D is the Gray (Gy) = 1 Joule/kg. 

J.S.J Exposure: 

Technically, exposure is defined by the relation 

Where AQ is the charge of a single sign produced in a mass of air by photons. The SI 

unit for exposure is C/kg and the English unit is the Roentgen (R), which was originally 

defined as 1 esu produced in 1 cm3 of air at standard temperature and pressure. 

The relation between the SI unit and the English unit is 

1R = 2.58 x l(T4 C/kg of air. 

Exposure was developed as a means of quantifying the amount of radiation administered 

to patients being treated by X-rays. Conceptually, exposure quantifies the amount of 

radiation interacting in air (Durham James, 2007). 

J. 5.4 Linear energy transfer: 

The linear energy transfer or linear collision stopping power, L, of a material, for a 

charged particle, is the quotient of dE and dl, where dE is the mean energy lost by the 

particle, due to collisions with electrons, in traversing a distance dl; thus 

dl 3.15 

Unit: J-irf1 

E may be expressed in eV, and hence L may be expressed in eV-m-1 or some 

Convenient submultiple or multiple, such as keV-|am_1 (IAEA safty series 16). 
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3.6 Protection quantities: 

3.6.1 Organ dose: 

The organ dose is defined as the mean dose DT in a specified tissue or organ T of the 

human body, given by (Podgorsak E. B, 2005):-

D r = — f Ddm = 
m r

L r >»T 3.16 

Where: 

mT is the mass of the organ or tissue under consideration; 

sT is the total energy imparted by radiation to that tissue or organ. 

3.6.2 Equivalent dose (HT): is defined as (1CRP, 1991) 

H T = £ W R D T , R 3.17 

where wr is the radiation weighting factor for radiation type r and Dr,r is the mean 

absorbed dose from radiation type r. The unit of equivalent dose is the sievert (Sv). wr 

weights the absorbed dose for the relative biological effectiveness of different types of 

radiation and is independent of the type of tissuq(ICRP, 2007) . 
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3.6.3 Radiation Weighting Factors: 

Values for wr are provided in Table 3.1. 

Table 3.1. Recommended radiation weighting factors. 

Radiation type Radiation weighting factor, wr 

Photons 1 

Electrons and muons 1 

Protons and charged pions 2 

particles, fission fragments, heavy ions 2 0 

Neutrons A continuous function of neutron 

energy, (see Fig. 3.1 and Eq. 4.3) 
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Figure 3.1. Radiation weighting factor, wr^ for neutrons versus neutron energy 

for the calculation of radiation weighting factors for neutrons: 
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3.6.4 Effective dose: 

The effective dose is the mean absorbed dose from a uniform whole-body irradiation that 

results in the same total radiation detriment as from the nonuniform, partial-body 

irradiation in question. The effective dose is the weighted average of the mean absorbed 

dose to the various body organs and tissues, where the weighting factor is the radiation 

detriment for a given organ - f rom a whole-body irradiation! as a fraction of the. And is 

given by (ICRP 2007). 

E = Z w T H T 

E: effective dose 

w j : weighting factor for organ or tissue T 

H t : equivalent dose in organ or tissue T Where wT is the tissue-weighting factor. The 

unit of effective dose is Sv. The tissue-weighting factor represents the relative 

contribution of that organ or tissue to the total detriment due to these effects resulting 

from uniform irradiation of the whole body. Because the effective dose should equal the 

equivalent dose for a uniform irradiation, the sum of the tissue weighting factors should 

add to 1. In other words, 

The tissue-weighting factors are listed in Table 3.2 The remainder tissues include 

adrenals, brain, upper large intestine, small intestine, kidney, muscle, pancreas, spleen, 

thymus, and uterus (ICRP, 2007). 
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Table 3.2 Recommended tissue weighting factors. 

Tissue Wr 

Bone-marrow (red), Colon, Lung, Stomach, 

Breast, Remainder tissues * 

0.12 0.72 

Gonads 0.08 0.08 

Bladder, Oesophagus, Liver, Thyroid 0.04 0.16 

Bone surface, Brain, Salivary glands, Skin 0.01 0.04 

Total 1.00 

Remainder tissues: Adrenals, Extrathoracic (ET) region, Gall bladder, Heart, Kidneys, 

Lymphatic nodes, Muscle, Oral mucosa, Pancreas, Prostate, Small intestine, Spleen, 

Thymus, Uterus/cervix . 

3.7 Operational quantites: 

3.7.1 Ambient dose equivalent, H*(d) : 

At a point in a radiation field, is the dose equivalent that would be produced by the 

corresponding expanded and aligned field in the ICRU sphere at a depth, d, on the radius 

opposing the direction of the aligned field. The directional dose equivalent, H (D, Q) at 

a point in a radiation field, is the dose equivalent that would be produced by the 

corresponding expanded field in the ICRU sphere at a depth, d, on a radius in a specified 

direction defined by the solid angle ^ . I n both of these quantities d and C2 should be 

explicitly stated, and it is typical to state d in mm. For penetrating radiation, d is typically 

chosen to be 10 mm. For weakly penetrating radiation d is typically chosen to be 0.07mm 

for skin and 3mm for the lens of the eye. In the particular case of a unidirectional field, 

the solid angle Q can be described as a single angle a as shown in Figure 3.2 The 

directional dose equivalent at Q = 0 is identical to the ambient dose equivalent). 
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Fig. 3.2 .Definition of the angle a for a unidirectional field for H _ ( d , a ) and Hp(d) 

3.7.2 Directional dose equivalent, H' (d, Q): 

For area monitoring of low-penetrating radiation the operational quantity is the 

directional dose equivalent, H'(d, f2) with d = 0.07 mm or, in rare cases, d = 3 mm. The 

directional dose equivalent, H'(d, fi), at a point of interest in the actual radiation field, is 

the dose equivalent that would be produced by the corresponding expanded radiation 

field, in the ICRU sphere at a depth d, on a radius in a specified direction £1 

For low-penetrating radiation d is equal to 0.07 mm and H'(d, H) is written H'(0.07, f2). 

In case of monitoring the dose to the eye lens H'(3, CI) with d = 3 mm may be chosen. 

For unidirectional radiation incidence the quantity may be written H'(0.07, a), where a is 

the angle between the direction f2 and the direction opposite to radiation incidence. 

In practice, H'(0.07, CI) is almost exclusively used in area monitoring for low-penetrating 

radiation, even if irradiation of the eye lens cannot be precluded. The value of the 

directional dose equivalent can strongly depend on the direction £2, i.e. on how the ICRU 

sphere is oriented in the expanded radiation field. The same is true of instruments for 

measuring low-penetrating radiation - e.g. beta or alpha-particle radiation the reading of 

which can strongly depend on the orientation in space. In radiation protection practice, 
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however, it is always the maximum value of H'(0.07, f2) at the point of interest which is 

of importance. It is usually obtained by rotating the dose rate meter during the 

measurement and looking for the maximum reading (Wernli Christian, 2004). 

3.7.3 Personal dose equivalent, Hp(d): 

The personal dose equivalent, Hp(d), in Sv, is the dose equivalent in soft tissue at an 

appropriate depth, d, below a specified point on the body. In this quantity d should be 

explicitly stated, and it is typical to state d in mm. For penetrating radiation, d is typically 

chosen to be 10 mm. For weakly penetrating radiation d is typically chosen to be 0.07mm 

for skin and 3mm for the lens of the eye. 

