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Abstract 

In modern radiation protection practices, active personal dosimeters are becoming 

absolutely necessary operational tools for satisfying the ALARA principle. 

The aim of this work was to carry out calibration and performance testing of ten 

electronic personal dosimeters (EPD) used for the individual monitoring. 

The EPDs were calibrated in terms of operation radiation protection quantity, personal 

dose equivalent, Hp(10). Calibrations were carried out at three of x-ray beam qualities 

described in ISO 4037 namely 60, 100 and 150 kV in addition to Cs-137 gamma ray 

quality. The calibrations were performed using polymethylmethacrylate (PMMA) 

phantom with dimensions 20x20x15 cm3. Conversion coefficient Hp (10)/Kair for the 

phantom was also calculated. 

The response and linearity of the dosimeter at the specified energies were also tested. 

The EPDs tested showed that the calibration coefficient ranged from 0.60 to 1.31 and 

an equivalent response for the specified energies that ranged from 0.76 to 1.67. 

The study demonstrated the possibility of using non standard phantom for calibrating 

dosimeters used for individual monitoring. The dosimeters under study showed a 

good response in all energies except the response in quality 100 kV. The linearity of 

the dosimeters was within ±15 %, with the exception of the quality 100 kV where this 

limit was exceeded. 
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Chapter One: Introduction 

Individual monitoring is the measurement of radiation doses received by individuals 

working with radiation. Individuals who regularly work in controlled areas (1) or those 

who work full time in supervised areas should wear personal dosimeters to have their 

doses monitored on a regular basis. Individual monitoring is also used to verify the 

effectiveness of radiation control practices in the work place. It is useful for detecting 

changes in radiation levels in the work place and to provide information in case of 

accidental exposures. 

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. 

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

correct response to radiation. Acceptable dosimeters shall read within plus or minus 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. 

Objectives 

This work is performed with the following objectives: 

- To perform calibration of Electronic personal dosimeters (EPD) using non slandered 

phantom. 

- Calculation of Hp (10) /kair conversion coefficients for the PMMA phantom 

20*20*15 cm3. 

- To study the response and linearity of Electronic Personal Dosimeters for three x-ray 

qualities (60kV, lOOkV and 150 kV) and gamma rays from Cs-137of energy 662 keV. 



Thesis outline 

This thesis consists of six chapters, in the first chapter an introduction to the calibration 

and radiation protection is given. 

Chapter two includes radiation protection quantities and units, with the relation between 

different quantities also given. 

In chapter three procedures of calibration and performance testing of EPD is given. 

Methodology and materials used are described in chapter four. Results of discussion are 

provided in chapter five. Conclusions and recommendations are given in chapter six. 
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Chapter Two: Radiation Protection Dosimetry 

2.1 Basic Dosimetric Quantities 

2.1.1 Exposure 

Exposure is a term used to describe the intensity or strength of an x-ray source on the 

basis of its ability to ionize air. Exposure is used to quantify the amount of radiation 

directed at a screen-film cassette or image intensifier, but does not quantify patient risk 

(2). Energy lost from the X-ray beam via the photoelectric and Compton interactions 

produces electron -ion pairs that can be counted using an ionization chamber. 

Exposure is the total charge of electrons produced by x-ray photons interacting with a 

mass of air. The unit for exposure is the roentgen (R), which is equal to 2.58x10" C/kg 

(2). It is defined as: 

X = ^- (2.1) 
dm 

The entrance skin exposure does not take into account the radiosensitivity of individual 

organ or tissue, the area of an x-ray beam, or the beam penetrating power, therefore, 

entrance skin exposure is power indicator of the total energy imparted to the patient. 

The use of exposure for quantifying the intensity of an x-ray source has several technical 

limitations: 

• The roentgen is defined only for photons and can not be used for electrons, protons, 

or neutrons. 

• In practice, exposure can not be used for photons with energies in excess of abut 3 

MeV. 

• In diagnostic radiology, exposure (roentgen) and absorbed dose (rad) are generally 

numerically similar-, but using SI units, transforming exposure to absorbed dose 

involves an inconvenient conversion factor. 

For all these reasons, exposure is likely to be replaced by KERMA, which stands for 

(kinetic energy released per unit mass). 

3 



2.1.2 Kerma 

The kerma, K, relates to the transfer of radiant energy from ionising particles (photons) 

to the kinetic energy of secondary ionising particles (secondary electrons). It is defined 

as the quotient of dElr by dm, where dEtr is the sum of the kinetic energies of all the 

charged particles librated by uncharged ionizing particles in material of mass dm (3): 

d E t r , 
K = — ^ (Jkg1) (2.2) 

dm 

Unit of kerma is Jkg"1; special unit is Gray (Gy) 

For the energy fluence, W, of uncharged particles, the kerma, K, in specified material is 

given by: 

K = i// /"tr (Jkg1) (2.3) 
V P 

where, u.tr/p is the mass energy transfer coefficient of the material for these particles. Etr 

includes for photons the energy that is radiated in Bremsstrahlung by their secondary 

particles and it also includes the energy of Auger electrons. Kerma has a defined value 

for a material sample of infinitely small size which is embedded in some other material 

or which is positioned in free space or at a point in a different material. This is the value 

which would be obtained if small mass of the specified material were placed at a point 

of interest. The size of the material is usually not critical as long as the presence of the 

sample does not appreciably disturb the field of the indirectly ionising particles. 

2.1.3 Absorbed dose 

The quantity which is more directly correlated to biological effects of radiation in an 

object (total body or organ) is the absorbed dose. To arrive at the definition of the 

absorbed dose it is useful to introduce the concept of the stochastic quantity energy 

imparted (3): 

The stochastic quantity of energy imparted (e) by ionising radiation to the matter in a 

volume is: 

e = R i n - R o u t + Z Q W (2-4) 

where Rm is the radiation energy, i.e. the sum of the kinetic energies of all those charged 

and uncharged ionising particles which enter the volume, Rout the radiation energy 

emerging from the volume, i.e. the sum of the kinetic energies of all those charged and 

uncharged ionising particles which leave the volume, and £ Q the sum of all charges 



(decreases: positive sign, increases: negative sign) of the rest mass energy of the nuclei 

and elementary particles in any nuclear transformations which occur in the volume. 

The absorbed dose (D) is related to the absorption of the radiant energy in matter. It is 

defined as the quotient of de by dm, where de is the mean energy imparted by 

ionizing radiation to a matter of mass dm: 

T> = f - (Jkg1) (2.5) 

dm 

The unit of absorbed dose is Jkg" . 

The special name for the unit for the absorbed dose is Gray (Gy), but the unit mGy is 

frequently used. The absorbed dose results in two steps process. First one determines 

the energy imparted. In principle this involves repeated exposures of a finite mass to the 

specified irradiation condition and averaging of results; thereby a mean value is 

estimated. This mean value is proportional to the mean absorbed dose in the finite mass. 

To obtain the absorbed dose, one has to perform further limiting process, which consists 

in reducing the size and the mass of the exposed volume towards zero; the latter process 

is indicated by the differential in the definition. 

For the energy fiuence, *F of uncharged particles, the absorbed dose, D, in specified 

material is given by: 

D = y/ 
f ^ (Jkg-1) (2.6) 
V P 

where, juen I p is the mass energy absorption coefficient of the material for these 

particles. 

