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ABSTRACT
This research work performed an intercomparison on some important performance
characteristics of optically stimulated luminescence (OSL) and thermoluminescence
(TL) dosimetry systems used by dosimetry services in Gabon and Ghana,
respectively. The study verified the status of the selected performance indicators and
propose ways to improve the performances of individual monitoring services of
Ghana and Gabon if found necessary. The performance indicators assessed included
the zero - dose, the minimum detectability and some important reader performance
characteristics. These tests were performed using statistical and experimental
methods. The overall uncertainty in measurement of the dosimetry systems of Ghana
and Gabon for Hp(10) was determined using the IEC technical report TR 62461, and
comparisons were carried out with IAEA 99, PTB 99, IEC 1066 and IEC1283 series
performance standards. The IEC 62387 standard was used to assess the linearity
dependence of the response and the coefficient of variation of the two dosimetry
systems. For the Harshaw TLD 6600 system of the dosimetry service of Ghana, the
Reference light QC test meets the requirement given in the user manual. For the OSL
system microStar of the dosimetry system of Gabon, the three QC tests, DRK count,
CAL count and LED count, meet the user manual requirements. However all these
tests failed the statistical test that is part of counting statistics. This led to the
conclusion that there may be some abnormalities in the counting system, and that the
statistical abnormalities suspected have apparently no impact on the results of the
reading. It was also concluded that since the DRK count and the CAL count failed the
Chi - squared test by very small margin , a Gaussian distribution could still be
considered as an approximation of the experimental data distributions of these two

QC measurements. The zero dose for the Harshaw 6600 and the microStar system



were found to be 0.026 mSv and 0.08 mSv respectively. The monthly lower limit of
detection for the TL and OSL systems were found to be 0.08 mSv and 0.05 mSy,
respectively. The quarterly recording levels that have been proposed from this work
are 0.25 mSy for the Harshaw 6600 system and 0.15 mSv for the microStar system. In
spite of some observed abnormal points, the linearity test obtained for the two
systems showed that they are globally in accordance with the performance standards
tested. The results for the coefficient of variation of the two systems do not meet the
IEC 62387 requirement. The results for uncertainty analysis were globally in

accordance with the requirements of all the performance standards tested.
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CHAPTER ONE

INTRODUCTION

This chapter introduces the background, the statement of the problem ,the objectives,

the relevance and justification and the scope and limitation, of the study .

1.1 BACKGROUND

Workers are occupationally exposed to radiation as a result of various human
activities. These include work associated with the different stages of the nuclear fuel
cycle, the use of radioactive sources and X ray machines in medicine, scientific
research, education, agriculture and industry, and occupations that involve the
handling of material containing enhanced concentration of naturally occurring
radionuclides. In order to control this exposure, it is necessary to assess the magnitude

of the doses involved [1,2,3].

According to the TAEA BSS [4], employers, including self-employed persons,
registrants and licensees shall be responsible for making arrangements for assessment
of the occupational exposure of workers, on the basis of individual monitoring where
appropriate, and shall ensure that arrangements are made with authorized or approved
dosimetry service providers that operate under a quality management system. One of
the means for fulfilling this regulatory requirement is to ensure that workers are
monitored by an individual dosimetry service, using passive dosimeters, such as
thermoluminescent dosimeters (TLDs) and optically stimulated luminescent

dosimeters (OSLDs), for external exposure.



1.2 STATEMENT OF THE PROBLEM

In the framework of the International Atomic Energy Agency (IAEA) Technical
Cooperation (TC) Regional Project RAF/9/043: Strengthening the transfer of
experience related to occupational radiation protection of nuclear industry and other
application involving ionizing radiation, an intercomparison on measurements of the
quantity personal dose equivalent Hp (10) in photon fields, in the African Region, was
organized by the Algerian Second Standard Dosimetry Laboratory (SSDL) in 2013
[5]. This exercise revealed that several laboratories operated out of the required
standards (Figure 1.1) and should take immediate steps to improve their internal
procedures to be in accordance with their national regulatory body and the
international basic safety standards. Furthermore, this exercise showed that the
national laboratories which participated in this event should perform regularly the
same type of exercise in order to maintain the reliability of their results. The present
work was to perform an intercomparison studies on the performance characteristics of
OSLDs and TLDs used for personal monitoring dosimetry services in  Gabon and

Ghana making use of the Secondary Standards Dosimetric Laboratory in Ghana.

1.3 OBJECTIVES

The main objective of the study was to verify and to improve the performances of
individual monitoring services of Ghana and Gabon using several international
performance standards taking into account the resources available in Ghana and
Gabon .

The specific objectives of the study were:



— to assess the capabilities of the dosimetry services of Ghana and Gabon
to estimate the personal dose equivalent Hp (10) in photon fields;

— to provide recommendations and guidelines for  addressing
deficiencies detected in order to upgrade the quality of the dosimetry

services in Ghana and Gabon.
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Figure 1.1: Linearity response test obtained by one laboratory which participated in
the 2013 African Region intercomparison. It is obvious that this laboratory needs to

improve its internal procedures.



1.4 RELEVANCE AND JUSTIFICATION

This work is in line with international requirements and expectation to engage in
national , regional and inter-regional intercomparisons as a peer review mechanism
for maintaining the credibility , reliability and accuracy of dosimetry services and

adoption of the best practices where necessary [ 1, 6].

1.5 SCOPE AND LIMITATION

The study used relevant International assessment protocols to intercompare the
performance of OSLDs and TLDs used for personal monitoring dosimetry services in
Gabon and Ghana making use of the Secondary Standards Dosimetric Laboratory in

Ghana.

The basic assessment parameters included the zero - dose, the minimum
detectability and some important instrumental (reader) performance tests. These tests
were performed using statistical and experimental methods. The overall uncertainty in
measurement of the dosimetry systems of Ghana and Gabon for Hp(10) was
determined using the International Electrotechnical Commission (IEC) technical
report TR 62461 [7]. A comparison with other standards, such as IAEA 99, PTB 99,
IEC 1066 and IEC1283 series [1, 8] was carried out. The IEC 62387 standard [9] was
used to assess the linearity dependence of the response and the coefficient of

variation of both dosimetry systems.

The study was limited to TLDs and OSLDs, and the quantity Hp (10) in photon (X

and gamma rays) fields.



CHAPTER TWO

LITERATURE REVIEW

The chapter reviews literature relevant to intercomparison for individual monitoring
of external exposure, highlighting the intercomparisons that have been performed in
different regions of the world with the support of IAEA, the infrastructure required for
intercomparisons, individual monitoring services and associated standard dosimetry

laboratories, and the methodology for intercomparison including counting statistics

2.1 Introduction

In the early 1980s, the International Atomic Energy Agency (IAEA) started the
organization of intercomparisons for different purposes in the occupational radiation
protection area. While the first intercomparison was aimed at overcoming the
technical difficulties associated with the introduction of the new set of operational
quantities introduced in the International Commission on Radiation Units and
Measurements (ICRU) Report 39 in 1985, later intercomparisons focussed on the

performance of personal dosimetry services, mainly for photon fields [10].

More generally, intercomparisons are part of the activities of the IAEA Occupational
Protection Programme, the objectives of which are to promote an internationally
harmonized approach for optimizing occupational radiation protection through [11]:
— the development of guidelines for restricting radiation exposures in the
workplace and for applying current occupational radiation protection
techniques;

— the promotion of the application of these guidelines.
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Several intercomparisons have been performed in different regions of the world with

the support of IAEA. The following is a brief overview of some of them.

2.1.1 International intercomparison (1988 - 1992)

This international intercomparison was conducted in two phases with a total
participation of twenty nine laboratories from twenty one Member States and three
international organisations [12]. The first phase of the intercomparison focussed on
the selection of a backscatter phantom for calibration, and identifying systematic
differences in the quality of dosimetry. Based on the results from the first phase, a
second phase was conducted addressing issues of phantom and angular dependence as
well as energy dependence. This intercomparison demonstrated that:
— a certain number of dosimetry systems were capable of measuring the new
ICRU quantities to an acceptable degree of accuracy;
— the performance of TLD systems was usually superior to film based systems;
and
— dosimeters with simple designs performed as well as the more sophisticated

ones.

2.1.2 IAEA / RCA Personal Dosimeter intercomparison (1990 - 1992)

The programme of the IAEA Regional Cooperative Agreement project (RCA) for
strengthening and harmonizing the radiation protection infrastructure in the Asian and
Pacific Region included a regional personal dosimetry intercomparison, which was
conducted over the period 1990 - 1992 [11]. Seventeen organizations from all the
fourteen Member States participated in this programme. During this period, very few

regional dosimetry services calibrated their dosimeters on backscatter phantoms, so



that the intercomparisons were mainly conducted with the traditional physical
quantity exposure, in units of Rontgen. It was concluded that this intercomparison
contributed significantly to technical improvement of personal dosimetry and

instrument calibration in the region of South East Asia.

2.1.3 IAEA |/ Eastern Europe intercomparison for individual monitoring of

external exposure from photon radiation (1997 - 1998)

In 1997 an intercomparison for individual monitoring of external exposure from
photon radiation was started [12]. This involved twenty three participating dosimetry
services from Eastern Europe and the countries of the former Soviet Union, and
focussed on personnel dosimetry services for nuclear power plants. This exercise was
conducted in two phases. The phase |, referred to as the " type-test " intercomparison,
provided the participants with data about the variation of energy and angular
dependence of the response of their dosimeters with respect to the operational
quantity personal dose equivalent. The phase I, referred to as the " simulated
workplace field " intercomparison, enabled the participants to judge the performance
of their dosimeters under realistic conditions arising in practice. It was concluded that
the participating dosimetry services demonstrated a satisfactory proficiency to assess,
in photon fields, the quantity personal dose equivalent Hp (10), the quantity

recommended by the IAEA to assess the occupational whole body exposure.