Hp(d) can be measured with a detector that is worn at the surface of the body and covered 

with an appropriate thickness of tissue-equivalent material. Calibration of the dosimeter 

is generally performed under simplified conditions on an appropriate phantom. As shown 

in Fig.3.1, the directional dependence of a dosimeter used to measure Flp(d) must be 

minimized (Durham james, 2007). 

(a) ISO water slab phantom: 

The phantom to represent the human torso with regard to backscattering of the incident 

radiation is the ISO water slab phantom of 30 cm x 30 cm x 15 cm depth. The front face 

of the water phantom consists of a 2.5 mm thick PMMA2 plate. The other phantom sides 

are 10 mm thick PMMA. 

(b) ISO water pillar phantom: 

The phantom to represent a lower arm or leg with regard to backscattering of the incident 

radiation to test wrist or ankle dosimeters is the water pillar phantom, a right circular 

cylinder with a diameter of 73 mm and a length of 300 mm. The walls of the phantom 

consist of PMMA; the circular walls are 2.5 mm thick, and the end walls have a thickness 

of 10 mm. 
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(c) ISO PMMA rod phantom: 

The phantom to represent a finger with regard to backscattering of the incident radiation 

to test finger dosimeters is the PMMA rod phantom, a right circular cylinder with a 

diameter of 19 mm and a length of 300 mm. The phantom consists of PMMA. Show 

figure3.3. 

(a) (b) (c) 

Figure 3.3 Phantoms for calibrating personal dosimeters, (a) ISO water slab phantom, (b) 

ISO water pillar phantom, (c) ISO PMMA rod phantom. 

As an example, four dosimeters are attached to each phantom (IAEA safety series 16). 

3.8 Dosimeter used for personal monitoring: 

3.8.1 Film badge: 

A special emulsion photographic film in a light-tight wrapper enclosed in a case or holder 

with windows, with appropriate filters, is known as a film badge figure 3.4. The badge 

holder creates a distinctive pattern on the film indicating the type and energy of the 

radiation received. While one filter is adequate for photons of energy above 100 keV, the 

use of a multiple filter system is necessary for lower energy photons. Since the film is 

non-tissue equivalent, a filter system must be used to flatten the energy response, 

especially at lower photon beam qualities, to approximate the response of a tissue 

equivalent material. 
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Figure 3.4 film badge. 

• Cumulative doses from b, X, g and thermal neutron radiation are 

evaluated by measuring the film optical densities (ODs) under different filters and then 

comparing the results with calibration films that have been exposed to known doses of 

well defined radiation of different types. 

• Film can also serve as a monitor for thermal neutrons. The cadmium window absorbs 

thermal neutrons and the resulting g radiation blackens the film below this window as an 

indication of the neutron dose. 

• Nuclear track emulsions are used for monitoring of fast neutrons. The neutrons interact 

with hydrogen nuclei in the emulsion and surrounding material, producing recoil protons 

by elastic collisions. These particles create a latent image, which leads to darkening of the 

film along their tracks after processing. 

• Films are adversely affected by many external agents, such as heat, liquids and 

excessive humidity. The latent image on undeveloped film fades with time, limiting 

possible wearing periods to three months in ideal conditions. 
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3.8.2 Thermoluminescence dosemeters (TLDs): 

Thermoluminescence dosemeters (TLDs) are used for a wide array of radiation 

measurement applications. Broadly speaking, these applications can be divided into 

four areas: environmental, personnel, medical, and radiation processing. 

TLD -100: 

The TLD dosimeter that is used for occupational exposure assessment consists of a TLD 

card containing two elements of TLD-100 chips (Lithium Fluoride) , doped with Mg, Ti, 

encapsulated between 2 sheets of Teflon 0.0025 inches (10mg/cm2) thick, mounted on an 

aluminum sheet of 4cm x 3cm. The two chips have different thicknesses, 0.38mm and 

0.15mm, placed on locations (ii) and location (iii) of the card respectively as illustrated in 

figure 3.5 The TLD card is used with a holder. The holder of the TLD card is a badge 

with standard filters for providing different radiation absorption and estimation of Hp(10) 

and Hp(0.07) (deep body and surface body dose). The personal dose equivalent at 10 mm 

depth, Hp(10), is used to provide an estimate of effective dose for comparison with the 

appropriate dose limits [IAEA, 2004]. 

Figure 3.5: TLD card LiF: Mg, Ti 
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3.8.3 Electronic personal dosimeters (EPDs): 

EPDs based on miniature GM counters or silicon detectors are available with a 

measurement range of down to 30 keV photon energy. Modern EPDs are calibrated in the 

personal equivalent dose (i.e. in terms of Hp(10) or Hp(0.07) for both photons and b 

radiation). EPDs provide an instantaneous display of accumulated equivalent dose at any 

time. EPDs have automatic ranging facilities and give a visual and an audio indication 

(flashing or a chirping frequency proportional to the dose equivalent rate), so that 

changes in the radiation field can be recognized immediately. EPDs are very useful in 

emergency situations for immediate readout of the equivalent doses received. 

3.9 Calibration and Type testing: 

Type testing of a dosimetry system involves testing the performance characteristics of the 

system as a whole under a series of irradiation and storage conditions. The response with 

respect to radiation energy and angle of incidence is a crucial characteristic of a personal 

dosimeter. Dosimeters should be tested to determine how well they conform to the energy 

and angular response characteristics demanded by the quantity or quantities to be 

measured. Because the definition of the operational quantity for individual monitoring 

Hp(d) specifies the measurement of dose equivalent within the body, dosimeters should 

be type tested on an appropriate phantom to emulate backscatter from and attenuation by 

the person's body. This assumes that if the dosimeter performs adequately on the 

phantom, it would also do so on an individual's body. The current ICRU guidance states 

that personal dosimeters should, for the purpose of type testing, be irradiated on a slab 

phantom 30 cm * 30 cm square and 15 cm thick, made of tissue substitute. The 

appropriate energy and angular response is determined by the calculation of Hp(d) for 

various energies and angles of incidence. The results are used to relate the response 

needed for Hp(10) and Hp(0.07) to that needed for one of the physical quantities, such as 

absorbed dose to air or air kerma, by means of sets of conversion coefficients. The type 
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testing procedure can be summarized as follows, using as an example the irradiation of 

dosimeters with photons to measure the quantity Hp(10): 

(a) 

Source 

Monitor 
chamber 

Dosimeter for 
measurement of K 

- beam axis 

(b) 

Source 

Dosimeter 
. _ beafn axis 

j j \ 

Monitor 
chamber 

beam axis 

Dosimeters on 
beam axis 

At least 2 nt 

Figure 3.6 Exposure arrangement for dosimeter type testing. 

Choose the mean photon energy from the ISO reference radiations. 

Design the collimation such that the monitor chamber, the slab and the dosimeters 

can be completely enveloped by the beam at a distance of at least 2 m; In the absence of 

the slab and dosimeters, and for a given indication D on the monitor chamber, measure 

the air kerma (Ka) using an instrument such as an ion chamber, at the position to be 

occupied by the reference point of the dosimeter , when it is placed on the phantom 

during the actual irradiation. This point should be at least 2 m from the source figure 3.6, 

(a); Multiply the measured air kerma by the appropriate conversion coefficient ( Q 

for Hp( 10, a ), i.e. the value of Hp(l0,a ) is given by Ka x C for a monitor indication of 

D. Each unit on the monitor chamber thus corresponds to an Hp( 10, a ) value of (Ka x 

C)ID; Place the slab phantom and dosimeters in the beam such that the beam is incident 
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on the dosimeters at angle a , with the reference point of the dosimeter on the beam axis6 

at the position at which the air kerma was measured in above figure 3.6, (b). 