For directly ionising radiation i.e. charged particles, dose can be derived from charged 

particles (e.g. electrons) fiuence, 0 and the mass collision stopping power: 

D, =0 
^ 

(Jkg1) (2.7) 

where D is a dose to a material m, and (£ / /?) is the mass collision stopping power 

of the particle in the material. 
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These three basic physical quantities were not used directly for dose limitation purposes 

for two main reasons: 

• Different radiation (e.g. photons, electrons, neutrons, protons) cause different 

biological effects at the same dose level. 

• Different organs and tissues have different radio sensitivities. 

For all these reasons the following set of protection quantities was introduced mainly 

for dose limitation purposes. 

2.2 Radiation Protection Quantities 

The protection quantities, recently defined by ICRU publication 60 (4), form the basis 

for dose limitation. These quantities consider both the different biological effectiveness 

for different radiations by the introduction of a radiation weighting factor, WR, and the 

different radiation sensitivity of organs and tissues by the introduction of a tissue 

weighting factor, Wj, .These quantities are not directly measurable. The following two 

protection quantities are recommended by the ICRP: Equivalent dose, for individual 

organ and tissue, Effective dose, for the whole body. 

2.2.1 Organ dose 

For radiation protection purposes, it is useful to define a tissue or organ average 

absorbed dose, Dy as (4): 

D T = A - (Jkg1) (2.8) 

mT 

where £T is the total energy imparted in a tissue or organ and mT is the mass of that 

tissue or organ. mT ranges from 10 g for ovaries to 70 kg for the whole body. 

The primary use of mean organ dose measurement is to help estimate the risk to a 

specified organ. For example, the mean thyroid dose may be used to estimate the risk of 

inducing thyroid cancer, or entrance skin dose may be used to estimate the probability 

of developing skin erythema (4). 

Averaging of doses and adding of doses over long periods would not be an acceptable 

procedure so the quantity equivalent dose is defined. 
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2.2.2 Equivalent dose 

Biological effects are attributed not only to the absorbed dose but also depend on the 

type and energy of the radiation. Equivalent dose is a physical quantity to measure the 

effect to a tissue or organ by different types and energies of radiation. 

The equivalent, HT, R, is the absorbed dose in an organ or tissue multiplied by the 

relevant radiation weighing factor, thus: 

Hri{ = wRDT,R (2-9) 

where DT, R is the absorbed dose averaged over the tissue or organ T, due to radiation R, 

and WR is the radiation weighting factor type R. 

When the radiation field is composed of different radiations with different values of 

WR, the equivalent dose is given as the sum of the different components: 

HT=^wRD7.R (2.10) 

The unit of the equivalent dose is joule per kilogram (J.kg"1), and its special name is 

sievert (Sv). 

2.2.3 Radiation weighting factors 

The radiation weighting factor is defined as a factor WR by which the tissue or organ 

absorbed dose DT, R is multiplied to reflect the higher biological effects of neutron, 

proton and alpha radiation compared to low LET radiation (4). 

Discussion on radiation weighing factors for photons and neutrons and especially on 

their energy dependence are still underway .For high energy photons (e.g. above about 

10 MeV ) a weighing factor qf less than 5 seems to be more realistic because the 

ionization density of protons decreases with energy and nuclear reactions of photons 

contribute only partially to the total dose. A value of about 2 is assumed to better 

describe its relative biological effectiveness, while external protons of much lower 

energy are of lesser importance because they mainly contribute to the skin dose. 

The weighing factors for neutrons of two energy ranges are under discussion .At 

energies below about 10 keV the neutrons are strongly moderated in the human body 

and finally absorbed via the reaction H(n,y)D, producing secondary photons in the body 

which then contribute up to 90% to the total absorbed dose in the human body . 

Therefore, a weighing factor value smaller than 5 might be more appropriate in this 

neutron energy range. 
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For neutrons with energies above about 30 MeV calculations of mean quality factors in 

an anthropomorphic phantom show that these values are much smaller than the 

weighing factor of 5 . Obviously, the description of the energy dependence either based 

on Q (L) or given by WR are still inconsistent for neutrons. Table (2.1) gives the type 

and energy range of radiation weighing factor. 
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Table 2.1: Radiation weighing factors (5) 

Type and energy range - Radiation weighing factors, 

Photons of all energies 

Electrons and muons all energies 

Neutrons , energy < 10 keV 

lOkeVtolOOkeV 

100keVto2MeV 

2 MeV to 20 MeV 

> 20 MeV 

Protons, other than recoil protons, 

Alpha particles, fission fragments, 

energy > 2 MeV 

heavy nuclei 

WR 

1 

1 

5 

10 

20 

10 

5 

5 

20 
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2.2.4 Effective dose 

Biological effects also depend on the type of tissue or organ that has been irradiated. 

Effective dose is used to quantify the total detriment from exposures of several organs or 

tissues. 

The effective dose, E, is a summation of the equivalent doses in tissue, each multiplied by 

the appropriate tissue weighing factor, thus: 

E = JjWr.HT (2.11) 
r 

where HT is die equivalent dose in tissue T and WT is the tissue weighing factor for tissue T. 

The unit of equivalent dose is joule per kilogram fJ-Kg ), and its special name is Sievert (Sv). 

Twelve tissues and organ are specified with individual weights Wr and an additional 

"reminder" tissue is defined (with a weight of 5%) the dose of which is given by the 

mean value from ten specified organs and tissues (see table 2.2). 

2.2.5 Tissue weighing factors 

The factor by which the equivalent dose in tissue or organ is weighed is called "tissue 

weighing factor", which represents the relative contribution of that organ or tissue to the 

total detriment resulting from uniform irradiation of the whole body (4). 

10 



Tablel .2.2 Tissue weighing factors (4) 

Tissue or organ Tissue weighing factor 

Gonads 0.20 

Bone marrow (red) 0.12 

Colon 0.12 

Lung 0.12 

Stomach 0.12 

Bladder 0.05 

Breast 0.05 

Liver 0.05 

Esophagus 0.05 

Thyroid 0.05 

Skin 0.01 

Bone surface 0.01 
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The protection quantities, defined by the ICRP, form the basis for dose limitation. These 

quantities are not directly measurable. The exposure, in principle, can be assessed by 

calculations when both the irradiation geometry and radiation field parameters (e.g. type 

of radiation, intensity, spectral energy distribution) are known .For routine monitoring, 

however, this procedure is not' applicable. A more practical way to demonstrate the 

compliance of dose limits is necessary in this case. (5) 

2.2.6 Quality factor 

The quality factor (Q), is defined as a function of linear energy transfer, L, of a charged 

particle in water. In principle, this has not been changed by ICRP 60, but the dose 

equivalent is now restricted to the definition of operational radiation protection 

quantities and the quality function Q (L) was modified in 1991. 

The quality factor, Q, at a point in tissue, is given by: 

Q = -^ + Q(L)D,dl (2.12) 

where D is the absorbed dose af that point, DL is the distribution of D in linear energy 

transfer L and Q (L) is the corresponding quality factor at the point of interest. The 

integration is to be performed over the distribution DL, due to all charged particles, 

excluding their secondary electrons. Q (L) is specified as follows (6): 

1 forL<10 

Q(L)= 0.32 L -2 .2 f o r l 0 < Z < 1 0 0 (2.13) 

300/1 forL<100 

where L is expressed in keV-um-1. 

2.2.7 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 by dl, where dE is the mean energy lost 

by the particle, due to collisions with electrons, in traversing a distance dl,Thus: 

dF 
L = ^ (2.14) 

dL 

Unit:J-m-l. 