2.1.4 Intercomparison of measurements of personal dose equivalent Hp (10) in

photon fields in the West Asia Region (2004)

This regional intercomparison was conducted in two phases with a total participation

of twenty one laboratories from all the countries in West Asia Region [10]. In phase I,



namely the ™ performance testing " intercomparison, irradiation in selected
monoenergetic radiation fields was performed to investigate energy and angular
dependence and linearity. The phase Il, called the " mixed photon qualities "
intercomparison, was aimed at simulating real workplace conditions. This
intercomparison showed the necessity for a support to the personal dosimetry service
providers in the region. The participants emphasized the need for continuous locally
organized intercomparisons, which could lead to a self-supporting regional testing

arrangement with decreasing necessity of IAEA involvement.

2.1.5 Intercomparison on measurements of the personal dose equivalent Hp (10)

in photon fields in the African Region (2013)

This intercomparison exercise was jointly organized by IAEA and the Nuclear
Research Centre of Algiers (CRNA) through its Secondary Standard Dosimetry
Laboratory (SSDL) [5]. The intercomparison was aimed at verifying the performance
of the individual monitoring services of the participants in order to assess their
capabilities to measure the quantity Hp (10) in photon fields and help them to comply
with dose limitation requirements. Twenty four countries from the African Region
and three countries from outside this region participated in this intercomparison
exercise. The intercomparison was organized in two phases. The phase | was aimed at
testing the dosimetry systems through linearity verification, energy dependence and
angular dependence of their response. The phase Il was a blind test for the dosimetry
services, as the dosimeters were irradiated at doses known only by the SSDL. It was
concluded that the intercomparison exercise was satisfactory since 87.7 % of the

participants had their results within the acceptable limits.



Apart from the intercomparisons organized by IAEA addressed above, it is important
to stress that a study entitled [13] " A comparative study between the performance
characteristics of optically stimulated luminescent dosimeters and thermoluminescent
dosimeters " was undertaken by a previous SNAS student. The performance
parameters that were assessed for that study are globally different from the present
research work, and international performance standards were not used as in this

study.

2.2 Infrastructure for intercomparison for individual monitoring of external

exposure and dose assessment

2.2.1 Individual monitoring services

Usually, a personal dosimetry laboratory requires a full dosimetry system, which, in
general, consists of a reader, a personal computer, a software for dose assessment, a

dose report printer, dosimeters, and sometimes a dosimeter annealer (Figure 2.1)

Generally, dosimetry systems encountered in intercomparison exercises for individual
monitoring of external exposure are film, radiophotoluminescence (RPL),
thermoluminescence (TL), and optically stimulated luminescence (OSL) based
dosimetry systems. TL and OSL based dosimetry systems are the dosimetry systems
commonly used in the African Region. In general, thermoluminescence dosimeters
(TLDs) and optically stimulated luminescence dosimeters (OSLDs) are made of LiF :

Mg : Ti and Al,O3: C materials, respectively.
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Figure 2.1: An example of a full dosimetry system composed of a reader, a personal

computer, a dose report printer, and dosimeters (from Harshaw 6600 user manual [14]

and Harshaw 6600 specification sheet available on www.thermofisher.com).

2.2.2

Irradiation facilities

Generally, irradiation facilities required for intercomparison exercises are either

Secondary Standard Dosimetry Laboratories (SSDLs) or Primary Standard Dosimetry

Laboratories (PSDLs) (figure 2.2). The irradiation laboratory shall have the following

equipment:

an ionization chamber, traceable to an authorized standard laboratory;

an electrometer, traceable to an authorized standard laboratory;

irradiation sources;

phantoms (PMMA Slab phantom, ISO water slab phantom, ISO pillar

phantom, ISO rod phantom);
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— equipment for measurement of ambient temperature, pressure, and relative
humidity;
— lasers for the alignment of the dosimeters with the central beam axis of the

source, and for positioning the phantom at the right distance from the source.

Figure 2.2: An example of an irradiation facility. Irradiation of dosimeters in **'Cs (a),

X rays (b) and °°Co (c) qualities (from Arib et al. [5]).
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2.3 Methodology for intercomparison for individual monitoring of external

exposure and dose assessment

2.3.1 Dosimetric quantities and phantoms

The quantities in which the dose limits, given in the basic safety standards (BSS) [4],
are expressed are the effective dose E and the equivalent dose Hr in tissue or organ T
[3]. These quantities are called protection quantities. The quantity effective dose is
generally considered to be an adequate indicator of the health detriment from
radiation exposure at the levels experienced in normal operations. A limit on
equivalent dose is needed for skin and the lens of the eye in order to ensure the

avoidance of deterministic effects in these tissues.

The basic quantities for physical measurement of external radiation exposure include
kerma K and absorbed dose D, which are also formally defined in the BSS. These
quantities are called physical quantities and are used by national standards
laboratories. The need for readily measurable quantities that can be related to
effective dose and equivalent dose has led to the development of operational
quantities for assessment of external exposure. The operational quantities provide an
estimate of effective or equivalent dose that avoids underestimation and excessive
overestimation in most radiation fields encountered in practice. The operational
quantity for use in an individual monitoring is the personal dose equivalent H, (d) at
the specific depth d mm in soft tissue. By using the operational quantity H, (10), one
obtains an approximate value for the effective dose E. The operational quantity H,
(0.07), is used to obtain an approximate value for the equivalent dose to the skin.

Similarly, H, (3), may be used for an approximate assessment of the equivalent dose

12



to the lens of the eye. The present work only deals with the operational quantity

Hp (10).

Hp (10) is defined primarily for the human body, but the definition is extended to
calibration phantoms [15]. In this case, H, (10) is the dose equivalent at 10 mm depth
in a phantom used for calibration and composed of ICRU 4 - element tissue
equivalent material. It is assumed that a personal dosimeter whose the response
matches the energy and angle dependence of the response of H,, (10) in the calibration
phantom will determine adequately H, (10) in the human body when worn, and
provide an estimate of the effective dose of sufficient accuracy. A phantom is usually
required for the calibration of personal dosimeters in terms of H, (10) because the
radiation field at the wearing position of the dosimeter on the body comprises an
incident component and a backscattered component, whose characteristics depend on
the energy and angle of incident photons, and also on the body itself, and where on
the body the dosimeter is positioned. The response of a dosimeter will, in general,

depend on both incident and backscattered components of the radiation field.

A solid material having the composition of the ICRU 4 - element tissue equivalent
material has not yet been fabricated. Several tissue substitute materials are available
among which are polymethyl methacrylate (PMMA), water and various types of
specially fabricated plastics. The important property of tissue substitute materials is
their ability to replicate the backscatter from tissue. The backscatter field, its
magnitude and its energy and angle distribution, depend not only on the material but
also on the shape of the phantom. The International Organization for standardization
(1SO) and IAEA recommend the use of a calibration phantom which is a 30 cm x

30 cm X 15 cm slab made of thin PMMA walls (front wall 2.5 mm thick, other walls
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10 mm thick) and filled with water [16, 17]. For a radiation with a mean energy equal
to or above that of radionuclide **'Cs, 1SO recommends the use of a solid PMMA slab

of the same outer dimensions [16].

2.3.2 Requirements for personal dosimeters

The basic requirements for personal dosimeters are to provide a reliable measurement
of the appropriate quantities, that is H, (10) and H, (0.07), for almost all practical
situations, independent of the type, energy and incident angle of the radiation, and
with a prescribed overall accuracy [1,18]. Of particular importance to the
measurement of H, (10) and H, (0.07) is the dependence of the dosimeter response on

the energy and direction of the radiation.

2.3.3 Type testing of personal dosimeters

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 [1,18]. In
particular, the main sources of uncertainty should be quantified. This largely concerns
an investigation into the variation of dosimeter response with the energy and angle of
incidence of the radiation beam. However, it also includes other dosimetric
characteristics such as the linearity of the dosimeter response, the minimum and
maximum measurable doses, the zero - dose variations, fading, dose build up, self
irradiation, response to natural radiation, the ability of the system to perform
satisfactorily over a reasonable range of temperature and humidity conditions, and the
ability to respond properly in high dose rates and in pulsed radiation fields. Tests
should also be made for these latter dosimetric characteristics in addition to the test of

the dosimeter response to radiation energy an angle of incidence.
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2.3.4 Reader performance tests

In addition to the type testing of a personal dosimetry system, in which the whole
performance of the system is carefully analysed, it is necessary to demonstrate that
this standard of performance is maintained continuously. Certain reader performance
tests should be carried out regularly for this purpose. Among these, some will be
addressed in the present work. These are:
— (reader) calibration;
— reader background noise test (PMT noise or Dark current for Harshaw 6600,
and DRK count for microStar InLight);
— Photomultiplier tube consistency test (Reference light test for Harshaw 6600,
and CAL count test for microStar InLight);

— Beam intensity test (LED count for microStar InLight only).

Calibration is a means by which the sensitivity, precision and accuracy are verified for
a single radiation type and energy [1]. The purpose of calibration in individual
monitoring is to test the accuracy and precision of the dosimetry system for
measurement of doses at a single energy, usually that of the calibration source, e.g.
137Cs or ®°Co gammas for photon dosimeters. The precision and accuracy should be
tested at different dose levels. Calibration also serves to normalize the overall

sensitivity of the system.

Reader background noise test measures the inherent electronic noise generated by the
photomultiplier tube. This noise comes from light leaks (stimulation light leaks for
microStar InLight) and dark counts or current. for Harshaw 6600, when this reading is
taken, the gas is flowing but is not heated. For microStar InLight, the DRK count is

taken with the shutter closed and the LEDs off [14, 19].
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The photomultiplier tube consistency test measures the light output from - for
Harshaw 6600 - two CaF, scintillation crystals doped with **C or - for microStar
InLight - a small exempted *C radioactive source embedded in a plastic scintillator.
The absolute value of the Reference Light readings or CAL counts is not significant,

but consistency of the readings is important [14, 19].

The beam intensity test or LED count, for the system InLight microStar only,
measures counts from the PMT with the filter shutter open and the LEDs on to

indicate the beam intensity [19].

The four reader performance tests addressed above are part of the quality control
procedures that require to be performed at regular intervals. Apart from the calibration
of the reader, the other three performance tests require to be performed with no

dosimeter under the PMT.
2.3.5 Intercomparison procedures

The practical aspect of intercomparison starts with the phase of preparation of
dosimeters by the participating individual monitoring services. In this phase, the same
dosimeters used to monitor occupationally exposed workers, commonly called field
dosimeters, are annealed. More often, since the SSDL is not always in the same
country than the participating dosimetry laboratories, additional dosimeters, usually
called control dosimeters, which are used for transport and natural background
radiation measurement, are prepared the same way than the field dosimeters. Then
after the dosimeters are sent to the irradiation facility where they are irradiated.