Choose the dose equivalent H to be delivered to the dosimeters. Irradiate the arrangement 

until the monitor chamber indicates the desired value of (H x D)/(Ka x C); Process the 

dosimeters and compare their readings with the conventional true dose equivalent H for 

Hp(10,a). calculate the mean energy response over the four angles 0°, 20°, 40° and 60° 

where Re,a is the response at energy e and incident angle a, obtained from 

Ke,a ~ 
I, 

Where (H ej ct)m is the measured dose and (He, a)t is the conventional true value. 

If RE is assumed to represent the average response at energy s for the range of angles 

of incidence of radiation during the monitoring period, the values ± R - 1 1 may be 

s 

taken as an indication of the uncertainty of the energy response. The allowable limits 

±1.96A are evaluated for the combined uncertainty (at the 95% confidence level) related 

to the combined energy and angular response of the dosimeter. A dosimeter may 

therefore be considered to perform satisfactorily if the condition (IAEA, 2005). 
R - 1 |< 1.96A 

3.10 Interoduction to electronic personal dosimetry: 

An electronic personal dosimety (EPDs) is small electronic device worn on the body of 

an individual designed to measure a specified dosimetric quantity. The performance of 

the first generation of EPDs of some twenty years ago showed series deficiencies for 

example in :- Slow time response, Sensitivity to high frequency electromagnetic field and 

Poor resistantance to shocks. Recently, electronic dosimetry has improved their 

performance and has added new features, they have become smaller and lighter, produce 
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dose and dose- rate alarm, offer a wide measurement range, performance automatic 

electronic checks, are better shielded from external electromagnetic fields and hve 

specific software for automatic dose-record management .the use of electronic personal 

dosimeters has reduced workers dose in most industries and improve their safety, thus 

they are considered important tools for ALARA practices. The benefits of the new 

electronic personal dosimeters (EPDs) have brought about general concern about the 

possibility of using them for legal dosimetry as substitutes of passive dosimeters, 

currently in use (X Ortega, 2000). 

3.10.1 Direct reading personal monitors: 

In addition to passive dosimetry badges, direct reading personal dosimeters are widely 

used: 

• To provide a direct readout of the dose at any time; 

• For tracking the doses received in day to day activities; 

• In special operations (e.g. source loading surveys and handling of radiation incidents or 

emergencies). 

Direct reading personal dosimeters fall into two categories: 

selfreading pocket dosimeters and electronic personal dosimeters (EPDs). 

Self-reading pocket dosimeters resemble a pen and consist of an ionization chamber that 

acts as a capacitor. The capacitor is fully charged and reads zero before use. On exposure 

to radiation for a period of time, the ionization produced in the chamber discharges the 

capacitor; the exposure (or air kerma) is proportional to the discharge, which can be 

directly read against light through a built-in eyepiece. However, the use of pocket 

dosimeters has declined in recent years because of their poor useful range, charge leakage 

problems and poor sensitivity compared with EPDs. EPDs based on miniature GM 

counters or silicon detectors are available with a measurement range of down to 30 keV 

photon energy. Modern EPDs are calibrated in the personal equivalent dose (i.e. in terms 

of tfp(10) or //p(0.07) for both photons and b radiation). EPDs provide an instantaneous 
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display of accumulated equivalent dose at any time. EPDs have automatic ranging 

facilities and give a visual and an audio indication (flashing or a chirping frequency 

proportional to the dose equivalent rate), so that changes in the radiation field can be 

recognized immediately. EPDs are very useful in emergency situations for immediate 

readout of the equivalent doses received. 
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CHAPTER FOUR 

MATERIALS AND METHODS 

This chapter describes the materials used in this work and demonstrates the procedure of 

the performance and type testing of electronic personal dosimeters (EPDs) and 

thermoluminscence dosimeters (TLDs) that were carried on the SSDL. 

4.1 Secondary Standard Dosimeter Laboratory (SSDL): 

The Secondary Standard Dosimetry Laboratory (SSDL) of Sudan Atomic Energy 

Commission was installed on 1995 under the supervision of the International Atomic 

Energy Agency. The Laboratory is located in Suba, 15 Km away from the capital city, 

Khartoum in the premises of Sudan Atomic Energy Commission.. It has been designated 

by the competent national authorities to undertake the duties of ionising radiation 

calibrations and standardization of dose measurements within the country, is The 

laboratory is equipped with devices for improving accuracy and precision in applied 

radiation dosimetry used throughout the country. The section of SSDL used for the 

calibration of personal dosemeters, is shown in Figure 4.1. It consists of gamma 

calibrators OB85, and an X-ray unit, (X-ray unit was used, IS04037 radiation energies of 

the narrow series (N-40, N-60, N-80, N-100, N-120, and N-150). Two moving trays 

were positioned in fixed metal tracks to allow the irradiation from the three sources at 

different distances in a reproducible way. A laser system was positioned on the right hand 

side of the calibration tray allowing for the accurate positioning of the reference point of 

the instrument at a specified distance, and a second laser system, not visible in the figure 

4.1, was used for the alignment of the instrument according to the beam axis. The 

dosimeters readings were viewed via a camera, which was coupled to a parallel display in 

the control area. Two other cameras were positioned in the calibration room to provide 

for area surveillance monitoring. Ionization chambers, electrometers, a gamma-calibrator 

unit, and x-ray generator are used for different calibration purposes. During the 

calibration, the reference gamma radiation was provided by a Cs-137 and Co-60 sources 
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irradiator (OB-85, is circular, with a diameter 50 cm at a distance of 2 m from the source) 

OB-85 containing three sources Co-60, Cs-137 and external Am-241 with activity 

(37GBq, 740GBq, 7.4GBq, respectively ), sources Irradiator is supplied with a set of lead 

attenuators with thickness of 2 , 1.8 cm that are placed at the exit window of the 

irradiator to vary the air Kerma that is required to cover the instrument scales at a 

particular calibration distance. 