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

convenient sub multiple or multiple, such as keV-um-1. 

For a long time, the radiation protection quantity dose equivalent, H, has been 

defined by: 
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H=QD (2.15) 

where D is the absorbed dose at'the point of interest and Q a quality factor weighing the 

relative biological effectiveness of radiation. 

2.3 Operational quantities 

2.3.1 The concept of operational quantities 

The basic concept of the operational quantities is described in the ICRU Reports 39 and 

43 [8, 9]. The present definitions are given in ICRU Report 51 [7]. The operational 

quantities for radiation protection are dose equivalent quantities defined either for 

penetrating or for low penetrating radiation. 

The radiation incident on a human body is characterised as penetrating radiation or low 

penetrating radiation, depending on the ratio of the skin dose to effective dose. 

Radiation is considered to be low-penetrating when the dose equivalent received by the 

skin (dose received at a depth of 0, 07 mm) in the case of normal incidence of a broad 

radiation beam is higher than ten times the effective dose - otherwise it is considered to 

be penetrating. Low-penetrating radiations are a-particles, (3 particles with energies 

below 2 MeV and photons with energies below 12 keV. Neutrons are always 

penetrating radiation. 

Due to the different tasks in radiation protection monitoring - area monitoring for 

controlling the radiation at work places and definition of controlled or forbidden areas 

or individual monitoring for the control and limitation of individual exposures -

different operational quantities were defined. While measurements with an area monitor 

are mostly performed free in air, an individual dosimeter is usually worn on the front of 

the body. As a consequence, in a given situation, the radiation field "seen" by an area 

monitor free in air differs from that "seen" by an individual dosimeter worn on a body 

where the radiation field is strongly influenced by the backscatter and absorption of 

radiation in the body. The operational quantities allow for this effect. They may be 

presented as shown in Table 2.3. 

13 



Table 2.3 The radiation type and quantities for area and individual monitoring 

Radiation Quantities for 

type area monitoring individual monitoring 

Penetrating radiation 

Low-penetrating 

radiation 

ambient dose 

Equivalent,//* (10) 

directional dose 

equivalent, H' (0.07, D.) 

personal dose 

equivalent, Hp (10) 

personal dose 

equivalent, i7p(0,07) 

In rare cases, if a limitation of the dose of the eye lens becomes significant, further 

quantities for low-penetrating radiation, H' (3, Q.) for area monitoring and Hp (3) for 

individual monitoring are recommended. For photon and neutron radiation, they are not 

of importance. 

2.3.2 Operational quantities for area monitoring 

The ICR U sphere phantom 

For all types of radiation the operational quantities for area monitoring are defined on 

the basis of a phantom, the ICRU sphere. It is a sphere of tissue-equivalent material 

(diameter: 30 cm, density: 1 g cm" , mass composition: 76, 2 % oxygen, 1 1 , 1 % carbon, 

10,1 % hydrogen and 2, 6 % nitrogen). It adequately approximates the human body as 

regards the scattering and attenuation of the radiation fields under consideration. 

Aligned and expanded radiation field 

The operational quantities for area monitoring defined in the ICRU sphere should retain 

their character of a point quantity and the property of additivity. This is achieved by 

introducing the terms expanded and aligned radiation field in the definition of these 

quantities: 

14 



• An expanded field has the same fluence and directional and spectral distribution 

as the actual field at the point of reference all over the volume of interest. 

• The expanded and aligned field has the same fluence and spectral distribution as 

the actual field at the point of reference all over the volume of interest but the 

fluence is unidirectional (see Fig 2.1). 
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\ 

Point of test, 
real field 

\ 8 H .(d) 

Real field 

\ \ H '(d,ft) 

Expanded 
field 

H*(d) 

Aligned and expanded 
field 

Fig. 2.1 Explanation of expanded and aligned fields 
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2.3.2.1 Ambient dose equivalent, H*(d) 

For area monitoring of penetrating radiation the operational quantity is the ambient dose 

equivalent, H\d), with d = 10 mm. 

The ambient dose equivalent, H*(d), at a point of interest in the real radiation field, is 

the dose equivalent that would be produced by the corresponding aligned and expanded 

radiation field, in the ICRU sphere at a depth d, on the radius vector opposing the 

direction of radiation incidence. 

For penetrating radiation d = 10 mm and H*(d) is written H*(\0). 

As a result of the imaginary alignment and expansion of the radiation field, the 

contributions of radiation from all directions add up. The value of H*(\0) is therefore 

independent of the directional distribution of the radiation in the actual field. This 

means that the reading of an area dosimeter for the measurement of H*(\0) should be 

independent of the directional distribution of the radiation - an ideal detector should 

have an isotropic fluence response. 

H*(10) should give a conservative estimate of the effective dose a person would receive 

when staying at this point. This is always the case for photons below 10 MeV in 

contrast to the formerly used free-in-air quantities air kerma or exposure which are non-

conservative in the photon energy range near 80 keV. For neutrons the situation is 

different. H*(\0) is not conservative with respect to E under AP irradiation conditions 

in the energy range from leV to about 50 keV. In realistic neutron fields with a broad 

neutron energy distribution, however, this energy range mostly is of small importance 

and in practice H*(\0) therefore remains in most cases conservative with respect to E. 

2.3.2.2 Directional dose equivalent, H' (d, CI) 

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

directional dose equivalent, H' (d, Q) with d = 0, 07 mm or, in rare cases, d = 3 mm. 

The directional dose equivalent, H' (d, D), 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 CI. 

For low-penetrating radiation d = 0, 07 mm and H' id, Q) is written H' (0, 07, H). 

In case of monitoring the dose to the eye lens H' (3, D.) 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 Q and the direction opposite to radiation incidence. 

The value of// ' (10, 0°) is equal to //*(10). 
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In practice, H' (0.07, Q) 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 Q,, 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, however, it is always the maximum value of H' (0.07, Q) 

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. 

2.3.3 Operational quantities for individual monitoring 

Individual monitoring is usually, performed with dosimeters worn on the body and the 

operational quantity defined for this application takes this situation into account. For 

individual monitoring the operational quantity is the personal dose equivalent, lip (d). 

The personal dose equivalent, Hp (d), is the dose equivalent in ICRU tissue at a depth d 

in a human body below the position where an individual dosimeter is worn. 

For penetrating radiation a depth t/=10mm is recommended. 

For low-penetrating radiation a depth oM).07mm is recommended. 

In special cases of monitoring the dose to the eye lens at adepth d= 3mm may be 

appropriate. 

The operational quantities for individual monitoring meet several criteria. They are 

equally defined for all types of radiation, additive with respect to various directions of 

radiation incidence, take into account the backscattering from the body and can be 

approximately measured with a dosimeter worn on the body. The new personal dose 

equivalent quantities, Hp (10) and Hp (0.07), are defined in the person, in the actually 

existing radiation field, and are measured directly on the person. 

Other requirements that the quantities should satisfy can, however, be fulfilled only 

with additional specifications. 