The first step in irradiation of dosimeters is the determination, with the reference
instrument (ionization chamber + electrometer), and at the appropriate distance from

the radiation source, of free - in - air air kerma Ka. The radiation qualities commonly
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used for irradiation are ISO N, W or S series [20]. The personal dose equivalent
Hp (10) is then derived using appropriate conversion coefficients that can be taken
from 1SO 4037 - 3 [16]. Then, the reference instrument is removed and replaced, at
the same position, by the dosimeters fixed on the surface of an appropriate phantom

for irradiation.

Generally, a linearity verification together with an energy and angular dependence test
are performed. The first consists of irradiating the dosimeters with a *¥" Cs or ®° Co
radiation source at various doses. The second consists of irradiating dosimeters with

various radiations qualities at various incident angles, but at the same radiation dose.

After irradiation, the dosimeters are sent back to the dosimetry laboratories for
evaluation. Generally, net doses are assessed by subtracting the mean dose measured

with control dosimeters from the raw doses measured with field dosimeters.
2.3.6 Performance requirement for accuracy

The International Commission on Radiological Protection (ICRP) recommendations
[6] indicate acceptable levels of uncertainty at two dose levels:
— in the region near the relevant dose limit, a factor of 1.5 in either direction is
considered acceptable;
— In the region of the recording level, an acceptable uncertainty of £ 100 % is

implied.

This formulation of acceptable uncertainty leads to the allowable accuracy interval,

commonly known as the trumpet curve (Figure 2.3), given by equations [1]:

17



H H,
|(RUpper = (Hm)Upper =15 (1 + )
t

2H, + H,
0 for H < H, (2.1)
Lower — Lower — ) _— 1— ) H.>H
\ He 1,5( Ho+ ;) o He = Ho

where the ratio Hy, / Hy, the response of the dosimeter, is the quantity that should fall

within the limits Ry, per = (Z—m),,pper and Ryower = (};—m)wwer which are the upper
t t

and the lower limits of the allowable accuracy interval, respectively. H; is the
conventional true value and Hg is the lowest dose that needs to be measured (i.e. the

recording level).

A value for the recording level has been prescribed by the ICRP , that is the dose
above which recording of the doses should be required. For individual monitoring,
this recording level should be derived from the duration of the monitoring period and
an annual effective dose no lower than 1 mSv or an annual equivalent dose of about
10% of the relevant dose limit. Doses just below this recording level will not be

included in assessment of a worker's dose. The recording level, H,, is then given by:

Monitoring period in months
Hy =1L 12 (2.2)

where L = 1 mSv or L = 10% of the relevant annual equivalent dose limit. Applying
Eqg. 2.2 for monthly and quarterly monitoring periods and for the quantity individual
dose equivalent Hp (10) we find Hy=0.083 mSv and H, = 0.25 mSv

respectively.
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Figure 2.3:  Acceptable wupper and lower Ilimits for the ratio
measured dose / conventional true dose as a function of dose, and for a monthly
recording level Hp = 0.08 mSv. 95 % of all measurements must fall within the limits.
The graph has been obtained using Eq. 2.1 and the software Microsoft Office Excel

2007.

2.4 Counting Statistics

2.4.1 Characterization of data

A collection of N independent measurements of the same physical quantity is
considered:

X1, X2, X3, ceey Xjy ey Xy

The experimental mean, X, is an elementary property of this data set:
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N
_ 1
X_Nin (2.3)

The data set can be represented by a corresponding frequency distribution function
F(x), whose value is the relative frequency with which the number appears in the

collection of data. By definition

number of occurences of the value x
F(x) = (2.4)
number of measurements

The distribution is automatically normalized:

Z Flx) =1 (2.5)
x=0

The experimental mean can also be calculated by using the data distribution function:

¥ = Z XF (x) (2.6)

x=0

Another important property, dependent on the statistical model mean g, is the sample
standard deviation which serves to quantify the amount of internal fluctuation in the

data:

N
1
s = m;m — )2 @2.7)

The sample standard deviation can also be calculated directly from the data

distribution function F(x):

s= ) G- W) (2.8)
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2.4.2 Statistical models

The distribution function, as defined by Eq. 2.4, and that will describe the results of
many repetitions of a given measurement can be predicted. A measurement can be
defined as counting the number of successes resulting from a given number of trials.
Each trial is assumed to be a binary process in that only two results are possible.
Either the trial is a success or it is a failure. The probability of success of one trial is
identified as p. Three specific statistical models are generally addressed: The binomial

distribution, the Poisson distribution and the Gaussian or normal distribution.

The binomial distribution is the most general model and widely applicable to all the
processes in which the probability of success p is constant. Unfortunately, this
statistical model is computationally cumbersome in nuclear counting applications

where the number of trials is very large.

The Poisson distribution model is a direct mathematical simplification of the binomial
distribution under conditions that the success probability p is small and constant for

each individual trial. The Poisson probability density is given by

P(x) =

- (2.9)

where X is the number of successes. One of the important properties of the Poisson

distribution is the fact that the standard deviation ¢ is the square root of the mean:

o=.u (2.10)

The Poisson distribution is a mathematical simplification to the binomial distribution

in the limit p « 1. If, in addition, the mean value of the distribution is large (greater
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than 20 or 30), additional simplifications can generally be carried out which lead to

the Gaussian distribution

P(x) = e~ (x-w?*/20° (2.11)

2o

Now X is a continuous random variable with mean value y, and Eq. 2.10 is still valid.

The probability that the value of x lies between x and x + dx is [21]
P(x)dx (2.12)

The probability that x has a value between x; and x, is equal to the area under the

curve P(x) between these values:

1 *2
Pr(x; <x<xp) = \/ﬁaf e=(r—1)%/20% gy (2.13)
X1

For computational purposes, it is convenient to transform the normal distribution
(given by Eg. 2.11), which depends on the two parameters y and o, into a simple,
universal form. The standard normal distribution, having zero mean and unit standard

deviation, is obtained by making the substitution

s = (2.14)

EQ. 2.13 becomes

( ) 1 (= 2/2

Pr(z; <z<2z)=—| e ?/4dz (2.15)
V2mJg,

Tables in the literature list values of integral

Pr(z < z,) ! sz ~z%/24 (2.16)

r(z<zy) =— e Z .
V2 J_ow
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giving the probability that the normal random variable z has a value less or equal to zo.

In the counting statistics approach followed here, a set of measurements is recorded
under conditions in which all aspects of the experiment are held as constant as
possible [22]. Because of the influence of statistical fluctuations, these measurements
will not all be the same but will show some degree of internal variation. The extent of
this fluctuation can be quantified and compared with predictions of statistical models.
If the observed fluctuation is not consistent with predictions, one can conclude that

some abnormality exists in the counting system. The Chi-square defined as

N
=2 D B (217)
=

where the summation is taken over each individual data point x;, is another property of
the experimental data distribution which measures the significance of the difference
between an observed distribution and an expected distribution. The Chi-square can

also be written as a function of the sample variance:

2

_ (N -1)s?

= (2.18)

The numerical value of chi-square depends on the number N of measurements that are
made. In statistical language, it is said that the value of chi-square depends on the
number of degrees of freedom, v = N-1. For the perfect agreement, y?(v) = 0.5. This
means that there is a 50 % chance that we would get a wider distribution of counts,
and a 50 % chance that we would get a narrower distribution of counts if we were to
repeat the series of measurements. From the values of y2 and v we can determine
whether the measured distribution differs significantly from the expected distribution.

The counting system usually is considered to be satisfactory when the chi-squared
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value is within the 95 % confidence interval [23]. Quantitatively, this means that for

this confidence interval one of the following relationships shall be verified:

Xt<x*<xi (219

’(N —1)s2 ’(N —1)s2
T <o < T (2.20)

where y2 and y? are the upper and lower limit values of the confidence interval,
respectively. These values can be found in reference [23] for number of degrees of
freedom not greater than 20. Another possibility is to use online calculator, such as

the one available on the website www.swogstat.org/stat/public/chisq_calculator.htm.
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CHAPTER THREE

MATERIALS AND METHODS

In this chapter, the material available in the dosimetry services in Gabon and Ghana,
and in the SSDL in Ghana used for the study are presented. The methodology used for

all the performance assessments is also presented.

3.1 MATERIALS

3.1.1 Readers

Two dosimetry systems were used: the microStar InLight OSL system (serial number
11040681, date of installation, April 2012) and the Harshaw Model 6600 TLD system
(serial number 9805167, date of installation, May 1997). The two dosimetry systems
consist of a reader, a personal computer, a software (WIinREMS for Harshaw and
microStar for the OSL system) and dosimeters. Harshaw Model 6600 TLD system is
a fully automated system with a readout capacity of 200 TLD cards, whereas the
microStar system is a manual system with a capacity of one dosimeter per readout.
Furthermore, the Harshaw Model 6600 contains a heating system that uses a stream of

hot gas (nitrogen or air).

3.1.2 Dosimeters

The TLD dosimeters that were used here are personnel TLD cards with only two
thermoluminescent elements of LiF (Ti ,Mg) per card (Figure 3.1). One element is
used to estimate Hp(10) (readout position 2) and another is dedicated for the

measurement of the Hp(0.07) (readout position 3).
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The OSL dosimeters are also designed to monitor personnel dose. The dosimeter
consists of four detector elements of Al,O3:C (Figure 3.2) located in read positions 1
(E1), 2 (E2), 3 (E3), and 4 (E4). An average dose is automatically computed from
these four reading positions to obtain the whole body dose Hp(10), the skin dose
Hp(0.07), and the lens dose Hp(3).1t is important to stress that the lower limits of the
measuring range are 0.010 mSv for the OSL system 0.10 mSv for the TL system [14,
24]. Furthermore, a minimal reporting dose of 0.5 mSv is recommended for InLight
OSL systems, while the minimum detectability is said to be less than 0.01 mSv for

Harshaw Model 6600.