Figure 4.1: Reference ionization chamber used for the calibration of area survey 
137 meters in a Cs Gamma beam. 
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4.2 Electronic Personal Dosimeters (EPDs): 

Three types of EPDs were included in this study. These are manufactured by: Rados ( 

model RADOS 60), Greatz ED 150, Polimaster PM1203M referred as (Radl, Rad3, 

Rad3, Rad4, Rad5, Rad6) (S.N: 210001, 210003, 210005, 210007210008, 210009) 

respectively, (Greatzl, Greatz2, Greatz3, Greatz4), (S.N: 67351, 67368, 67370, 67371), 

respectively, (Polimaster PM1203M )(502710, 502727, 603963, 502681) respectively} 

and TLDs type LiF:Mg,Ti (TLD 100) were tested at the ionizing radiation calibration 

laboratory to evaluate their response to gamma and x-ray radiation. These types of 

dosimeters are capable of measuring and displaying radiation dose for a wide range of 

energies. Measurements were performed for the determination of angular response to 

gamma and x-ray radiation qualities: N-150 (118 keV), N-120 (100 keV), N-80 (65 keV), 

Cs-137(662 keV), Co-60 (1250 keV). The response of dosimeter is defined as ratio 

between the personal dose equivalent assessed by the dosimeter ( Hp(10)a) and the 

personal dose equivalent delivered Hp(10)d). The three types of EPDs were irradiated at 

angles 0° ±20°, ±40°, ±60° at distance 2m with Cs-137, Co-60 and with x-rays at 

qualities N-150 (118 keV), N-120 (100 keV), N-80 (65 keV) using ICRU slab phantom 

consisting of 30x30x15 cm PMMA. Measurements were performed for performance 

testing of 14 electronic personal dosimeters representing three different manufactures and 

TLD. Parameters tested included: EPD relative error of indication, energy and angular 

response. Six EPDs are of type Rad-60, four are of type Polimaster PM1203M, four are 

of type Greatz, and TLD are shown on figures 4.2 to 4.5. Main specifications of EPDs 

studied are presented in table 4.1. 
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Table 4.1: Specifications of the electronic personal dosimeters (EPDs) 

Specification RADOS-6O Polimaster Greatz ED 

PM1203M 150 

Detector Si-Diode GM tube GM tube 

Measurement Dose: 1 uSv - 9.99 Sv or 0.1 0,1 pSv < 
0.001 - 9999 mSv 

0,1 pSv < 

Range mrem - 999 rem Hp(10) < 10 Range 
(0.1 mR- 999.9 R) 

Hp(10) < 10 
(0.1 mR- 999.9 R) 

Sv 

Energy Hp(10), 60 keV - 3 MeV, 0 .06- 1.5 MeV 55 keV - 3 

Response better than + or - 25%, up to 6 MeV 

MeV, better than + or - 35% 

Dose Rate 5 uSv/h - 3 Sv/h or 0.5 0.01 - 2000 |iSv/h 1 |iSv/h - 1,5 

mrem/h - 300 rem/h (1 f.iR/h - 200 mR/h), Sv/h 

H*(10) 

Dose Rate Better than + or - 15% up to 3 NA NA 

Linearity Sv/h (300 rem/h) 

Calibration Better than + or -5% (Cs-137, NA NA 

662 keV at 2 mSv/h), Hp(10) 

Temperature 20 - + 50° C operational, -15 up to +60 °C -20 °C up to 

Range humidity up to 90% RH, non- (from 5 up to +140 °F) +60 °C 

condensed -20 - + 70° C 

storing 

Weight 80 g (including battery) 90 g (3.17 oz) approx. 160 g 

Size 78 x 67 x 22 mm 125 x 4 2 x 2 4 mm (136 x 40 x 

17) mm 
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4.3 TLD - 1 0 0 

The TLD dosimeter that is used for measurements of personal dose equivalent, Hp(10). 

It consists of a TLD card containing two elements of TLD-100 chips (Lithium Fluoride), 

doped with Mg, Ti, encapsulated between 2 sheets of Teflon 0.0025 inches (10mg/cm2) 

thick, mounted on an aluminum sheet of 4cm x 3cm. The two chips have different 

thicknesses, 0.38mm and 0.15mm, placed on locations (ii) and location (iii) of the card 

respectively; as illustrated in figure 4.5. The personal dose equivalent at 10 mm depth, 

Hp (10), is used to provide an estimate of effective dose for comparison with the 

appropriate dose limits (Operator's Manual, 2002). 

TLD-100 material which have been used in the measurements of occupational doses. 

TLD-100 has a linear response in the range from 10 (iGy to 10 Gy and a fading of 5 % 

per year. 
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Figure 4.2 RADOS 60 Figure 4.5: TLD card 



4.4 Experimental set-up: 

Dosimeter irradiations and measurements were performed at the Secondary Standard 

Dosimetry Laboratory (SSDL) of the Sudan Atomic Energy Commission. Beam 

conditions and characteristics follow the international standard ISO 4037 for photon 

reference radiation (Bohm, 1999). 

Radiation qualities used were the narrow X-ray series N80, N120, N150 and 137Cs with 

energies 48, 82, 118 and 662 keV, respectively show figure 4.7, 4.8. The air kerma rate 

were between 0.15 pGy/min to 0.21 mGy/min at the reference point of calibration. The 

X-ray beam were generated by a Pantak HF 60 power supply unit and a Phillips X-ray 

tube with an equivalent window of 7 mm Be. The 137Cs y-ray beam was produced by 740 

GBq Bucher OB 85 gamma irradiator. This is a collimated beam with field diameter of 

50 cm at a reference calibration distance of 2 m. A set of lead attenuators are placed at 

the exit window of the irradiator to vary the air kerma rate that is required for the 

experiment. 

4.5 Dosimetry system and phantoms: 

Radiation dose was measured using 0.6 cc Farmer type ionization chamber type PTW 

3001 connected to UNIDOS universal dosimeter (PTW, Freigburg, Germany). This 

chamber was calibrated by the manufacture with its calibration traceable to the German 

Standard Laboratory (PTB). The quality of the dosimetry system is maintained by 

performing radioactive check source measurements on regular basis. PMMA phantom 

with dimension 30x30x15 cm was used. Phantom was used for dosimeters irradiations 

and also the calculation of kerma to dose equivalent conversion coefficients for the 

30x30x15cm phantom shown in the figure 4.6. 
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Figure 4.6: ISO calibration phantoms 

4.6 Measurements of personal dose equivalent, Hp(10): 

The dosimetric quantity of interest in the experiment was Hp(10), the personal dose 

equivalent recommended by the ICRU for radiological purposes as the reference 

dosimetric quantity (ICRU, 1998). Coefficients to convert air kerma to Hp(10) have been 

reported for ISO radiation qualities on slab phantom at 2 m distance (ISO, 1999; Bohm, 

1999). The personal dose equivalent, Hp(10) is a dose equivalent in soft tissue bellow 

specified point in the body at a depth, d mm. An assessment of Hp(10) is meant to give a 

reasonable estimate of the limiting quantity effective dose from penetrating external 

radiation (IEC 1998). For measuring Hp(10) using electronic personal dosimeters, EPDs 

are irradiated on ICRU slab phantom with dimensions 30x30x15 cm in the beam 

direction (ICRU, 1998). 

4.7 Performance and type testing of EPDs & TLDs: 

For response determination, dosimeters were placed on ICRU slab phantom and 

irradiated with photon energies 48, 83, 118 keV X-rays,662 keV from l37Cs in addition to 

1250 keV from Co-60. These energies were selected from the list of photon reference 

radiation specified in the international standard ISO 4037 for narrow beam air kerma rate 

series. The response of the dosimeter is the ratio of the dosimeter's indicated value, H. to 

the conventional true value, H t : 
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R = 
H: 

Tl 
4,1 

The combined energy and angular response can determined using the equation 4.2: 

Where, H is the dose equivalent quantity 

Where Re.q , the ratio of true to measured dose equivalent, is the relative response at 

energy E and incident angle a. 

Measurement of radiation out put is made by using ionization chamber placed at 2 m 

from 

the focus. Ionization chamber was replaced by electronic personal dosimeter fixed on 

appropriate phantom at 2 m from source of radiation output.The EPDs and TLDs were 

fixed at the center of the phantom and laser beam was used to adjust the dosimeter a 

lignment. Schematic set-up for experiments used for dosimeter calibration and response 

determination is shown in figures 4.7 and 4.8. 