Obviously, the person influences the radiation field by scattering and attenuating the 

radiation. Since Hp (10) and Hp (0.07) are defined in the body of each person 

considered, their values vary from one person to another and also depend on the 

location on the body where the doseimeter is worn. In a non-isotropic radiation field the 

value of the personal dose equivalent, Hp (10), also depends on the orientation of the 

person in this field. 
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An operational quantity for individual monitoring should allow the effective dose to be 

assessed or should provide a conservative estimate under nearly all irradiation 

conditions. This obviously is not always possible. For example, if a dosimeter is worn at 

the front side of the body and the person is exposed from the back, this condition cannot 

be fulfilled because most of the radiation will already be absorbed within the body and 

not reach the front where the dosimeter is positioned. Even if the dosimeter correctly 

measures //p (10) in this case, this value is not a conservative estimate of the effective 

dose, E. It is, therefore, an additional requirement in individual dosimetry that the 

personal dosimeter must be worn at a position on the body which is representative of 

body exposure. For a dosimeter position in front of the trunk, however, the quantity Hp 

(10) mostly furnishes a conservative estimate of E even in cases of lateral or isotropic 

radiation incidence on the body. 

A further requirement for an operational quantity is that it allows dosimeters to be 

calibrated under reference conditions in terms of that quantity. The personal dose 

equivalent is defined in the individual human body and it is obvious that individual 

dosimeters cannot be calibrated in front of a real human body. For a calibration 

procedure, the human body must therefore be replaced by an appropriate phantom. 

Three standard phantoms have been defined by ISO for this purpose and the definition 

of/fp(10) and ffp(0,07) is extended to define positions and doses not only in the human 

body but also in three phantoms of ICRU tissue (see Fig. 2.2) — a slab phantom (30 

cm x 30 cm x 15 cm ), a wrist phantom (a cylinder of 73 mm in diameter and 300 mm 

in length) and a finger phantom (a cylinder of 19 mm in diameter and 300 mm in 

length). In reference radiation fields used for calibration, the values of the quantities in 

these phantoms are defined as the true values of the corresponding //p-quantities. 

Fig 2.2 ICRU tissue phantoms for the definition of the personal dose equivalent Hp (d) 

for calibration purposes. 
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Conversion coefficients 

For the calibration in terms of the operational quantities, conversion coefficients are 

necessary relating the basic physical quantities to the operational quantities. Based on 

the results of radiation transport codes and appropriate mathematical models both ICRU 

(10) and ICRP (11) recommends a set of conversion coefficients for photons, neutrons 

and electrons. These published values are, however, restricted to monoenergetic 

radiation fields. When fields with spectral distributions are used spectrum weighed 

conversion coefficients must be applied. 

According to the definition of the operational quantities the conversion coefficients for 

H*(10), H (10,Q) and H (0.07,Q) are derived from calculated dose distributions in 

the ICRU sphere. Since the personal dose equivalent is defined in the individual body of 

the person wearing the dosimeter, individual conversion coefficients would be required. 

Since this is not practical, conversion coefficients for Hp (10) and Hp (0.07) are 

calculated only for three standard phantoms representing typical wearing positions 

(trunk, wrist, ankle, finger) of commonly used dosimeter types. All these phantoms are 

composed of ICRU tissue with a density of 1 g.cm"3 and a mass composition of 76.2% 

oxygen, 11.1% carbon, 10.1%' hydrogen and 2.6% nitrogen. For the calibration of 

personal dosimeters similar shaped calibration phantoms are used; due to practical 

reasons the material of these phantoms is different, (see Table 3.1). 

Fig 2.3 shows the relationship between different radiation protection quantities. 

20 



Physical quantities 

Fluence, $ 

Kerma, K 

Absorbed dose, D 

• 

Calculated through Q-L relationship^and simple phantom 

( boll or slab) validated througnmeasurements and calculations 

To be compared 

Calculated through WR, WTand 

anthropomorphic phantom 

Operational quantities 

Ambient dose equivalent, H*(d) 

Directional dose equivalent, H*(d,.f2) 

Personal dose equivalent, H(d) 

through 

measurements and 

Calculations (with 

WR,WTand 

Related through calibration anthropomorphic 

* and calculation 
Instrument response 

phantom) 

Limited quantities 

Organ dose,DT 

Equivalent organ dose,HT 

Effective dose, E 

Fig. 2.3 shows the relationship between different radiation protection quantities. 
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Chapter Three: Calibration of Radiation Protection Instrument 

3.1 Introduction to electronic personal dosimeter 

An electronic personal dosimeter (EPD) is a 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 

• Poor resistantance to shocks 

Recently, electronic dosimeters (12) have improved their performance and have added 

new features. They have become smaller and lighter, produce dose and dose-rate alarm, 

offer a wide measurement range, perform automatic electronic checks, are better 

shielded from external electromagnetic fields and have specific software for automatic 

dose-record management. The use of electronic personal dosimeters has reduced 

workers' dose in most industries and improved their safety, thus they are considered 

important tools for ALARA practices. 

The benefits of the new electronic personal dosimeters (EPD) have brought about 

general concern about the possibility of using them for legal dosimetry as substitutes of 

, passive dosimeters, currently in use. 

3.2 Calibration principles 

Calibration can be defined as a set of operations performed under specified conditions to 

establish the relationship between values indicated by a measuring instrument or system 

and the corresponding known true values of a quantity to be measured. In the field of 

radiation protection, the measuring instruments are usually area survey meters or personal 

dose and dose rate meters. 

The calibration of personal dosimeters or area survey meters used for radiation protection 

purposes is mostly a three step process. First, the value of a physical quantity such as air 

kerma or particle fluence for which primary standards usually exist, is determined by a 

reference instrument at a reference point in the radiation field used for calibration. 

Second, the value of the appropriate radiation protection quantity is determined by 

application of a conversion coefficient relating the physical quantity to the radiation 

22 



protection quantity. Conversion coefficients used to determine operational quantities for 

neutrons and photons were evaluated by international committees and finally accepted for 

general use by international agreements. Third, the device being calibrated is placed at 

this reference point to determine the response of the instrument to the radiation protection 

quantity, e. g. the personal, ambient or directional dose equivalent. 

The calibration methods described in this part closely follow the recommendations of the 

International Organization for Standardization (ISO) dealing with reference radiations 

[13, 14, 15, 16, 17]. These methods are applicable only to the determination of dose 

equivalents from external radiation sources. 

3.3 Physical quantities 

The radiation types used for the calibration of dosimeters are mainly photons, neutrons 

and beta particles. It would in principle be desirable to perform the calibrations for all 

radiation types in exactly the same way using the same equipment. The physical nature 

of the different types of radiation dictates, however, that calibrations for each of these 

types are performed differently using different instrumentation and techniques. 

The primary physical quantity used to specify a photon radiation field is exposure or air 

kerma, and the primary standard instruments used for its measurement are air-filled 

ionization chambers. For photon energies up to about 150 keV, mostly a free-air 

chamber is used as a standard instrument to measure air kerma. For higher photon 

energies, air-equivalent walled cavity chambers are generally employed. Properties of 

radiation fields used for the calibration of photon dosimeters are described in ISO 4037-

1 [13]. 

Calibrations of dosimeters and survey instruments for the measurement of beta radiation 

are performed using standard reference beta sources as specified in ISO standard 6980-1 

[14]. 

Determination of the conventional true value of the absorbed dose, and hence the 

directional dose equivalent, is achieved with a thin-window extrapolation ionisation 

chamber. 

The primary quantity measured for neutrons is fluence. In monoenergetic neutron fields 

the fluence is measured either directly by a reference instrument (e. g. proton recoil 

telescope, proportional counter or Long Counter) or by applying the associated particle 

method. As regards radioactive neutron sources, the neutron fluence is determined from 
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the source emission rate which is usually determined from comparative activation 

measurements performed by a national standards laboratory. The emission rate is then 

used to compute the neutron fluence or fluence rate. In addition, the neutron energy 

spectrum must be known. With the known spectral fluence mean conversion 

coefficients can be calculated and applied to determine the neutron dose equivalent [15]. 