3.1.3 Annealing system

Reading a TLD card with the Harshaw model 6600 system (Figure 3.1) depletes about
100 % of the signal. For the zero dose test purpose, the cards has to be read four times
(the first at a specific time temperature profile different from the three others [25])
each to clear them further. For the microStar InLight system, the dosimeters have to

be bleached only once using an InLight pocket annealer (Figure 3.2).
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Figure 3.1: Harshaw 6600 system of the dosimetry service of Ghana. Here are
presented the dosimeters, the gas generator, the reader and the personal computer of

this dosimetry system.

Figure 3.2: microStar system of the dosimetry service of Gabon. On the picture the

manual reader, the personal computer, the pocket annealer, the bar code reader and

the dosimeters of this dosimetry system are presented.
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3.1.5 Irradiation facility

The following is a description of relevant equipment available in the SSDL of Ghana
(Figure 3.3).
lonisation chamber

— manufacturer: PTW-FREIBURG

— type: TW 32002 (1 litre spherical ionization chamber)

— serial number: 000227

— calibrated at: PTW-FREIBURG calibration laboratory (for gamma

rays, Co-60, and X-rays, N250,N200,N150,N100, N80 and N60)

— date of last calibration: 08-09-2015.

Electrometer
— manufacturer: PTW-FREIBURG
— type: T 10002 (UNIDOS)
— serial number: 020243
— calibrated at: PTW-FREIBURG calibration laboratory

— date of the last calibration: 08-09-2015.

Irradiation source (**'Cs)

manufacturer: J.L SHEPHERD & Associates

— type: Type A

— serial number: USA DOT - 7A

— date of manufacture: September 1989

— dose rate at 1 m/ 1.5 m: 1.8246 mSv/h / 0.8230 mSv/h (date: 11-02-

2016).
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Equipment for measuring temperature and pressure
— type: Compensiert (Prazisions - Barometer)
— serial number: Nr. 89729

Equipment for measuring relative humidity
— manufacturer: S. Brannan & sons

— serial number: SN 148/12

Phantom used

30 cm X 30 cm X 15 cm ISO water slab phantom.

3.2 METHODS

3.2.1 Irradiation procedure

— irradiations were performed using a ISO S-Cs quality in normal incidence;

— the distance from the Cs-137 source was 1.5 m for irradiation of the reference
group of dosimeters (reference dose = 3 mSv) , and 1 m for the other
dosimeters;

— dosimeters were fixed on a 30 cm X 30 cm X 15 cm 1SO water slab phantom
using adhesive tape;

— dosimeters were irradiated in groups of 4, placed on the centre of the phantom,
excepted the reference dosimeters which were irradiated in a group of 10

(Harshaw 6600), or 6 (microStar).
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Figure 3.3: Irradiation facility of Radiation Protection Institute (Ghana). The figure

shows the setup for irradiation of TL reference dosimeters in **'Cs quality.

3.2.2 Reader performance tests

This section is limited to the reader background test, the photomultiplier tube
consistency and the beam intensity test. Measurement from each of these tests must
fall within acceptance limits. These limits are [14, 19]:

— DRK count: less than 30;

— PMT noise: within +10 % (10) of the observed mean;

Reference light and CAL count: within +£10 % (1) of the observed mean;

LED count: within £10 % (10) of the observed mean;
In addition to the above procedure, counting statistics was used to check whether the

counting systems are operating properly.
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3.2.3 Limit of detectability and zero dose determination

It is convenient to estimate the smallest personal deep dose equivalent Hp (10) that
can be detected reliably in order to set a detection limit for a dosimetry system.
According to [14,19], the Lower Limit of Detection (LLD) also called the Minimum
Detectable Dose (MDD) is simply obtained by the formula

LLD = ko (3.1

where Kk is a coverage factor that can be obtained from a Student t-distribution or a
Gaussian distribution. o Is the standard deviation of repeated or simultaneous
evaluations of unexposed dosimeters. For the Harshaw 6600 TLD system, k = 2.26,
corresponding to a Student's t value for 10 samples at 95% confidence. For the
microStar InLight OSL system, k = 3 which corresponds to a confidence level of
99.73% when a Gaussian distribution is assumed. The situation can be explained
using Figure 3.4. If a Gaussian or a Student distribution is assumed for the zero dose
distribution, then there is a certain confidence probability that the zero dose be located
in the interval +ko. This probability is 95% for the Model 6600 Harshaw system and
99.73% for the InLight MicroStar system. Since no negative dose can be measured,
the relevant interval is [0; +ko]. This means that there is a probability of 95% or
99.73% that the zero dose be located between zero and +ko. It is then assumed that
above +ka, a certain dose is present. This is the reason why +ko can be taken as the
LLD. It is then clear that there is a small probability, 5% (TLD system) and 0.27%

(OSL system), that the zero dose be located outside the interval [0; ko].
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—ko 0 +ko

Figure 3.4: Illustration for determining the LLD by the statistical method. Ideal case

where the zero dose value is 0 mSv.

This means that there is a weak probability to conclude that a dose is present when
actually there is none (false positive). In fact, Eq. 3.1 gives the LLD in terms of mSv
whereas measurements are carried out in units of count (OSL system) or charge (TLD
system). To obtain the LLD in units of personal deep dose Hp (10), the standard
deviation in units of count or charge is first obtained. Then the standard deviation in

mSv is derived using Eqg. 3.2.

_ 2 3.2
N 7 3.2

where CF is the calibration factor obtained from the calibration curve and whose unit
is either nC/mSv (TLD system) or count/mSv (OSL system). o.is the standard

deviation in counts or nC.

To apply the method described above for the determination of the LLD and zero dose,
a set of multiple measurements of the zero dose was taken. Counting statistics were
also used to determine whether the multiple measurements taken show an amount of

internal fluctuation that is consistent with predicted statistical fluctuation. The chain
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of events that characterizes this category of counting statistics is illustrated in Figure

3.5. This diagram was followed in the present work.

The dosimeters were annealed or bleached before the reading stage. OSLDs were
bleached only once, for 30 seconds, using an InLight pocket annealer. TLDs were
annealed four times using the Harshaw 6600 reader and according to the time

temperature profiles (TTP) listed in table 3.1 [25].

Finally, another approach was used for determining the LLD. That was to perform a
linearity test and to consider the intercept of the linearity equation as the LLD.
Thereafter, the trumpet curve was used to check whether the LLDs obtained were in

accordance with IAEA requirements.

Experimental data set of NV data Statistical model

Choice of Poisson or Gaussian

JZ——‘——D distribution with p = %

.
’

}‘;{ i The shapes of these distrilbutions should be similar J_P"
(X) [~ 1 > (x)

The sample standard deviation should approximate the predicted standard
deviation (the "y-squared test" does this comparison quantitatively)

; :’_:7’

Figure 3.5: The inspection of a set of data for consistency with a statistical model

[22]. The diagram is used to compare the experimental and the predicted distributions.
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Table 3.1: Time temperature profiles used for zero dose and LLD determinations [25].

As shown in the table, the TTP used for the first readout is different from the one used

for the three other readouts.

Parameter Value Units
First readout / Other three readouts (normal TTP)
Preheat temperature 100/50 °C
Preheat time 1/0 Sec
Rate 25/25 °C/ Sec
Maximum temperature 300 °C
Acquire time 60/13 Sec
Annealing temperature 300/ 300 °C
Annealing time 0/10 Sec

3.2.4 Uncertainty analysis

The procedure followed here is the one described in the IEC technical report

TR62461 [7] and based on the Guide

to the Expression of Uncertainty in

Measurement (GUM). Three steps are required for the calculation of uncertainty in

measurement: the construction of a model function, the collection of data and existing

knowledge, and the calculation of the result of the measurement and the associated

uncertainty according to the model function.

Construction of a model function

The model function that was used here is the following:
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Hp (10) = NOKnKsKE,q)Kenv f(Hm) (3'3)
Where:

— Hp (10) is the measuring quantity personal dose equivalent (measured value);
— N, is the reference calibration factor;

— K, is the correction factor for non linearity;

— K is the correction factor for inhomogeneity of detector sensitivity;

- Kg , is the correction factor for photon energy and angle of incidence;

— K.y, is the correction factor for environmental conditions;

— H,, is the indicated value, reading of the dosimeter in units of Hp (10);

— f(H,,) is the linearity correction function obtained from the linearity curve.

This model function gives the relationship between the measurand (measuring
quantity) H,(10), called output quantity of the evaluation, and the input quantities
Ny, Ky, Kg . ..., €tC. The imperfect knowledge of the true value is taken into account
in such a way that, for the evaluation, both the input quantities and the output quantity
are replaced by random variables. Their possible values are denoted by small letters
with asterisk, for example ng, ky, kg ,, whereas all quantities are written in capital
letters as in Eq. 3.3. For each quantity, the possible values are characterized by a
distribution which has an expectation value denoted by the corresponding small letter
without an asterisk, for example ny, ky, kg ,, and a corresponding standard deviation
(standard uncertainty) denoted by the letter s and the index given by the mean value
(expectation value), for example s, , sk, Sk, respectively. Since the output
quantity is linked to the input quantities via the model function, then the distributions

of the possible values of the input quantities lead to a distribution of the possible
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values of the output quantity. This is described by the corresponding expectation

value h,(10) and its standard uncertainty u. The aim of the uncertainty analysis
according to the GUM is the determination of u[h,(10)](this should be read as " u

associated to h,,(10)").

Collection of data and existing knowledge

The second step of uncertainty analysis is the collection of data and existing
knowledge. This includes both mathematical methods like statistical analysis and
other methods like collecting data from data sheets (like calibration certificates), or
using scientific and experimental experience. This generally leads to an adequate
documentation method called the uncertainty budget. The main data needed, in the
present work, for the uncertainty analysis are provided by the international standard

IEC 62387 (tables 8, 14 and 15) and experimental data.
Calculation of the result of a measurement and the associated uncertainty

There are three steps : the calculation of sensitivity coefficients of the inputs
quantities, the calculation of the contributions of the standard uncertainties of the
input quantities to the standard uncertainty associated with the output quantity, and
the calculation of the total standard uncertainty u, associated with the output quantity

h,(10).