Rt - 0.2S(«, .0 - Rt,, + R, * * 4.2 

Dosimeter 
on beam 
axis 

Source 

i chamber 
Dosimeters 
off bean axis 

At least 2 m 

Figure 4.7: Dosimeter type testing in term of Hp(d). 
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Figure 4.8: Experimental setup of calibration measurement 

ICRU. Julus H.W.; Marshal 

4.7.1 Measurements using gamma ray from Cs -137: 

EPDs were Six type RAD-60s, four type Greatz ED 150, four type Polimaster PM1203M 

and a set of TLDs . These dosimeters were exposed to radiation beam from Cs-137. The 

air kerma rate at calibration distance of 2 m wasl45.84 fiGy/min. ISO air kerma to 

LIp(lO) conversion coefficients were used to determine the nominal personal dose 

equivalent. These conversion coefficients were used in this study: (1.21, 1.22, 1.22 and 

1.19) for angles (0°, ±20°, ±40°, and ±60° ), respectively. (IEC:61526, 1998). 

Measurements of Hp(10) was done and response was determined according to method 

described in section (4.6). EPDs received doses of 0.5 to 5 mSv by using different lead 

attenuators or using variable exposure times. 
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4.7.2 Measurements using gamma ray using X-rays: 

Six EPDs type RAD-60s, four EPDs type Greatz ED 150 four EPDs type Polimaster 

PM1203M and a set of TLDs type LiF:Mg,Ti were irradiated using ISO 4037 X-rays 

beam qualities of (N-80, N-120, and N-150). The the air kerma rate at these qualities was 

0.15, 0.16, 0.21 mGy/min, respectevly. Similarily, conversion coefficients air kerma to 

personal dose equivalent was used to determine the nominal , Hp(10). For N-80 X-ray 

quality and for angles radiation incident of (0° ±20°, ±40°, and ±60° ) , ISO provide 

conversion coefficients of (1.88, 1.86, 1.76 and 1.50) respectively. 

4.7.3 Measurements using gamma ray from Co-60: 

Six EPDs type RAD-60s, four EPDs type Greatz ED 150 were irradiated with Co-60, 

dose rate 3.26|iSv/min, for a dose 50 |isV at 2 meter distance at different angles. 

Then the dose rate for the angles (0° ±20°, ±40°, and ±60° ) is equal multiply by (1.15, 

1.15, 1.16 and 1.14) respectively which is the conversion coefficients Hp(10,a) ISO 

radiation qualities Radioactive Source Series, S, of the angles. By assuming the dose rate 

of Co-60, the EPDs were irradiated at angle zero, 0° ±20°, ±40°,and ±60° at two meters, 

with different times (13min and 40 sec, 13 min and 40 sec, 13 min and 33 sec) 

respectively, the estimated dose was (50pSv for all angels), and the EPDs reading show 

table 4.7 . 

4.7 Results analysis using ICRU Trumpet Curve: 

ICRU trumpet curve was used to analyze and test the energy and angular response. It is 

an easy, straight forward method to assess the performance of a dosimetry system and 

gives immediate result whether a dosimetry system passes response requirements or not. 

The smaller the conventional true dose, the higher the acceptance for deviations. A 

dosimetry system passes if 90 % of responses are inside the ICRU trumpet curve 

[ICRU], 

The analysis of data obtain was performed based on the trumpet curve derived from the 

international recommendation (ICRP, 1990). If H0 = 0.05 mSv (minimum reading is 
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equivalent to the recording level for the monitoring, then the upper and lower limits of 

the ratio(Guimaraes, 2000). 

The intercomarison organizer will calculate the response R for each dosimeter and enter 

it into the trumpet curve. 

= _L, 2HC , 
Rlaw*r \ir\it i c t 1 u _ u J x o « n c 

The analysis of data obtained was performed based on the trumpet curves derived from 

the international recommendation (ICRP, 1990). 
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CHAPTER FIVE 

RESULTS AND DISCUSSION 

5.1 Results 

The results of measurements are presented in this chapter. These measurements were 

carried out using the methods described in chapter four. 

5.1.1 Results of beam output measurements for 137 Cs: 

Beam output was measurred in terms of air kerma free in air equivalent and are used to 

calculate the personal dose equivalent, Hp(10) at a particular calibration distance. Results 

of beam output measurements for 137Cs are presented in Table 5.1. Air kerma rate 

ranging from 594 to 27.87(j.Gy/min was measured representing calibration distance that 

ranged from 1 m to 5 m, respectively. The values of personal dose equivalent, Hp(10) are 

also presented. These valuses are calculated using air kerma to personal dose equivalent 

conversion factor of 1.21 recommended by international standardisation organization 

(ISO, 1999). Hp(10) were needed for the performance evaluation of the electronic 

personal dosimeters (EPDs) since this is the quantity that is widely used to for individual 

monitoring. 

Table 5.2 Presents the results of air kerma rate measurements obtained using TLDs, for 

Cs-137 calibration beam. The aire kerma measured ranged from 1.19 to 0.64 ^Gy/min 

representing calibration distance that ranged from 1 m to 3 m, respectively. The 
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Table 5.1. Measurements of Cs-137 beam output 

Source to 

detector 

distance (cm) 

Beam Outpt without 

attenuator 

Beam Outpt with 

attenuator 

1.8 cm lead attenuator 

Beam Outpt with 

attenuator 2.8 cm lead 

attenuators 

Kair Hp(10) K a i r HP(10) K a i r Hp(10) 

100 593.64 718.30 48.02 58.10 6.78 8.20 

150 258.5 312.79 20.55 24.87 2.87 3.47 

200 145.84 176.47 11.59 14.03 1.63 1.98 

250 92.98 112.51 7.36 8.91 1.03 1.24 

300 64.35 77.86 5.09 6.15 0.72 0.87 

350 47.10 56.99 3.73 4.51 0.49 0.59 

400 35.96 43.52 2.85 3.45 0.40 0.49 

450 28.33 34.28 2.25 2.72 0.32 0.39 

500 23.04 27.87 1.82 2.20 0.25 0.31 

Measurement were performed on 13.07.2008 
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Table 5.2. Intrinsic error of Thermoluminescence dosimeters reading from the nominal 

Hp(10). 