3,4 Calibration procedures 

3.4.1 General procedures applicable to all calibrations 

All radiation qualities should be chosen in accordance with the relevant ISO standards 

4037-1, 6980 and 8529-1 [13-15], and produced by the methods described in these 

standards. It is generally useful to select an appropriate radiation quality taking into 

account the specified energy range and range of dose equivalent or dose equivalent rate 

of the device to be calibrated. In addition, it is necessary to take account of 

contaminating radiation in the calibration field such as scattered radiation or photons in 

a neutron field. 

The three aforementioned ISO standards are at present extended to also include methods 

for the implementation of the new operational quantities. This is done by the 

development of six additional standards in ISO 4037, 6980 and 8529 referred to as Part 

2 and Part 3 [13-15]. 

3.4.2 Procedures for reference calibrations 

The procedures in each of the following sections apply to calibrations using photon, 

beta or neutron reference radiation. In many cases, each type of calibration follows 

basic principles, but if specific requirements are to be met, these will be stated. 

Photons 

For photon radiation, it is expected that the reference calibration laboratory will have a 

constant potential x-ray generator at its disposal which is appropriate to produce various 

filtered x-ray beams and if possible also fluorescence x-ray spectra. The characteristics 

of the x-ray machine such as tube voltage, tube current as well as the stability of these 

parameters must be known. The inherent filtration of the x-ray tube must be determined. 

The materials used for the construction of the filter sets and fluorescence radiators must 

also be well-known in terms of composition, thickness and uniformity. ISO Standard 

4037-1 [13] gives specifications for these items. 

24 



The verification of the quality of the filtered x-ray beams should at least include the 

determination of the half-value layer and the homogeneity coefficient. At energies 

below 50 keV care must be taken because of the strong energy dependence of 

conversion coefficients for H*(10) and Hp (10). Mean conversion coefficients for x-ray 

spectra below about 30 keV as given in ISO Standard 4037-1 may not be appropriate if 

the photon spectrum differs from that assumed in the standard. It is recommended at 

these energies either to measure the energy spectrum or to determine Hp (10) directly 

using an Hp (lO)-reference instrument. Also, an evaluation should be performed to 

determine the degree of scattered radiation present. 

Since the output of an x-ray machine may be subject to variations as a function of time, 

it is necessary to control this output. This can be achieved either by measurement with 

the reference chamber before and after the calibration measurement or by monitoring 

using a thin-window transmission-type ionisation chamber. The filtered x-ray beam is 

normally allowed to pass through the transmission monitor before reaching the device 

being calibrated. 

Photon reference radiations can also be produced by various radionuclide sources. ISO 

4037-1 recommends the use of Am-241, Cs-137 and Co-60, with energies of about 59, 5 

keV, 662 keV and 1252 keV (mean of 1173 keV and 1332 keV), respectively. 

Recommendations for collimation and physical characterisation of these photon sources 

are similar to those given for x-ray beams. Continuous monitoring of the intensity of 

such sources is usually not necessary. 

The primary quantity that must be determined for the calibration of photon-measuring 

devices is the air kerma. The air-kerma or air-kerma rate at the point of test normally is 

determined using an air-equivalent walled ionisation chamber calibrated by a national 

primary standards laboratory (or which is traceable to such a chamber). The chamber is 

positioned with the centre of its collecting volume at the point of test, without a phantom 

in place. The charge collected by the chamber is measured with an electrometer, and 

corrections are applied to account for the effects of air temperature, air pressure, ionic 

recombination and other influence parameters. 

Finally, an air-kerma-to-dose equivalent conversion coefficient appropriate for the 

radiation must be applied to specify the conventional true value of the operational 

quantity used for calibration. Values for these coefficients are given in ISO 4037 Part III 

[13]. 
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3.4.3 Procedures for the calibration of personal dosimeters 

While the calibration of survey meters is generally carried out free in air, the calibration 

of personal dosimeters should be performed with the dosimeters mounted on an 

appropriate phantom. Three phantoms have been defined by ISO for calibrations, 

corresponding to the positions on which personal dosimeters are worn (on the body, on 

the arm or on a finger). Their shapes are the same as those of the ICRU-tissue phantoms 

used for the calculation of the conversion coefficients .Table (3.1) represents the 

properties of recommended calibration phantoms. 

Table 3.1 Properties of recommended calibration phantoms 

Name Shape and dimensions Material Calibration Wearing position 
quantity of dosemeter 

Water slab phantom Slab, PMMA wails (100 mm. on Hp(f.O); Trunk 
30 cm X 30 cm X 15 cm front side 2.5 mm thick) filled Hp(0.07) 

with water 

Pillar phantom Cylinder, PMMA walls (2.5 mm on cir- Hp(0.07) Wrist, ankle 
diameter 7.3 cm, anrtference> 10 mm on faces 
length 30 cm sides thick) filled with water 

Rod phantom Cylinder, PMMA Hp(0.07) Finger 
diameter 1.9 cm, 
length 30 cm 

The quantity to be measured for individual monitoring is the personal dose equivalent, 

Hp (10) or Hp (0.07), respectively, in the body of the person wearing the dosimeter. For 

the calibration of personal dosimeters worn on the body, the true value of the quantity is 

given by the dose equivalent in an ICRU-tissue slab phantom at the depth specified by 

the quantity. In order to determine the value of Hp (d) at the point of test, it is necessary 

to use first the reference calibration techniques briefly described in the preceding 

section for the type of radiation under consideration. When the physical quantity of 

interest has been determined, the appropriate conversion coefficient is used to calculate 

the value of the operational quantity. Ideally, personal dosimeters (if fixed on the 

appropriate phantom) should have a dose equivalent response with an energy and angular 

dependence similar to those of the air kerma- or fluence-to-personal dose equivalent 

conversion coefficient. It is then assumed that the device measures personal dose 

equivalent correctly when it is fixed to the body. 

Personal dosimeters are very often integrating devices measuring the accumulated dose 

equivalent. In calibrations the dose rate and the irradiation time must, therefore, be 

controlled to obtain the dose equivalent value of interest. 
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Calibrations of personal dosimeters as well as measurements of their response as a 

jnction of energy and direction of radiation incidence, should be carried out on the ISO 

/ater slab phantom [13], a water-filled slab (30 cm x 30 cm x 15 cm) and walls made of 

'MMA (see Fig. 3.1). 

Fig 3.1 ISO water slab phantom, ISO water pillar phantom, ISO PMMA rod 

phantom. 

The front wall should be 2, 5 mm thick and the other walls 10 mm thick. When this 

phantom is used, no corrections are applied for possible differences in backscatter 

between this phantom and the ICRU tissue slab phantom used to define the true value of 

the quantity. 

The personal dosimeter is fixed to the front face of the phantom so that the reference 

direction of the dosimeter coincides with the normal to the front face of the phantom. 

The reference point of the dosimeter is placed at the point of test. When angular studies 

are performed, the dosimeter, together with the phantom, are rotated about an axis 

through the reference point. 

If several dosimeters are irradiated simultaneously, they should be fixed to the front face 

of the phantom in a circular pattern around the centre of the front face so that no sensitive 

element of a dosimeter is positioned outside a circle 15 cm in diameter. 