The sensitivity coefficient, denoted by the symbol ¢ with a subscript indicating the

input quantities, for example ¢, , ¢ Cip 0 is the partial derivative of the model

n’

function of the measurement, with respect to the particular input quantity. Thus, the

sensitivity coefficient of the input quantity ng is given by:
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_ 9h,(10)  9H,(10)

“no on, oN,

No=no,Kn=kn Ks=ks KE,(p=kE,(erenv=kenv'f(Hm)=f(hm)

= knkskExpkenvf(hm) (3.4)
following the same procedure, we get for the other input quantities:

Ckp = nokskE,q)kenvf(hm)

Cks = noknkE,<pkenvf(hm) (3.5)
| Ckpyp = Noknkskenyf (hm)

Ckopy — nOknkskE,<pf(hm)

The contributions of the input quantities to the standard uncertainty u[hp(lo)]

associated with the output quantity are obtained by the following equation:
ui[hp(lo)] = |cilsi (3.6)
where [ = ng, kn, Ks kg g, Kenp-

The total standard uncertainty u associated with the output quantity h,(10) is then

obtained by the geometrical sum of all these contributions:

u[h,(10)] = /ul? [h,(10)] (3.7)

where i is as above.

It is also important to stress that if a mean value of several measurements is used as an
input quantity, the standard deviation of this mean value is given by the standard
deviation of a single measurement divided by the square root of the number of the
measurements. This standard deviation of the mean is then taken as the standard
uncertainty associated to this mean value. This is the case here for the quantity h,,.
The standard uncertainty associated with f(h,,) is then obtained through the error

propagation formula [21, 22]. For a function f = f(x, y), this formula is given by:
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where o, and o,, are the standard uncertainties associated with the quantities x and y,
respectively.

The standard IEC 62387 does not address any type test requirement for the reference
calibration factor N, because this cannot be tested in a type test. But, as high precision
is required for calibration facilities, limits of + 5 % about an expectation value of 1

with a triangular distribution are usually assumed [7].

From Tables 8, 14 and 15 in standard IEC 62387, limits of + 40 % and + 20 % about

an expectation value of 1 are derived for Kg ,, and K., respectively. A Gaussian

distribution and a triangular distribution are respectively assumed for K ,, and Key,,.

Concerning the correction factors K,,, and K., experimental data were used. First,

relative minimum and maximum responses were calculated:

R, : R, :
Tmin = —le;l and tyim, = —le: (3.9
re re

where R,,;, and R, are the minimum and maximum experimental responses,
respectively. R,.f is the reference response which is the mean value of the responses

of the reference dosimeters.

Then, the maximum and minimum correction factors are computed:

1 1
Komin = —— and  Kpgy = — (3.10)

Tmax min

Finally, the half - width and the expectation value of the distribution are obtained by:

a = kmax ; kmin (3.11)
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k = kmax -zl' kmin (3.12)

We assumed a Gaussian distribution for K,, and K. The standard uncertainties

associated with the distributions used are given in Table 3.2.

Table 3.2: Standard uncertainties for the distributions used in the study [7]. The
standard uncertainties are given with confidence levels of 100 % and 99.7 % for the

triangular and the Gaussian distributions, respectively.

Type of distribution Standard uncertainty Comment

100 % of all the possible

values are within the

Triangular a/V6
interval [k in; Kmax]
99.7 % of all the possible
| I ithin th
Gaussian /3 values are within the

interval [Komin; Kmax]

After the uncertainty calculation according to IEC technical report TR62461, a

comparison with the following international standards was performed:

IAEA 99 (trumpet curve): %(1 — %) < I;—m <1501+
0 t t

H
9y, 95 % level
2Ho+Hy

[11;
— 1EC 1066: 0.33 < H,,/H; < 1.77, 95 % level [8];
— 1EC 1283 ser.: 0.0 < H,,/H; < 2.1, 95 % level [8];
— PTB99: 1 — 0.4t(H,) < Hp,/H, < 1+ 0.4t(H,), 92 % level, H, < 0.2 mSv

[8].
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Where H,, H,,, H, and H,,/H, are as defined in the section 2.3.6 of the literature

review, t(H,) is the trumpet function:

t(H)—1+20 Ho
v 9 Hy+ H,

(3.13)

As the computed uncertainties are expressed in terms of personal dose equivalent Hp
(10) and the standards for comparison are given in terms of response, we converted

the computed uncertainties into responses. The following is the procedure to do so.

The complete result of a measurement, is given by
H,(10) = h,(10) £ u,95 % confidence level (3.14)

The minimum uncertainty of the response and the maximum uncertainty of the
response are respectively given by:

pmin __1p(10)

h,(10)
= - and Rmox — __E
h,(10) +u

These were the computed limits that were compared to the standards given above.
3.2.5 Linearity test

The procedure adopted is the one described in the IEC 62387 standard [9]. The
dosimeters are irradiated at known dose equivalents and the variation of the response
due to the change of the dose equivalent shall not exceed the values given in the

standard. This requirement is met only if the relationship below is valid:

Hp i Hirer
0.91 — Uy com < <# + me>. H”

mref

< 111+ Upcom (3.16)

t,i

Where:
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— Hg; is the conventional true value of dose equivalent delivered to dosimeters
of group i ;
— Hg,¢s is the reference conventional true value of dose equivalent;

— H,,; is the mean of the indicated values of dosimeters of group i;
—  Hprey is the mean of indicated values of dosimeters of the reference group;
—  Ucom, is the expanded uncertainty of Hy, ;/Hp, rer;

— Ut com, IS the combined relative expanded uncertainty of H; ..r/Hy ;.

Eq. 3.16 can be rewritten as

Ri Ht,ref
0.91 — Uy com < [ =— + Ucom- = | < 111 + Uy com
Rref Ht,i

where R; and R,.r are the mean response of dosimeters of group i and of the

reference group, respectively.

= 2 2
Ut,com T3 \/Ut,rel,ref . Ut,rel,i

where Uy ¢ rer and Ugrer,; are expanded uncertainties of the conventional true values

H,,.r and Hg; respectively. Assuming
Ut,rel,ref T Ut,rel,i =25%

leads to U; ¢y = 0.035 and

R; H
0.87 < <_ LU, ;I”f> < 1.15

ref t,i

We are interested in the mean response of dosimeters of group i, therefore we have to
multiply the previous equation by R,.r. According to IEC 62387 standard, Hy,.r =

3 mSv. Hp, rf is Obtained experimentally. Finally, we get
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0.87 X Ryer < (Ri £ Upcom) < 1.15 X Ryof (3.17)
where

Ht,ref =
UR,com = Ucom-H—- ref

t,i

is the expanded uncertainty associated with R;. U,,,, is calculated using Eq. 3.18 as:

Hmi ( UL'Z L‘??ef >
Uu. = | + = (3.18)
e J a2

mref

where U; and U, are the expanded uncertainties of H,,; and ﬁm,ref, respectively.

They are given by

where t,,_, is the Student's t-value for a double sided 95 % confidence interval, s is
the standard deviation for the specific group of measurements, and n is the number of

measurements.

A comparison was performed with the following standards:

— 1AEA 99 (trumpet curve) [1];

— |IEC 1066: |R(H;) —1]<0.1—1 (l:= confidence interval =~ 0.03) for
0.1mSv < H;< I Sv (R(Hy) = Hn / Hy) [8];

— IEC 1283 ser.: |R(H;) —1| <0.15 for the "value of the coefficient of

variation over the effective range of measurement [8].
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3.2.6 Coefficient of variation

The procedure considered is the one described by the IEC 62387 standard [9]. The
statistical fluctuations of the indicated value shall fulfil the following requirements:

v<15% for H, < 0.1 mSv
Ht

< — 0 . < <1. .
v_(16 01 SU)/ofm"OlmSv_Ht_llmSv (3.19)

v<5% for H. = 1.1 mSv

where v = s/H,, is the coefficient of variation, s is the standard deviation of the
group of measurement, H,, is the corresponding mean, and H, is the conventional

true value.
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CHAPTER FOUR

RESULTS AND DISCUSSIONS

This chapter provides the results that have been obtained for the reader performance
tests, the zero dose and minimum detectable dose assessments, the uncertainty

analysis, the linearity and coefficient of variation tests.

4.1 READER PERFORMANCE TESTS

4.1.1 MicroStar InLight system

DRK count

1000 readings were taken for this test. Figure 4.1 shows the plot of DRK count
against the reading number. Figure 4.2 shows the application of counting statistics to

the 1000 values.

From Figure 4.1 we see that all the measurements are below 30. This means that the
requirement given in the usual manual is met. From Figure 4.2 we observe that the
shapes of the experimental and the predicted distributions are similar. Table 4.1 shows
the Chi - square test which compares the experimental and predicted (Gaussian)

standard deviations quantitatively.
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Figure 4.1: DRK count against the reading number. All the points are below the

required limit.

Table 4.1: Chi - square test between the experimental and predicted distributions of

DRK count measurements. The predicted standard deviation is outside the required

interval.
Number of Mean S o x? Chi-square test for o
degrees of (counts ) (counts ) (counts ) (counts)
freedom v
999 3.54 2.046 191 1143.48 1.96<0<2.14
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Figure 4.2: Application of counting statistics to the DRK count measurement using
the Gaussian and Poisson distributions as the predicted distributions. The shapes of
the predicted and experimental curves are similar. The Poisson distribution fits better

the experimental distribution.

From Table 4.1 we can see that the value of ¢ is just outside the required interval.
Therefore, the experimental and predicted standard deviations were not sufficiently
close to pass the Chi - square test. If instead of the Gaussian distribution the Poisson
distribution is chosen, it is observed that the predicted distribution fits better the
experimental distribution (Figure 4.2), but the result of the Chi - square test remains

the same.
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CAL count

1000 readings were also taken for this test. Figure 4.3 shows the plot of CAL count
against the reading number. Figure 4.4 illustrates the application of counting statistics

to these 1000 values.