Air kerma rate Irradiation Nominal Average TLD Relative 

(nGy/min) time (min.) dose Hp(lO) reading deviation 

(mSv) (mSv) 1% 

100 1.19 2 1.44 1.41 2.24 

150 1.03 4 1.25 1.33 6.60 

200 0.88 6 1.06 1.13 6.52 

250 0.74 8 0.9 0.97 7.93 

300 0.64 10 0.78 0.85 8.49 

5.2 Calculation of Hp(10)/Kajr conversion coefficient: 

Air kerma to personal dose equivalent, Hp(10) conversion coefficients for ICRU slab 

phantom were provided by the ICRU report (ISO, 1999). Considering the possible 

differences the between the standard irradiation conditions and irradiation conditions 

pertained to the national secondary standard dosimetry laboratory where experimental 

measurements were carried out, air kerma to Hp(10) conversion coeffients were 

determined for ICRU slab phantom with dimensions 30 x 30 x l 5 cm . The determined 

conversion coefficients are presented in Table 5.3. variation of Kair to Hp(10) conversion 

coefficients with distance are graphically presented in Figure 5.1, Air kerma to Hp(10) 

conversion factor of 1.10, 1.11, 1.15, 1.14 and 1.311 was calculated corresponding to 

100, 150, 200, 250, 300 cm distance forCs-137 (662 keV). 
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Table 5.3. Kair to Hp(10) conversion coefficients measured for ICRU slab phantom 

Cs-137 beam (662) 

Source to Kair without Kair with phantom Conversion 

detector phantom (nGy min"1) coefficients 

Distance (nGy min"1) 

(cm) 

100 590 640 1.09 

150 253 280 1.11 

200 139 160 1.15 

250 88 100 1.14 

300 61 80 1.31 

1.6 

1.4 | 

o g . V O.OOlxt 0.951 
RJ = 0.791 

0.6 1 

0.4 -i ; v , 
50 100 150 200 250 300 350 

• Seriesl Linear (Scricsl) 

Figure 5.1. variation of K a i r to FIP(10) conversion coefficients with distance 

Performance parameters 
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5.2.1 Linearity test: 

Measurements for linearity and response determination made at irradiation distance 2 m 

from the source reference point and dose rate 10.6 mGy/h, using gamma ray beam from 

Cs-137 contained in a Buchler OB 85 Gamma irradiator. The results for six EPDs type 

Rad60 are presented in Table 5.4. Linearity defined as the closeness to which a curve 

approximates a straight line. Figure 5.2. Shows the linearity of the dose response for 

EPDs type Rad60. 

Table 5.4: Linearity test for RADOS 60 

Measured Hp(10) (mSv) 

S.N Rad6 Rad3 Radl Rad2 Rad4 Rad5 

Nominal Hp(10) 

(mSv) 

0.5 0.51 0.49 0.5 0.5 0.51 0.49 

1.0 1.02 0.98 0.99 1.00 1.02 0.99 

1.5 1.53 1.47 1.50 1.49 1.52 1.47 

2.0 2.04 1.96 2.01 1.97 2.03 1.96 

2.5 2.56 2.45 2.51 2.48 2.53 2.45 

3.0 3.05 2.94 2.99 2.98 3.04 2.94 
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3.5 

0.5 1 1.5 2 2.5 3 3.5 
Nominal dose (mSv) 

Figure 5.2: Linearity test for 6 EPDs 

As it can be seen from the Figure 5.2, that almost all EPDs type Rad60 showed a linear 

response to gamma beam from Cs-137 for a nominal Hp(10) that ranged from 0.5 to 3 

mSv. 

5.2.2 Energy response: 

Two EPDs type RADOS 60 (RAd2 and Rad5) and Two EPDs type Greatz (Greatz 1 and 

Greatz2) were irradiated with gamma ray from Cs-137 source and ISO 4037 X-ray beam 

qualities: N-150 (118 keV), N-120 (100 keV), N-80 (65 keV). Dosimeters were 
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subjected to a nominal, Hp(10) of: 0.5, 1, 2, 3, 5, mSv at the angles 0° ±20°, ±40°, ±60° . 

The results of angular response of Rad60 and Greatz type EPDs, are presented in Table 

5.5 - 5.6, respectively. The uncertainties of the response are also shown in the same 

tables. The response of these two EPDs is graphically represented in trumpet curve 

shown in Figures 5.3, 5.4, 5.5 and 5.6 for Rad2, Rad5, Greatz2 and Greatz4 EPDs, 

respectively. 

The response Combined energy and angular response of a representative (to EPDs from 

each type) types of EPDs in addition to LiF:Mg,Ti TLD chips are presented in Table 5.7. 

these results are graphically plotted in Figure 5.7. 
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Table 5.5 Energy response of EPDs type Rad60 

Quality 662 118 100 65 

(keV) 

Nominal 

Hp(10) 

(mSv) 

0.5 Rad2 0.98±0.05 1.03±0.11 0.93±0.12 1.10±0.23 

1.0 0.97±0.13 1.03±0.13 0.96±0.09 1.12±0.21 

2.0 0.97±0.06 1.10±0.13 0.96±0.09 1.11±0.24 

3.0 0.98±0.05 1.04±0.09 0.97±0.08 1.09±0.27 

5.0 0.97±0.05 1.02±0.09 0.97±0.07 1.13±0.30 

0.5 Rad5 0.97±0.08 0.91±0.07 0.85±0.08 1.04±0.22 

1.0 0.98±0.05 0.90±0.17 0.87±0.11 1.08±0.21 

2.0 0.96±0.07 0.90±0.19 0.87±0.03 1.07±0.20 

3.0 0.97±0.08 0.91±0.24 0.87±0.15 1.05±0.22 

5.0 0.98±0.08 0.92±0.12 0.90±0.08 1.02±0.19 
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Table 5.6 Energy response of Greatz 

Quality 662 118 100 65 

(KeV) 

Nominal 

Hp(10) 

(mSv) 

0.5 Greatz2 0.99±0.22 0.94±0.21 0.91±0.17 0.93±0.24 

1.0 1.01±0.10 0.95±0.12 1.00±0.23 0.94±0.24 

2.0 0.98±0.22 0.84±0.24 0.92±0.19 0.83±0.21 

3.0 0.99±0.21 0.97±0.24 0.93±0.19 0.96±0.23 

5.0 1.02±0.23 0.97±0.04 0.95±0.16 0.94±0.21 

0.5 Greatz4 0.97±0.11 1.04±0.22 0.92±0.19 0.95±0.17 

1.0 1.04±0.12 0.99±0.17 l.06±0.07 0.90±0.09 

2.0 1.01±0.14 0.87±0.08 1.01±0.47 0.88±0.11 

3.0 1.02±0.23 0.97±0.21 0.96±0.09 0.95±0.08 

5.0 1.01±0.17 0.98±0.03 0.98±0.08 0.93±0.11 
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Table 5.7. Energy and angular response of different types of EPDs in addition to LiF: 

Mg, Ti TLD chips 

Energy (KeV) 

Dosimeter 662 118 100 65 1250 

Rad60 0.98 0.97 0.92 1.10 0.94 

Greatz 1.02 0.97 1.03 0.92 1.12 

PM1203M 1.27 1.23 1.20 1.08 1.12 

TLD 1.01 1.01 1.14 1.13 0.99 

1.40 

1 . 2 0 
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0.00 

typo of CPDs 
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Figure 5.7. Measured response as function of energy for a selected types of EPDs in 

addition to TLDs 
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As indicated in Figure 5.7, almost all EPDs showed good response to the particular 

photon energies of interest showing response that ranged from (0.90 - 1.17). Exception 

to this the EPDs of type PM1203M which show higher responses compared with the 

other types, in the range: (1.07 - 1.27). TLDs type LiF:Mg,P,Cu showed a remarkably 

better response ranged from (0.99 - 1.14). 

5.3.3 Angular response: 

Dosimeters were irradiated with the aforementioned radiation qualities. Such a type test 

gives a wealth of information that can be used for estimating the uncertainty in a dose 

assessment. Table 5.8 shows the variation of response to photon radiation from Cs-137 

and ISO 4037 X-ray beam qualities with different angles of radiation incidence (0, ±20, 

±40, ±60°) measured for EPDs type Rad60, Greatz, PM1203M and TLDs . The variation 

of the angular response with photon energy for a represented sample of the four types of 

dosimeters included in this study are shown in figures 5.8, 5.9, 5.10, 5.11 and 5.12. 