For dosimeters worn on the fingers, the ISO rod phantom should be used. This phantom 

is a PMMA cylinder of 19 mm in diameter and 300 mm in length. For dosimeters worn 

on the wrist or ankle, the ISO pillar phantom should be used. It is a water-filled hollow 
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water-filled hollow cylinder with PMMA walls, an outer diameter of 73 mm and a 

length of 300 mm. The cylinder walls are 2,5 mm thick and the end faces 10 mm thick 

[13, 14, 17]. If several dosimeters are irradiated simultaneously, they should be fixed to 

these phantoms so that they remain within a band 15 cm in length, centred on the long 

axis of the phantoms. At present, extremity dosimeters are used only to measure low 

penetrating radiation (skin dose) and therefore they were calibrated on these phantoms 

in terms of Hp(0,07) only. Conversion coefficients for Hp (10) are not available for the 

extremity phantoms. 

3.4.4 Properties of personal monitors 

3.4.4.1 Sensitivity 

Film and thermo luminescence dosimetry badges can measure equivalent doses as low 

as 0.1 mSv and up to 10 Sv; optically stimulated luminescent and radio-photo 

luminescent dosimeters are more sensitive, with a lower detection limit of 10-30 mSv. 

Personal dosimeters are generally linear in the dose range of interest in radiation 

protection (6) 

3.4.4.2 Energy dependence 

For EPDs containing energy compensated detectors the energy dependence is within 

±20% over the energy range from 30 keV to 1.3 MeV (6). 

The energy response values quoted above can vary in energy range and in the degree of 

flatness, depending on the individual monitor material and construction details. 
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Chapter Four: Materials and Methods 

4.1 Materials 

Ten electronic personal dosimeters from three different manufacturers were calibrated 

in the Secondary Standard Dosimetry Laboratory (SSDL) in Sudan. Measurements were 

performed to determine their calibration coefficients, energy response and linearity of 

the dosimeters. EPDs are distributed among three manufacturers as follows: 4 from 

RADOS, 4 from FJ 2000 and 2 from MYDOSmini. EPDs information and 

specifications are shown in Table 4.1 

EPDs were calibrated in this study in three different x-ray qualities described by ISO 

4037(13) namely 60, 100 and 150 kV in addition to Cs-137 gamma ray quality. In 

addition to calibration coefficients, dosimeter response and linearity were also 

determined. 

EPDs similar as TLD should be calibrated by using ICRU 60(4) slab phantom with 

dimension 30*30*15 cm . Since there is no such phantom available in the country, the 

available PMMA phantom with dimension 20*20*15 cm3 isused. In view of the 

differences in the scattered and backscattered radiation between the two phantoms, 

applications of conversion coefficients recommended by ISO were not appropriated. 

Instead conversion coefficients Hp (10)/Kair for energies of interest for the PMMA 

slab phantom 20*20*15 cm were experimentally determined. 

Conversion coefficient =dosimeter reading (p. Sv)/ion chamber reading (p.Gy) 

= Hp(10)/Kair 

Initially, air kerma, Kair in air was measured at 2 m from the source without the 

phantom in the indicated energies. Next measurement of air kerma free in air was 

measured at the same point (2 m) from the source with phantom placed behind the ion 

chamber close to the chamber to simulate scatter condition of the human. Conversion 

coefficients, Hp (10)/Kair were calculated as the ratios of Kair measured with phantom 

to that measured without phantom. 
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Table 4.1 EPD data and specification 

Specification RADOS 60 FJ 2000 Aloka MyDOSmin 

PDM-112 

Detector 

Measurement 

range 

Energy range 

Dose rate 

Dose 

linearity 

Calibration 

Temperature 

range 

Weight 

Size 

si-diode 

Dose:l(a,sv -9.99 sv 

Or 0.1 mrem -999rem 

semiconductor Silicon semiconductor 

NA 

Hp (10) , 60 Kev -3 Mev , NA 

better than +or - 25% , up to 

6 MeV ,better than + or _35% 

5sv /h -3sv/h or 0.5 mrem /h - NA 

300 rem/h 

rate Better than ±or - 15% up to NA 

Sv/h (300 rem/h) 

Better than ± 5% (Cs -137 NA 

,662Kevat2msv/h),hp
(10) 

-20-+50 c operational NA 

,humidity up to 90 %RH, non 

-condensed -20-+70c storing 

80 g(including battery ) NA 

78 *67*22 mm NA 

l-9.999usv 

0.01 to 99.99 msv 

40 Kev or higher 

With in ±10% up to 0.1 

Sv/h With in ±20% 

from 0.1 to 0.3 sv/h 

0-45 °c 

Country of origin Finland China 

50 g 

30*145*12 mm 

U.K. 
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4.2 Dosimetry system 

Dosimetry system consists of a therapy level ionisation chamber PTW type 30001, SN 

1516 and electrometer type UNDOS (PTW, Freigbury Germany). Electrometers with 

their ionisation chambers are normally used, left 15 minutes in the measurements room 

to equilibrate with room temperature. This ionization chamber was used for dose 

measurement. Ionization chamber was used as a detector to detect the type of radiation 

and convert it to electric charge. Electrometer was used as display unit and it can allow 

correcting the reading by entering condition on the field where the calibration is done. 

The electrometer is turned on to 15 min. This test is called warm up test (to heat the 

electrometer). After that zero adjustment is done. Radioactive check source is used to 

test the stability of chamber. The ionization chamber is fixed at distance equal 2 m from 

the radiation source free in air to read the air kerma. 

4.3 Calibration method 

The EPDs (RADOS, FJ 2000, and MYDOSmini) were calibrated in terms of personal 

dose equivalent, Hp (d). The calibration method and the application of conversion factor 

are carried out as follows: 

• Selection of the dosimeter to be calibrated and the calibration conditions 

(e.g. calibration quantity, radiation quantity, direction of incidence) 

• Selection of a suitable reference radiation field and a point of test. 

• Determination (measurement) of the value of the appropriate basic physical 

quantity in the point of test. 

• Calculation of the value of the required operational quantity by application 

(multiplication) of the corresponding conversion factor. The result is 

considered to be the conventional true value. 

• Position of the dosimeter and a phantom with its reference point at the point 

of test, irradiating the'dosimeter and reading the indicated value. 

• Calculation of the calibration factor of the dosimeter defined as the ratio of 

the conventional true value to the indicated value. 

The calibration factor, N is calculated using the following relation: 

M 
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where, H is the dose equivalent quantity (the quantity where the dosimeter is 

intended to be measured). Mis the dosimeter reading. 

The response, R, of dosimeter is determined as the quotient of its reading M and the 

conventionally true value of the operational quantity the dosimeter is intended to 

measure, H: 

H (4.2) 

*=± 
N 

4.4 Linearity test 

To perform the linearity of dosimeter test, each dosimeter is irradiated at the same dose 

rates for different durations (1, 2, 4, 6 and 8 minutes). Deviation was calculated from 

the standard reading (reading of jonisation chamber in air) as follows: 

^ . (Calculated Dose — Measured Dose) , „„„, , . „N 

Deviation\ = - -xl00% (4-3) 
Calculated Dose 

It is recommended that dose rate linearity should be better than ±15%. (18) 

4.5 Experimental set up 

Measurement of radiation output is made by using ionisation chamber placed at 2 m 

from the focus. Ionization chamber was replaced by electronic personal dosimeter 

fixed on appropriate phantom at 2m from the source of radiation output. The EPD 

was put at the centre of the phantom and laser beam is used to adjust the centre. 