From Figure 4.3 we observe that only one measurement is outside the required limits.
This means that 99.99 % of the measurements fall within these limits. Therefore it is
considered that the requirement given in the user manual is met. From Figure 4.4 we
see that the experimental and predicted distributions are similar, and from Table 4.2
we can see that the value of o is just outside the required interval so that the CAL

count measurement also failed the Chi - square test.

Table 4.2: Chi - square test between the experimental and predicted distributions of

CAL count measurements. The predicted standard deviation is outside the required

interval.
Number of Mean s o X2 Chi-square test for o
degrees of (counts) (counts) (counts) (counts)
freedom v
999 1069.77 34.49 32.71 1110.57 33.037 < 6 < 36.067
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Figure 4.3: CAL count against the reading number. Only one point is outside

the required limits.
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Figure 4.4: Application of counting statistics to the CAL count measurement using the
Gaussian distribution as the predicted distribution. The predicted and the experimental

distributions are similar.
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LED count

Here also 1000 readouts were taken. Figure 4.5 shows the plot of the LED count
against the reading number. Figure 4.6 illustrates the application of counting statistics
to the LED count measurement. From Figure 4.5 we can see that all the measurements
fall within the limits. Therefore the requirement given in the user manual is met. From
Figure 4.6 we see that the experimental and predicted distributions are not similar,
and from Table 4.3 we can see that the value of o is largely outside the required

interval. Therefore the LED count measurement failed the Chi - square test.

Table 4.3: Chi - square test between the experimental and predicted distributions of

LED count measurements. The predicted standard deviation is outside the required

interval.
Number of Mean S o x2 Chi-square test for o
degrees of (counts ) (counts ) (counts ) (counts)
freedom v
999 5908.21 111.13 76.86 2088.12 106.46 < o < 116.22
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Figure 4.5: LED count against the reading number. All the points are within the

required limits.
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Figure 4.6: Application of counting statistics to the LED count measurement using the
Gaussian distribution as the predicted distribution. The predicted distribution is not
similar to the experimental distribution. The Rectangular and triangular distributions
have been tested as predicted distribution but they also did not fit the experimental
distribution.
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Finally, concerning the microStar InLight reader, used in the Gabonese dosimetry
service, on one hand, all the reader performance tests met the requirements given in
the user manual. On the other hand, all these tests, in particular the CAL count
measurement, failed the statistical test that is part of counting statistics. This means
that there may be some abnormalities in the counting system, and that the statistical
abnormalities suspected have apparently no impact on the reading results.
Furthermore, since the DRK count and the CAL count did not fail the Chi - square
test by very far, we can still consider a Gaussian distribution as an approximate of the

experimental data distributions of these two measurements.

4.1.2 Harshaw 6600 system

PMT Noise

300 readouts were taken for this quality control measurement. Figure 4.7 shows the
plot of the PMT noise measurement against the reading number. Figure 4.8 shows the

application of counting statistics to these measurements.

From Figure 4.7 we can see that a significant number of readings are outside the
required limits. Therefore the requirement given in the Harshaw 6600 user manual is
not met. From Figure 4.8 we see that the experimental and predicted distributions are
very similar. But from Table 4.4 we can see that the value of ¢ is outside the required
interval by a small margin. Therefore the PMT noise QC measurement failed the Chi

- square test.
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Table 4.4: Chi - square test between the experimental and predicted (Gaussian)

distributions of PMT noise measurement. The predicted standard deviation is outside

the required interval by a small margin.

Number of Mean S o x? Chi-square test for o
degrees of (pC) (pC) (pC) (pC)
freedom v
299 12.16 4.00 35 393.45 3.70<0<4.35
——Limits @ Charge (pC)
E : © . * . * . e, * oe .
1 ° u’. o o . LI s ¢ " . *
° ® - o g ©o o °* ° s s @ ._.-
':-.‘ % \.O '.'o.: ‘o: * 0% ¢ "-: -.:.. Ty S -
11 .-. “ -. . .. ‘. S .....- .. -..- .' - ..' b .. L P
= ‘ & x ...- .‘ ..-.-.. :-.o ’ = :.‘. - ..:.. 0..0..‘. ::: . l. ...
3 Seliy ° o L0 e . . L

51

101

201 251

Figure 4.7: PMT noise measurement against the reading number. A significant

number of readings are outside the required limits.
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Figure 4.8 : Application of counting statistics to the PMT noise measurement using
the Poisson and Gaussian distributions as predicted distributions. The shapes of the
predicted and experimental distributions are very similar. The Poisson distribution fits

better the experimental distribution.

Reference light

300 readouts were also taken for this QC measurement. Figure 4.9 shows the plot of
the PMT noise measurement against the reading number. Figure 4.10 shows the

application of counting statistics to these 300 measurements.

From Figure 4.9 we can see that the Reference light measurement meets the
requirement of the user manual since all the measurements fall within the required
limits. From Figure 4.10 we see that the experimental and Gaussian distributions are
not similar. Table 4.5 confirm this fact since we can see that the value of o is largely
outside the required interval for the predicted standard deviation. Therefore the

Reference light QC measurement failed the Chi - square test.
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Figure 4.9: Reference light measurement against the reading number. All the points
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required limits.
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Figure 4.10 : Application of counting statistics to the Reference light measurement
using the Gaussian distributions the predicted distribution. The shapes of the predicted
and experimental distributions are not similar. The Rectangular and triangular

distributions have been tried as predicted distributions, and only the triangular
distribution seems to be close enough to the experimental distribution.
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Table 4.5: Chi - square test between the experimental and predicted (Gaussian)
distributions of Reference light measurement. The predicted standard deviation is

largely outside the required interval.

Number of Mean S o x? Chi-square test for o
degrees of (nC) (nC) (nC) (nC)
freedom v

299 75.55 1.737 8.69 11.94 1.61<0<1.89

It has been shown that only the Reference light measurement meets the requirement
of the user manual. Since the Reference light and PMT noise are quality control (QC)
tests that are taken before and after the measurement of a group of dosimeters so that
if one of these QC measurements falls outside the required limits no measurements
can be taken. Therefore, this clearly means that the limits used by the Ghanaian
dosimetry service for the PMT noise are different from those given in the user

manual.

Concerning the Chi - square test, it has been shown that the PMT noise measurement
failed the test by a very small margin. Therefore, we can still consider a Gaussian
distribution as an approximate of the experimental distribution of this measurement.

The Reference light measurement failed the test by a large margin.

Finally, the intercomparison of the two dosimetry systems shows some similarities
and differences regarding the application of counting statistics to the reader QC

measurements. Let us recall first that the DRK count (microStar system) and PMT
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noise (Harshaw 6600 system) measurements, and that the CAL count (microStar
system) and Reference light (Harshaw 6600 system) measurements, are equivalent
QC measurements, respectively. It has been shown for the DRK count ant PMT noise
measurements that the experimental and predicted distributions were similar. Also, it
has been shown that both the DRK count and PMT noise measurements failed the
Chi - square test by a very small margin, so that a Gaussian distribution could still be
considered as an approximate of the experimental distribution of these measurements.
The results for the photomultiplier tube consistency (CAL count and Reference light
measurements) were different. While the CAL count measurement failed the Chi -
square test by a very small margin, so that an experimental CAL count measurement
distribution could still be approached by a Gaussian distribution, the Reference light
measurement failed the Chi - square test by a large margin, so that a Gaussian
distribution is not convenient to approach an experimental Reference light
measurement distribution. Instead, a triangular distribution seems to approach better
reference light measurements. Particularly, the result obtained for the Reference light
measurement is in contradiction with the results of counting statistics involving a
radioactive source. Indeed, it is well known that radioactivity is well described by

counting statistics [21,22,23].
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4.2 ZERO DOSE AND LIMIT OF DETECTABILITY

4.2.1 Statistical method

MicroStar InLight system

Five curves are shown below corresponding to the result obtained with four different
OSL dosimeters read 100 times each (Figure 4.11), and with the whole set of 10
dosimeters corresponding to 1000 readouts (Figure 4.12). Results listed in Table 4.6
were obtained from 10 readouts (one per dosimeter), 100 readouts (10 per dosimeter)
and 1000 readouts (100 per dosimeter). From the shapes of the curves we could
conclude that the experimental distribution follows the predicted distribution, but only
the case for 9 degrees of freedom (Table 4.6) does not fail the chi-squared test. This
means that for the two last cases the measured distributions differ significantly from
the expected distributions. Rectangular and triangular distribution have also been tried
as predicted distributions. From all the predicted distributions used, it appear that the

triangular distribution approximate better the experimental distribution.

Table 4.6. Results per number of degrees of freedom. Only the case for 9 degrees of

freedom passes the Chi - squared test.

Number of Zero dose S o X2 Chi-square test for o
degrees of (counts / mSv)  (counts/ mSv)  (counts / mSv) (counts)
freedom v
9 171.63/0.080 10.77/0.005  13.10/0.006 6.14 7.41 <0< 19.66
99 165.99/0.077 8.01/0.0037 12.88/0.006 38.27 7.03<0<9.31
999 167.78/0.078  8.04/0.0037 12.95/0.006 385.27 7.70 < 0 < 8.41
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Figure 4.11: Experimental and predicted distributions for four OSL InLight
dosimeters read 100 times each. The Gaussian distribution and particularly the

triangular distribution are similar to the experimental distributions.

Taking only into account the Gaussian distribution as the predicted distribution, we
came to the conclusion that for accuracy purposes the zero dose of the dosimetry
system is = 168 counts / 0.08 mSv, and for statistical reasons the LLD is 3¢ = 39.3
counts / 0.018 mSv = 0.020 mSv. Table 4.7 compares the values of the LLD
computed, the LLD reported on the reader certificate, and other relevant quantities. It
can be seen that the LLD calculated according to the statistical method presented here
is above the lower limit of the measuring range of the dosimeters, but is lower than

the LLD specified in the reader certificate.
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Figure 4.12: Experimental and Gaussian distributions corresponding to 1000 readouts
of OSL InLight dosimeters resulting from the combination of the readouts of the 10
dosimeters of the set considered (100 readouts per dosimeter). The predicted and
experimental distributions are similar. Rectangular and triangular distributions have
also been tried as predicted distributions. It can be seen that the triangular distribution

fits better the experimental distribution.