Figures indicated that EPDs type Rad60, Greatz, PM1203Mand TLDs present a 

satisfactory angular response to photon radiation from Cs-137 and ISO 4037 X-ray beam 

qualities N-150 (118 keV), N-120 (100 keV), N-80 (65 keV). 
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Table 5. 8. Energy and angular response of for a representative sample of dosimeters. 

EPDs EPDs EPDs EPDs 

angle Quality 

(keV) 

Rad60 Greatz PM1203M TLD 

0 662 0.99 1.04 1.03 1.08 

20 0.94 0.96 1.31 1.11 

40 0.97 0.97 1.32 1.06 

60 1.00 1.02 1.36 1.07 

0 118 1.01 0.93 - -

20 0.75 0.96 - -

40 0.95 1.11 - -

60 1.14 0.95 - -

0 100 0.98 0.82 - -

20 0.72 0.97 - -

40 0.88 0.96 - -

60 1.06 1.10 -

0 65 1.35 0.77 - -

20 0.74 1.16 - -

40 0.96 0.85 - -

60 1.26 0.92 - -

0 1250 0.97 1.12 - -

20 0.92 1.12 - -

40 0.93 1.11 - -

60 0.95 1.13 - -
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Figure 5.8 . Hp(10) relative angular response to 137Cs sources. 
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Figure 5.9.Hp(10) relative angular response to N-150(l 18keV). 
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Figure 5.10. Hp(10) relative angular response to N-120(lOOkeV). 
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Figure 5.11 Hp(10) relative angular response to N-85(65keV). 
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Figure 5.12. Hp(10) relative angular response to Co-60 beam 
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5.3.4 Energy and angular response: 

Table 5.9 presents energy and angular response to photon radiation from Co-60 and Cs-

137 sources in adition to ISO 4037 X-ray qualities for angles of radiation incident that 

was 0, 20, 40 and 60° . The energy and angular response is shown graphically in figures 

5.13 and 5.14. 

Table 5.9 energy and angular response of EPDS and TLD. 

Radiation Quality (keV) 

EPDs angle 1250 662 118 100 65 

Rad 60 0 0.97 0.99 1.01 0.98 1.35 

20 0.92 0.94 0.75 0.73 0.74 

40 0.93 0.96 0.95 0.89 0.96 

60 0.95 1.00 1.14 1.06 1.26 

Greatz 0 1.12 1.04 0.94 0.83 0.77 

20 1.12 0.96 0.97 0.98 1.16 

40 1.11 0.97 1.11 0.97 0.85 

60 1.13 1.02 0.95 1.1 0.92 

PM1203M 0 1.03 - - - -

20 1.31 - - - -

40 1.32 - - - -

60 1.36 - - - -

TLD 0 1.08 - - - -

20 1.11 - - - -

40 1.06 - - - -

60 1.07 - - - -
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Figure 5.14 Energy and angular response of Greatz dosimeter for the measurement of 

Hp(10). 
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5.3.5 Dose rate response: 

Figure 5.15 shows the variation in the air kerma rate response for six EPDs type Rad60 

for X-ray quality N-150 (118keV) for different distance, air kerma rates were varied by 

changing the EPD distance from 2 to 3 m . nad also presented in table 5.10. 

Table 5.10 variation ofRad60 EPD response with dose rate 

Distance 

(cm) 

Air kerma 

rate 

(pGy/min) 

Radl Rad2 Rad3 Rad4 Rad 5 Rad6 

200 151.6 0.94±0. 1.03±0.18 1.02±0.21 0.99±0.18 1.01±0.06 1.01±0.07 

250 99.2 l.OliO. 1.03±0.12 0.99±0.24 0.99±0.03 1.01±0.13 1.03±0.25 

300 67.6 1.01±0. 1.07±0.28 1.02±0.20 1.11±0.26 0.97±0.35 1.00±0.04 
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Figure 5.15 variation of Rad60 EPD response with dose rate 

Table 5.11 show of difference type in EPDs response (RADOS 60, Greatz ED 150, 

Polimaster PM1203M and TLD to comparison with dose rate measurements of Cs-137, 

Co-60 and for X-ray radiation at the qualities N-150 (118 keV), N-120 (100 keV), N-80 

(65 keV), and also the presented in figure 5.16. 
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Table 5 .11 variation of type EPDs response with dose rate 

Quality 

(keV) 

dose rate 

(mSv/min) 

Rad60 Greatz PM1203M TLD 

65 400 1.10 0.92 1.08 1.13 

100 286 0.92 1.03 1.2 1.14 

118 259 0.97 0.97 1.23 1.01 

662 176.5 0.98 1.02 1.27 1.01 

1250 3.8 0.94 1.12 1.12 0.99 
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Figure 5.16 variation of type EPDs response with dose rate 
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5.3 Discussion: 

5.4.1 Energy response: 

Figures 4.3, 4.4, and 4.5 show the response of the electronic personal dosimers (EPDs): 

Rad2, Rad5, Greatzl and Greatz2 versus the personal dose equivalent Hp(10), for 

nominal doses of 0.5, 1, 2, 3, 5 mSv and for photon energies 118, 100, 65 keV (X-rays) 

and 662 keV from 137Cs. It can be seen from the figures that almost all EPDs showed 

similar response for the same radiation quality. A study in Tanzania showed similar 

response for LiF:Mn,Cu,P but vary for X-ray qualities used for diagnostic radiology 

(Muhogora, et al 2000). This study also showed that the TLD response at this particular 

energy was slightly less than that of the EPDs. The present study demonstrated that 

energy response values for all dosimeters studied including TLDs are within upper and 

lower limits specified in the trumpet curves indicating acceptable limits for penetrating 

photon radiation. 

The EPDs, RADOS 60, Greatz ED 150, Polimaster PM1203M and TLD Gave 

satisfactory results of response both for Cs-137, Co-60 and for X-ray radiation at the 

qualities N-150 (118 keV), N-120 (100 keV), N-80 (65 keV). This good response for all 

energies, is similar to response reported in IAEA study, which showed that those 

dosimeters can be used in pulsed radiation fields within their energy range of 

measurements (65 - 1250 keV). Further more, it was found that the general dosimetric 

performance of the tested EPDs is comparable to that of previous IAEA study (IAEA-

TECDOC-1564; 2007). 

The response of the tested dosimeters to the ISO photon qualities is similar to that 

reported in previous studies. Furthermore, all dosimeters in the present study fulfil 

satisfactorily the IEC requirement for photon energy response for penetrating radiation. 

(IAEA, 2007, IEC: 61526, 1998). 

Study in GREECE showed that the response of EPDs type Rad60 decreases significantly 

for photon energies below 65 keV. For this reason the use of this type of dosemeter was 

not recommended for emergency response applications according to the authors. This 



dosimeter showed underestimation of dose in the order of -20%, for energies <165 keV. 

The dosimeter is used for personal monitoring, in addition to the official TLD dosemeter, 

in industrial radiography applications. Therefore the dosemeter underestimation must be 

taken into consideration by the user. The EPD in Brazil was chosen for personal radiation 

protection dosemeter of the emergency responders (Boziari. A, C. J. Hourdakis, 2006). 