Schematic set up for the experiment for performing the EPDs calibrations is shown 

in Fig 4.1. 
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Fig. 4.1 Experimental setup of calibration measurement 
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Chapter Five: Results and Discussion 

5.1 Calculation of Hp (10)/Kajr conversion coefficient for PMMA phantom 
20*20*15 cm3 

Hp (10)/Kajr conversion coefficient for PMMA phantom 20*20*15 cm was determined 

in this study for the energies of interest. The results are presented in Table 5.1. PMMA 

phantom used in this study produces Hp (10)/Kajr conversion coefficient smaller than 

those recommended in the literature for the standard ISO slab phantom due to the 

differences of backscattered radiation from the two phantoms. The differences in 

backscattered radiation are due to the fact that the phantom in this case is much smaller 

than the ICRU sphere recommended for this type of calculations. 

Table 5.1 The results H (.10) /Ka;r conversion coefficient for PMMA phantom 

20*20*15 cm3 

Radiation 

quality 

kV/mAs 

60/6 

100/22 

150/3 

Cs-137 

Kair without 

backscatter 

|j.Gy min"1 

250.5 

151.6 

177.8 

146.7 

Kair with 

backscatter 

uGy min"1 

334.5 

185.0 

201.0 

162.7 

Hp(10)/Kair 

measured 

(iSv/(j.Gy 

1.34 

1.22 

1.13 

1.11 

H*(10)/Kair 

ISO 

I^Sv/jiGy 

1.65 

1.88 

1.73 

1.20 
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5.2 The result of calibrations and response determination 

Three electronic personal dosimeters (EPDs) manufactured by: Rados -model RADOS 

60 , MYDose mini Tmmodel PDM-112 and FJ2000 personal dosimeter ( S.N : 61081 

,61082 , 61093 , 61101 , 210001 , 210003 , 210008 , 210009 , 51283 , 51289 ) were 

tested at the ionising radiation calibration laboratory in Soba to evaluate their response 

to gamma and x-ray radiation . These types of detectors are capable of estimating and 

displaying gamma dose components separately for a wide range of energies. 

The response of the dosimeter is defined as the ratio between the personal dose 

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

delivered (Hp (10) d). 

All tests were conducted with the units mounted on 20*20*15 cm3 solid PMMA 

phantom to simulate actual application conditions of dosimeters. 

For all dosimeters, calibration was performed and response was determined using Cs-

137 and three different energies of x-rays ( 48 , 83 , 118 keV ) for quality 60 ,100 

and 150 kV, respectively ) . 

The results for FJ 2000 (S/N 61082, 61093, 61101 0 and S/N 61081) are presented in 

Table 5.2. Dosimeter S/N 61081 represents higher response in quality 100 kV. 

Response ranged from 0.81-1.92. Figure 5-1 shows the FJ 2000 response curve. 

The calibration results for RADOS 60 (S/N 210001, 210008, 210009 and210003) are 

presented in Table 5.3. In quality 60 kV, the dosimeters give the same response which 

ranged from 0.8-1.7. Dosimeter S/N 210003 gave the highest response at quality 100 

kV, the other dosimeters (S/N 210001, 210008, 210009) gave similar response, with 

lowest response given by S/N 210008 at quality 60 kV. Figure 5-2 shows the RADOS60 

response curve. 

The calibration results for MYDOSmini type PDM112 dosimeters (SN 51289 and 

51283) are presented in table 5.4. Similar response was demonstrated by the two 

dosimeters, which ranged from 0.8 - 1.6. Dosimeter SN 51289 gave the highest 

response at quality 100 kV. Figure 5-3 shows the MYDOSmini response curve. 

The response of dosimeters from different manufacturers is compared. FJ 2000 S/N 

61081 gives the highest response in comparison with other manufacturers at 100 kV 

qualities. 
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Table 5-2 The calibration of FJ 2000 dosimeter results. 

Dosimeter Quality 

ID (kV) 

Mean 

energy 

(keV) 

Air 

kerma 

rate 

uGy/min 

Dose conversion Delivered Measured Calibration factor Response 

coefficient Hp(10,0)uSv Hp,;(10,0) uSv Hp(10,0)/HPjl(10,0) 

Hpk(10,0)mSv/uGy 

61081 

61082 

61093 

61101 

60 

100 

150 

Cs-137 

60 

100 

150 

Cs-137 

60 

100 

150 

Cs-137 

60 

100 

150 

Cs-137 

48 

83 

118 

662 

48 

83 

118 

662 

48 

83 

118 

662 

48 

83 

118 

662 

250.5 

151.6 

177.8 

208.1 

250.5 

151.6 

177.8 

208.1 

250.5 

151.6 

177.8 

208.1 

250.5 

151.6 

177.8 

208.1 

1.34 

1.22 

1.13 

1.11 

1.34 

1.22 

1.13 

1.11 

1.34 

1.22 

1.13 

1.11 

1.34 

1.22 

1.13 

1.11 

335.7 

185.0 

200.9 

230.9 

335.7 

185.0 

200.9 

230.9 

335.7 

185.0 

200.9 

230.9 

335.7 

185.0 

200.9 

230.9 

403.3 

356.7 

273.3 

148.0 

313.3 

303.3 

238.3 

177.4 

314 

320 

245 

176 

306.7 

313.3 

243.3 

167.8 

0.83 

0.52 

0.74 

1.56 

1.07 

0.61 

0.84 

1.3 

1.07 

0.58 

0.82 

1.31 

1.09 

0.59 

0.83 

1.38 

1.20 

1.92 

1.36 

0.64 

0.93 

1.64 

1.19 

0.77 

0.93 

1.73 

1.22 

0.76 

0.92 

1.69 

1.21 

0.72 
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Table 5-3 The calibration of RAD 60 dosimeter results 

Dosimeter Quality Mean Air kerma Dose conversion Delivered Measured Calibration factor Response 

ID (kV) energy rate coefficient Hp(10,0)uSv HPJ1(10,0) uSv Hp(10,0)/Hw(10,0) 

(keV) uGy/min Hpk(10,0)mSv/uGy 

210001 

210003 

210008 

210009 

60 

100 

150 

Cs-137 

60 

100 

150 

Cs-137 

60 

100 

150 

Cs-137 

60 

100 

150 

Cs-137 

48 

83 

118 

662 

48 

83 

118 

662 

48 

83 

118 

662 

48 

83 

118 

662 

250.5 

151.6 

177.8 

146.7 

250.5 

151.6 

177.8 

146.7 

250.5 

151.6 

177.8 

146.7 

250.5 

151.6 

177.8 

146.7 

1.34 

1.22 

1.13 

1.11 

1.34 

1.22 

1.13 

1.11 

1.34 

1.22 

1.13 

1.11 

1.34 

1.22 

1.13 

1.11 

335.7 

185.0 

200.9 

162.8 

335.7 

185.0 

200.9 

162.8 

335.7 

185.0 

200.9 

162.8 

335.7 

185.0 

200.9 

162.8 

260.3 

299.3 

243.7 

175.3 

270.3 

309.3 

237.3 

180 

256 

293 

236 

173 

270.3 

303.3 

237.3 

175.7 

1.29 

0.62 

0.82 

0.93 

1.24 

0.60 

0.85 

0.90 

1.31 

0.63 

0.85 

0.94 

1.24 

0.61 

0.85 

0.93 

0.78 

1.61 

1.21 

1.08 

0.81 

1.67 

1.18 

1.11 

0.76 

1.58 

1.17 

1.06 

0.81 

1.64 

1.18 

1.08 
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Table 5-4 The calibration of MYDOSmini results 