Table 4.7: Comparison between the LLD computed, the LLD specified in the reader

certificate, and other relevant quantities.

LLD LLD Minimal Recording Zero dose  Lower limit
calculated (reader reporting dose level (one (calculated) of the
certificate) ~ (manufacturer) month, IAEA) measuring
range

0.020 mSv 0.042 mSv 0.05 mSv 0.083 mSv 0.080 mSv  0.01 mSv
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Harshaw 6600 system

Here 100 repeated measurements were taken and the application of counting statistics
to the data obtained did not lead to results that can be exploited. Therefore, only the
results from these repeated measurements, following the annealing process given by
Table 3.1, are presented. The zero dose value of the Harshaw 6600 system used by the
Ghanaian dosimetry service is then given by the mean value of the 100 repeated
measurements. We found 0.026 mSv. The LLD were determined according to the
procedure given in [25]. The first 10 measurements were used. we found LLD =
0.00975 mSv = 0.975 mrem, value in accordance with the user manual requirement
which states that the LLD should be lower than 1 mrem. Table 4.8 compares the
values of the LLD computed and other relevant quantities. In particular, it is observed
that the value of the LLD calculated according to the statistical method is lower than

the lower limit of the measuring range of the dosimeters and the zero dose calculated.

Table 4.8: Comparison between the LLD computed and other relevant quantities.

LLD calculated Recording level Zero dose Lower limit of the
(one month, IAEA) (calculated) measuring range
0.00975 mSv 0.083 mSv 0.026 mSv 0.1 mSv
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4.2.2 Experimental method

Table 4.9 compares the operational quantity Hp(10) measured by the two systems.

Table 4.9: Comparison of the quantity Hp(10) measured by the two systems. A global
and very significant underestimation is observed for the TL system, while an

overestimation is generally observed for the OSL system.

Delivered dose (mSv) Measured dose (mSv)  (Harshaw Measured dose (mSv)  (microStar)
6600)
0.01 0.083705 0.03624988
0.02 0.092724
0.03 0.08003475
0.04 0.11326475 0.04874992
0.05 0.1993975 0.04375005
0.06 0.139195 0.05375004
0.07 0.15539 0.11124992
0.08 0.1081965 0.08875012
0.09 0.13094 0.09208353
0.1 0.1989625 0.13625002
0.2 0.1976 0.22874975
04 0.3321425 0.4537499
0.8 0.6193275 0.83874917
1 0.8541 1.00124955
2 1.571175 1.95124841
3 2.32423 3.12541477
5 3.9329 5.15873742
10 7.538875 10.6612399
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Table 4.9 shows that, for the TLD system, apart from the doses lower than 0.2 mSv
and the abnormal measurement observed at the delivered dose 0.1 mSv, the measured
dose are systematically underestimated. For the OSL system, an overestimation of the
quantity Hp (10) is generally observed for delivered doses above 0.06 mSv.

For the OSL system, the measured doses corresponding to the true doses 0.02 mSv
and 0.03 mSv were negative since their values were lower than the mean background
and transport dose measured by the control dosimeters. This is why they are not
presented in Table 4.9.

At this stage, the first conclusion is that the microStar gives better results than the
Harshaw 6600 in the measurement of the operational quantity Hp (10). The second

conclusion is that both systems require corrections in order to obtain better results.

LLD for the TL system

A curve of the measured dose against the conventional true dose was plotted. The
intercept of the equation obtained was considered as the experimental LLD. Then
after, the trumpet curve was used to check whether the LLD obtained is in accordance
with IAEA requirements.

From Figures 4.13 and 4.14 we can verify the linearity of the TL system. The user
manual requirement states that the linearity of the system is established from 0.1 mSv
to 1 Sv. The results obtained are better since the experimental linearity has been
established from 0.01 mSv.

From Figure 4.13, which is a plot of the mean raw doses measured against the true
dose, we obtain a LLD of 0.081 mSv. From Figure 4.14, which is the curve of the
mean dose values corrected for the zero dose against the true dose, a LLD of 0.055

mSyv is obtained.
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Figure 4.13: Curve of the measured dose against the delivered dose using the mean

raw values measured. The linearity is established from the true dose 0.01 mSv.
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Figure 4.14: Curve of the mean measured doses corrected for the zero dose against the

delivered dose. The linearity is established from the true dose 0.01 mSv.
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Figure 4.15: Verification of the choice of the LLD by the use of the trumpet curve.

Here is represented the mean raw measured dose against the true dose.
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Figure 4.16: Verification of the choice of the LLD by the use of the trumpet curve.
Here is represented the mean measured dose corrected for the zero dose against the

true dose.
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Figure 4.17: Verification of the choice of the LLD by the use of the trumpet curve.
Here is represented the mean raw measured dose corrected for linearity without zero

dose subtraction against the true dose.
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Figure 4.18: Verification of the choice of the LLD by the use of the trumpet curve.
Here is represented the mean raw measured dose corrected for linearity with zero dose
subtraction against the true dose.
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Figure 4.19: Verification of the choice of the LLD by the use of the trumpet curve.
Here is represented the mean raw measured dose corrected for linearity with zero dose

subtraction against the true dose for a LLD of 0.08 mSv.

Figure 4.16 is a slight improvement of Figure 4.15. Both Figure 4.15 and Figure 4.16
suggest a LLD of 0.08 mSv. But an improvement of the results is still needed. Figure
4.17 is obtained by correcting the raw measured dose values using the linearity
equation H, = 1.333 H,, — 0.108 (in mSv) derived from equation given in Figure
4.13. A significant improvement is observed. When applying the linearity equation
H; = 1.333 H,, — 0.073 (in mSv), derived from equation given in Figure 4.14, we
obtain Figure 4.18. We can see a better distribution of the points about the line R = 1.
A recording level (minimal reporting dose) of 0.08 mSv is suggested. Figure 4.19 is
the same as Figure 4.18 but with a recording level of 0.08 mSv. This means that all the
dose values below 0.08 mSv are considered to be zero and are not reported. Table 4.10

does a comparison between the LLDs determined statistically and experimentally, and
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other relevant quantities. It is observed, in particular, that the value of the

experimental LLD is about equal to the IAEA monthly recording level.

Table 4.10: Comparison between the computed and measured LLDs and other

relevant quantities.

LLD calculated LLD Recording level Zero dose Lower limit of
(statistically) (experimental) (one month, IAEA)  (calculated)  the measuring
range
0.00975 mSv 0.08 mSv 0.083 mSv 0.026 mSv 0.1 mSv
LLD for the OSL system

As done for the TL system, the linearity and the trumpet curves were used for the
determination of the experimental LLD of the OSL system. Here correction for the
zero dose is not required because of the use of control dosimeters for the subtraction
of background and transport dose. Let us suppose that a field dosimeter has recorded a
dose of (x + y) mSyv, x being the real dose measured and y the zero dose value, and
that the control dosimeter has recorded a dose of (z + y) mSv, where y is as previously
and z is the real natural background dose measured. Therefore, the net dose recorded

by the dosimeter will be

(x +y)mSv — (z+ y)mSv = (x — z) mSv

We can see that the zero dose values cancel.
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Figure 4.20: Curve of the measured net dose against the delivered dose. The linearity

is established from the true dose 0.01 mSv.

From Figure 4.20, the linearity equation H,, = 1.0554H, suggests a LLD of 0 mSv.
Figure 4.21 shows acceptable results but a general overestimation of the results is
observed. Correction of the results using the equation H, = 0.95H,,,, derived from the
previous linearity equation, led to Figure 4.22 which shows better results. Figure 4.23
is identical to Figure 4.22 but with a recording level of 0.05 mSv. From Figures 4.21
and 4.22 we can see that only the response corresponding to the true dose H; =
0.01 mSv is outside the limits. Since the measurements corresponding to true doses
0.02 mSv and 0.03 mSv were not good, we can take the value of 0.04 mSv as the LLD.
This value is in accordance with the value given in the manufacturer's reader
certificate. We can also adopt the manufacturer's minimal reporting dose of 0.05 mSv
[23]. Table 4.11 compares the LLDs determined statistically and experimentally, and

other relevant quantities. It is observed, in particular, that the value of the
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experimental LLD is very close to the LLD given in the reader certificate and lower

than the IAEA monthly recording level.
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Figure 4.21: Verification of the choice of the LLD by the use of the trumpet curve.
Here is represented the mean measured net dose as a function of the conventional true

dose.
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Figure 4.22: Verification of the choice of the LLD by the use of the trumpet curve.
Here is represented the mean measured net dose corrected for linearity as a function

of the conventional true dose.
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Figure 4.23: Verification of the choice of the LLD by the use of trumpet curve.
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Here is represented the mean measured net dose corrected for linearity as a function

of the conventional true dose for a LLD of 0.05 mSv.

Table 4.11: Comparison between the LLDs determined experimentally and

statistically and other relevant quantities.

LLD LLD LLD Minimal Recording level Lower limit of
calculated (experimental) (reader reporting dose (one month, the measuring
(statistically) certificate)  (manufacturer) IAEA) range
0.020 mSv 0.04 mSv 0.042 mSv 0.05 mSv 0.083 mSv 0.01 mSv
Quarterly LLD

Two monitoring periods are generally chosen in routine : monthly and quarterly
monitoring periods. The LLDs that have been determined in the present work can be
considered as monthly LLDs. For the Harshaw 6600 system whose LLD has been
determined to be 0.08 mSv, just like the IAEA monthly recording level, the IAEA
quarterly recording level can be adopted. For the microStar system, Eq. 2.2 can be
used to calculate the quarterly LLDs. In order to have the same maximum annual
missed dose, L in Eq. 2.2 is calculated to be 0.6 mSv (instead of 1 mSv as in [1, 6]).
We found the quarterly LLDs to be 0.15 mSv. Table 4.12 shows monthly and quarterly
LLDs as determined in the present work and the corresponding maximum annual

missed doses.

71



Table 4.12:

LLDs and corresponding maximum annual missed doses.