Study in France reported the response of each EPD as a function of the energy, 

normalized at 662 keV (Cs-137), as specified in the standard 1EC-61526. The standard 

deviation in that study was of the order of 2% for all experimental points. It was observed 

that below 50 keV the response of the majority of the dosemeters falls sharply and does 

not meet the standard required limits of 30%. A difference of 50% at cobalt energy 

between the responses of some types of EPDs was noted. However, in all cases, the 

dosemeter responses were within the standard limits. (Texier et all, 2001). 

5.4.2 Angular response: 

Table 4.8 shows the variation of response with angles of radiation incidence measured 

for EPDs type RADOS 60, Greatz ED 150, Polimaster PM1203M and TLD using Cs-

137, Co-60 and ISO 4037 X-ray qualities N-150 (118 keV), N-120 (100 keV), N-80 (65 

keV). For Cs-137 beam, the angular response of RADOS 60, Greatz ED 150 and TLD 

were excellent where as the response of EPDs Polimaster PM1203M at angles 20, 40, and 

Co-60 deg was slightly larger but still with the acceptable range. However, the angular 

response for Polimaster PM1203M was excellent at angle zero as demonstrated in figure 

5.8. 

Concerning, X-ray qualities N-150 (118 keV), N-120 (100 keV), the angular response of 

EPDs type RADOS 60, Greatz ED 150 were acceptable but the response at incident angle 

of 20 was higher than that of of Rad 60 as demonstrated in figures 5.9 and 5.10. 

Concerning X-ray quality N-80 (65 keV), the angular response of EPDs type RADOS at 

angle of incident of 60 degree was larger than that at the rest of the angles; this is in 

exception to the response at angle 40 although all were in acceptable range. Angular 



response of EPD type Greatz 150 was within the acceptable range although the response 

of incident of angle zero was high as demonstrated figure 5.11. 

The angular response of EPDs type RADOS 60 for Co-60 beamwas acceptable at all 

angels as shown in figure 5.12. When the results of the present study were compared to 

the results reported in IAEA study, both EPDs gave similar angular response but at 

angles 40 and 60 for Co-60 (IAEA; 2007). 

5.4.3 Energy and angular response: 

Figure 5.13 shows the angular and energy response of EPDs type RADOS 60. For angle 

zero, the dosimeter showed excellent response. This with exception to response for 65 

keV energy where the response was rather high, as demonstrated in this study , 

dosimeter energy response increases decrease of photon energy for this type of 

dosimeters type RAD60. 

As shown in Figure 5.13, dosimeters demonstated good energy and angular response with 

minor exceptions previously explained. 

Energy and angular response of EPDs type Greatz ED 150 is shown in figure 

5.14,Where the energy and angular response of EPDs type Greatz shown in Figure 5.14 

For 0, 20, 40 and 60 angle of radiation incident. Good response was demonstrate in the 

entire energy range 118-1250 keV. For low energy range bellow 118 keV, and for_ 0, 40 

and 60 angle of radiation incident, the response decrease with energy whereas at angle 

20 the response increase when energy decrease. 

5.4.4 Dose rate response: 

Figure 4.15 shows the dose rale response for X-raty quality N-150. EPD type RAD60 

showed excellent response for variable dose rates. To investigate energy response and 

dose rate response, the three types of EPDs and TLD were exposed to Co-60 and Cs-137 

gamma ray beams, and the N-150, N-120 and N-80 ISO narrow-spectrum series X-

radiation qualities the results are presented in Figure 4.16, 
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The RADOS 60 showed acceptable response for variable dose rates ,the response also 

increases with dose ratebut drops off for the range of dose rate 259 - 286 mSv/ min. In a 

study in Canada EPD type RAD60 demonstrated a gradual increase of response with dose 

rate.( McCaffrey. J. P et al, 2008). 

concerning PM1203M, the dosimeter generated different pattern of dose rate response as 

a function of energy than the other types of EPDs. The response is high for the dose rate 

range 176 -259 mSv/ min. For the TLDs, the response at all dose rates fell from 259 -

286 mSv/ min , then steadily rose up to the increase the dose rate. The Greatz type EPD 

showed good response at dose rate 176 - 259 mSv/ min. but increased response at low 

energy. The response decreased at high dose rate although it was acceptable. The 

RADOS 60 and TLDs showed good and acceptable response at low dose rates that are 

most likely to be encountered for normal radiation protection monitoring (McCaffrey et 

al, 2008). 

5.4 Uncertainty: 

Tow types of Uncertainty evaluations are discerned: (I) Type A evaluation of uncertainty 

based on direct statistical analysis of measurement data, and (2) type B evaluation of 

uncertainty based on other knowledge of the characteristics of the measurement system. 

The type A and type B evaluations lead to the type A and B (relative) standard 

uncertainty is than function of these two, UC(UA, UB). if The UA and UB can possible 

after transformation of the input data, be considered as standard uncertainties from more 

or les normal distributions then: 

v c = ^ U :
A ~ U S 
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Uncertainty for every EPD 

Type of dosimeters Uncerinity 

Radl 0.12 

Rad2 0.13 

Rad3 0.15 

Rad4 0.14 

Rad5 0.15 

Rad6 0.11 

Greatz 1 0.11 

Greatz2 0.20 

Greatz3 0.16 

Great4 0.17 

PM1 0.12 

PM2 0.11 

PM3 0.16 

PM4 0.14 

TLD 0.12 

The range of uncertainty for RADOS 60, Greatz ED 150, Polimaster PM1203M its 0.11 -

0.15, 0.11 - 0.17, 0.11 - 0.16 respectively and uncertainty at TLD 0.16. 

One can note that maximum from table 5.5, EPD Rad2 at doses 2 mSv and energy 65 

keV, the maximum uncertainty is 21.62% rad2 and this value is far below the allowable 

uncertainty which is 25% (M. David, 2004). 
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It can be noted that: 

In figure 5.9, 5.10 and figure 5.11 the angular response of the X-ray beam have high 

variation as the compared that angular response of gamma Cs-137 and Co-60 figure 5.8 

and figure 5.12 for that maybe due to the penumbra effect associate with X-ray photon. 
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CHAPTER SIX 

CONCLUSION AND RECOMMENDATIONS: 

6.1 Conclusion: 

The personal dose equivalent were found by multiply the air kerma by the conversion 

coefficient (for the beam of radiation), for energy response test. 

The use of electronic personal dosemeters has improved radiation workers1 safety and has 

contributed to the reduction of their doses. 

The types of studied EPDs meet, with some exceptions, the standards for their dosimetric 

performances. However, the study of the energy dependence of response showed that 

great care must be given to the choice of the energy at which the response is normalised. 

Electronic personal dosimeters are important in radiation protection monitoring. The 

advantages of EPDs over conventional dosimetry (TLDs), are clearly envisaged mainly 

related to alarm feature and direct reading. 

There is also a good agreement on calibration procedures and conversion coefficient 

calculation. Greater efforts are also needed to gather and analyse the experience of 

different types of EPDs. 

Difficulties of tests performance lead to little knowledge about failures and work place 

performance of EPDs. This information can be of great importance for improvement in 

personal dosimetry standards. 

6.2 Recommendations: 

New challenges for the authorities since they will have to consider in the approval the 

suitability of the dosemeterfor the specific workplace. 

The use, in some APDs, of several detectors and filters to measure not only penetrating 

gamma radiation but also beta radiation and low energy photon radiation. 
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