Dosimeter 

ID 

51283 

51289 

Quality 

(kV) 

60 

.100 

150 

Cs-137 

60 

100 

150 

Cs-137 

Mean 

energy 

(keV) 

48 

83 

118 

662 

48 

83 

118 

662 

Air 

kerma 

rate 

(iGy/min 

250.5 

151.6 

177.8 

208.1 

250.5 

151.6 

177.8 

208.1 

Dose conversion 

coefficient 

Hpk(10,0)mSv/uCy 

1.34 

1.22 

1.13 

1.11 

1.34 

1.22 

1.13 

1.11 

Delivered 

Hp(10,0)uSv 

335.7 

185.0 

200.9 

230.9 

335.7 

185.0 

200.9 

230.9 

Measured 

Hp>i(10,0)nSv 

313 

310 

241.7 

179.2 

270.3 

309.3 

237.3 

174.4 

Calibration 

HpClO.OyHfciO 

1.29 

0.62 

0.82 

1.29 

1.24 

0.60 

0.85 

1.32 

factor 

0,0) 

Response 

0.78 

1.61 

1.21 

0.78 

0.81 

1.67 

1.18 

0.76 



Fig 5.3 Measured response as a function of energy for MYDOS mini dosimeters 
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Ortega et al [19] studied nine EPDs in Spain to determine their photon energy response 

for energy range 20 keV <E<1.5 MeV. Four dosimeters had a response within (±30%) for 

Cs-137. They showed energy response in range 60 keV -3 MeV better than ±30%. All 

dosimeters gave a good response in qualities 60 -150 kV and Cs-137, but in quality 100 

kV the response value was out of range. 

However, it should be mentioned that only six of EPDs in Spain study were calibrated in 

units of personal dose equivalent, Hp (10), whereas the other three were calibrated in 

units of dose equivalent, H. Only two devices could also measure Hp (0.07). In our study 

all dosimeters provided a dose indication in unit of u.Sv and they were all calibrated in 

units of personal dose equivalent, Hp (10). 

5.3 Results of linearity test 

The results of the linearity test showed that almost all EPDs for RADOS manufacturer 

have linear response to x-ray photons with energies 48, 83 and 118 keV. The quality 100 

kV showed results that exceeded the recommended limit of ±15 for linearity. The results 

of linearity tests for four types of RADOS60, are presented in Tables 5.5, 5.6, 5.7and 5.8, 

respectively. 
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Table 5.5 RADOS 210001 linearity test 

Dosimeter 

ID 

210001 

Quality 

(kV) 

60 

100 

150 

Time 

(min) 

1 

2 

4 

6 

8 

1 

2 

4 

6 

8 

1 

2 

4 

6 

8 

Calculated 

dose(uSv) 

250.5 

501 

1002 

1500 

2004 

151.6 

303.2 

606.4 

909.6 

1212.8 

177.8 

355.6 

711.2 

1067 

1422 

Measured 

dose (uSv) 

260.3 

523.7 

1050 

1590 

2110 

185.6 

376.2 

756.4 

1140.8 

1525.2 

199.8 

407.3 

815.3 

1221.8 

1631.8 

Deviation 

-3.91 

-4.53 

-4.79 

-6 

-5.29 

-22.4 

-24.1 

-24.7 

-25.4 

-25.8 

-12.4 

-14.5 

-14.6 

-14.5 

-14.8 



Table 5.6 RADOS 210003 linearity test 

Dosimeter 

ID 

Quality 

(kV) 

Time 

(min) 

Calculated Measured Deviation 

dose ((iSv) dose (|J.Sv) 

210003 60 

100 

150 

1 

2 

4 

6 

8 

1 

2 

4 

6 

a' 
i 

2 

4 

6 

8 

250.5 

501 

1002 

1500 

2004 

151.6 

303.2 

606.4 

909.6 

1212.8 

177.8 

355.6 

711.2 

1067 

1422 

270.3 

540.0 

1080.0 

1630.0 

2160.0 

158.6 

377.6 

762.0 

1134.0 

1500.0 

201.7 

410.8 

828.2 

1241.0 

1657.5 

-7.9 

-7.8 

-7.2 

-8.7 

-7.8 

-22.4 

-24.5 

-24.6 

-24.7 

-24.7 

-13.4 

-15.5 

-16.4 

-16.3 

-16.6 



Table 5.7 RADOS 210008 linearity test 

Dosimeter Quality 

ID (kV) 

^10008 60 

100 

Time 

(min) 

1 

2 

4-

6 

8 

1 

2 

4 

6 

8 

1 

2 

4 

6.' 

8 

Calculated 

dose (u.Sv) 

250.5 

501 

1002 

1500 

2004 

151.6 

303.2 

606.4 

909.6 

1212.8 

177.8 

355.6 

711.2 

1067 

1422 

Measured 

dose (u,Sv) 

256.0 

519.0 

1040.0 

1490.0 

2080.0 

184.6 

381.3 

806.4 

1197.0 

1587.6 

200.6 

411.7 

822.5 

1232.5 

1598.0 

Devia 

-2.19 

-3.59 

-3.79 

0.67 

-3.79 

-22.4 

-25.8 

-33.0 

-32.0 

-31.0 

-12.8 

-15.8 

-15.6 

-15.5 

-12.4 



Table 5 .8 RADOS 210009 linearity test 

Dosimeter Quality Time Calculated Measured Deviation 

ID (kV) (min) dose (|iSv) dose (u.Sv) 

210009 60 

100 

1 

2 

4 

6 

8 

1 

2, 

4. 

6 

8 

1 

2 

4 

6 

8 

250.5 

501 

1002 

1500 

2004 

151.6 

303.2 

606.4 

909.6 

1212.8 

177.8 

355.6 

711.2 

1067 

1422 

270.3 

551.7 

1100.0 

1650.0 

2200.0 

185.0 

376.1 

762.5 

1146.8 

1537.2 

201.5 

408.9 

823.7 

1232.5 

1649.0 

-7.9 

-10.1 

-9.78 

-10 

-9.78 

-22.0 

-24.0 

-25.7 

-26.1 

-26.7 

-13.3 

-15.0 

-15.8 

-15.5 

-15.9 



Chapter Six: Conclusion 

Electronic personal dosimeters are important in radiation protection monitoring. The 

study confirmed the advantages of EPDs over conventional dosimetry (TLDs), mainly 

related to alarm feature, direct reading and optimization of practice. There is also a good 

agreement on calibration procedures and conversion coefficients calculation. 

Greater effort is also needed to gather and analyse the experience of different types of 

EPDs. Difficulty of tests performance leads to little knowledge about failures and work 

place performance of EPDs. This information can be of great importance for 

improvement in EPD design and use for the development of new standards. 

The study demonstrated the possibility of using nonstandard phantom for calibrating 

dosimeters used for individual monitoring. Conversion coefficients Hp (10)/Kair for 

PMMA with dimensions 20x20x15 cm3 were given. The dosimeters under study showed 

a good response in all energies except, the response at quality 100 kV which was rather 

high. The linearity of the dosimeters was within ±15 % .This is in exception to the 

quality 100 kV where this limit was exceeded. 
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