Monthly LLD Monthly LLD IAEA monthly Quarterly LLD Quarterly LLD IAEA quarterly
(TL) (OSL) recording level (TL) (OSL) recording level
0.08 mSv 0.05 mSv 0.083 mSv 0.25 mSv 0.15 mSv 0.25
Corresponding maximum missed doses
0.96 mSv 0.6 mSv 0.996 mSv 1 mSv 0.6 mSv 1 mSv

We end this section by presenting the mean measured dose values corrected in order

to appreciate the improvement that has been realized to allow both the dosimetry

systems to better measure the operational quantity Hp (10). Table 4.13 compares the

measured doses of the two systems corrected for linearity.
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Table 4.13: Comparison of the doses measured by the two systems after correction for

linearity.
Delivered dose (mSv) Measured dose (mSv)  (Harshaw Measured dose (mSv)  (microStar)
6600)
0.05 0.04145352
0.06 0.05092859
0.07 0.1054102
0.08 0.07125839 0.08409146
0.09 0.1015823 0.08724989
0.1 0.1922767 0.12909799
0.2 0.19046008 0.21674223
04 0.3698456 0.42993168
0.8 0.75274936 0.79472159
1 1.06577153 0.94869201
2 2.02184763 1.84882357
3 3.02589586 2.96135565
5 5.17073557 4.88794523
10 9.97858204 10.1016106

Table 4.13 shows a clear improvement for both of the systems. Finally, we can
conclude that after correction for linearity of the measured doses, the two dosimetry
systems gave better and comparable results starting from the recording levels (0.08
mSv and 0.05 mSv for the Harshaw 6600 and microStar systems, respectively), and

they show a very good capability of measuring the operational quantity Hp (10).
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4.3 LINEARITY AND COEFFICIENT OF VARIATION

As already said linearity and coefficient of variation performance tests were
performed according to the performance standard IEC 62387. For linearity |,
comparisons were done with other performance standards (from Figure 4.25 to Figure

4.27).
4.3.1 Harshaw 6600 system

The IEC 62387 linearity limits, dependent on the reference response R,.r = 1.0086,
were calculated to be 0.088 (lower limit) and 1.16 (upper limit).

Figure 4.24 shows that the results are globally in accordance with the IEC 62387

linearity requirement.
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Figure 4.24: Linearity results obtained for the TL system using IEC 62387

performance standard.

We can see that the linearity results are globally in accordance with the performance
standards tested. However the results, in particular the statistical uncertainties of the
points close to the recording level, can be significantly improved by increasing the
number of dosimeters to be irradiated simultaneously to deliver a certain dose.

Concerning the coefficient of variation test, results were not good enough (Figure
4.28). Again, a solution to the problem could be to increase the number of dosimeters

for each dose delivered.
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Figure 4.25: Linearity results obtained for the TL system. Comparison between the

performance standards IEC 62387 and IAEA 99.
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Figure 4.26: Linearity results obtained for the TL system. Comparison between the

performance standards IEC 62387 and IEC 1066.
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Figure 4.27: Linearity results obtained for the TL system. Comparison between the

performance standards IEC 62387 and IEC 1283 Ser.
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Figure 4.28: Coefficient of variation results obtained for the TL system.
4.3.2 MicroStar system

The linearity and coefficient of variation results obtained for the microStar system
according to the performance standard IEC 62387 are presented below. Concerning
linearity, comparisons with other performance standards are also presented (from
Figure 4.30 to Figure 4.32). The IEC 62387 linearity limits, dependent on the

reference response R, = 0.9871, were calculated to be 0.086 (lower limit) and 1.14

(upper limit).

We can observe that, concerning the microStar, the linearity results are also globally
in good accordance with the performance standards used. But the results, especially
the statistical uncertainties of the points about the recording level, can be significantly

improved by increasing the number of dosimeters per dose delivered.
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Regarding the coefficient of variation test, results were not good at all for the OSL
system (Figure 4.33). Here also, a solution to the problem could be to increase the

number of dosimeters for each dose delivered
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Figure 4.29: Linearity results obtained for the OSL system using IEC 62387

performance standard.
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Figure 4.30: Linearity results obtained for the OSL system. Comparison between the

performance standards IEC 62387 and IAEA 99.
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Figure 4.31: Linearity results obtained for the OSL system. Comparison between the

performance standards IEC 62387 and IEC 1066.
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Figure 4.32: Linearity results obtained for the OSL system. Comparison between the

performance standards IEC 62387 and IEC 1283 Ser.
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Figure 4.33: Coefficient of variation results obtained for the OSL system.

4.4 UNCERTAINTY ANALYSIS

The procedure given in the IEC technical report TR 62461 has been followed.
Presented here are the uncertainty budget obtained for the reference measured doses
(Table 4.14). The results for the other measured doses are presented in the annexes.
The model function used is that given by Eq. 3.3. The relevance of the work was to
express the uncertainties in terms of response and then to compare the result with
relevant international performance standards, which are also expressed in terms of

response (from Figure 4.34 to Figure 4.37).
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4.4.1 Harshaw 6600 system

The results obtained for the TL system used by the dosimetry service of Ghana are
presented below.

Table 4.14: Uncertainty budget of the TL reference measured dose.

Quantity Best Absolute standard ~ Uncertainty ~ Numberof — Confidence  Distribution Sensitivity coefficient Uncertainty contribution to output
estimate uncertainty type observations level quantity

, 100 005/ = 0.0204 B 100% Trangulr 1025 X 1.02x3.026mSv  0.0204 X 1.025 x 1.02 X 3.026 mSv
K, 1.023 0.125/3 = 0.0417 B 78 99.7% Gaussian 102 x3.026 mSv 0.0417 x 1.02 X 3.026 mSv
K, 1.02 0.24/3=0.08 B 107 99.7% Gaussian 1.025 x 3.026 mSv 0.08 x 1.025 x 3.026 mSv
Keo 1.00 040/3 =0.133 B 99.7 % Gaussian 1025 x 1.02x 3.026 mSv ~ 0.133 x 1.025 X 1.02 % 3.026 mSv
K., 1.00 0.20/¥6 = 0.0816 B 100% Trangular 1025 x L02x3.026mSy 00816 X 1.025 X 102 X 3.026 mSo
H, 2324 mSv 0.0361 mSv A 10 68.27 % Gaussian 1 1x0,0361 mSv

H,(10) 3,16 mSy 0.57mSv(18,11%  Combined 68.27 % Gaussian

Complete result of t

he measurement

316mSv+112mSv (k,,, = 1.96)
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Figure 4.34: Harshaw 6600 system results for uncertainty analysis. Comparison with

the performance standard IAEA 99.
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——I|EC 1066 limits = Computed limits (TLD) @ Response (TLD)
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Figure 4.35: Harshaw 6600 system results for uncertainty analysis. Comparison with

the performance standard IEC 1066.
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Figure 4.36: Harshaw 6600 system results for uncertainty analysis. Comparison with

the performance standard IEC 1283 Ser.
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= PTB 99 limits = Computed limits (TLD) ® Response (TLD)
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Figure 4.37: Harshaw 6600 system results for uncertainty analysis. Comparison with

the performance standard PTB 99.

We can see that the results for uncertainty assessment according to the IEC technical
report TR 62461 are globally in good accordance with the requirements of the
performance standards that have been used for comparison. It is believed that the
results can be improved by increasing the number of dosimeters to be irradiated for

each dose level delivered.

4.4.2 MicroStar system

The results obtained for the OSL system of the dosimetry service of Gabon are
presented below (Table 4.15 and from Figure 4.38 to Figure 4.41). The use of Eg. 3.3
is not suitable for true doses lower 0.07 mSv and underestimates significantly the
results of measured doses. To overcome the latter difficulty the multiplicative factor

of 1.08 has been used in Eq. 3.3. This factor was obtained with the help of the
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software Matlab, taking into account the fact that the results should be multiplied by a

coefficient whose value is greater that one to avoid the underestimation.

Table 4.15: Uncertainty budget of the OSL reference measured dose.

Quantity Best Absolute standard ~ Uncertainty ~ Numberof  Confidence  Distribution Sensitivity coefficient Uncertainty contribution to output
estimate uncertainty type observations level quantity
, 10 ogspG-0004 B 100%  Trangulr  L08x093x296mSy  0.0204x 108X 093 x 296mSv
K, 0.93 0.27/3=009 B 78 9.7% Gaussian 1.08 x 2.96 mSv 0.09 x 1.08 x 296 mSv
K, 1 0 B 99.7% Gavssian 1.08 x 0.93 x 296 mSvy 0x1.08x0.93 x 296 mSv
Ky Loo 040/3 =0.133 B 99.7% Gavssian 1.08 x 0.93 x 296 mSv 0.133 x 1.08 x 0.93 x 296 mSv
Kony 100 0.20/v6 = 0.0816 B - 100% Triangular 108%093%29%mSy  0.0816% 1.08 % 0.93 x 296 mSy
i, 313 mSv 003819 mSv A 4 68.27 % Gavssian ) 1x0,03819 mSv
H(10)  297mSy  035mSv(18,35%)  Combined 68.27 % Gaussian
Complete result of the measurement 297 mSv+ 1.081mSv (k.,, = 1.96)
Trumpet curve = Computed limits (OSL) @ Response (OSL)
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Figure 4.38: MicroStar system results for uncertainty analysis. Comparison with the

performance standard IAEA 99.
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= |EC 1066 limits = Computed limits (OSL) ® Response (OSL)
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Figure 4.39: MicroStar system results for uncertainty analysis. Comparison with the

performance standard IEC 1066.
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Figure 4.40: MicroStar system results for uncertainty analysis. Comparison with the

performance standard IEC 1283 Ser.
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= PTB 99 limits = Computed limits (OSL) @ Response (OSL)
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Figure 4.41: MicroStar system results for uncertainty analysis. Comparison with the

performance standard PTB 99.

Although some abnormal points are observed for the computed upper limit in the
region of the recording level, and even though the computed upper limit is slightly
greater than the upper limit of the standard PTB 99, it can be seen that the results for
uncertainty analysis according to the IEC technical report TR 62461 are globally in
good accordance with the requirements of the other performance standards that have
been used for comparison. As for the TL system, it is believed that the results can be

improved by increasing the number of dosimeters for each dose delivered.
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

This chapter ends the work that has been undertaken. It provides the main conclusions
that have been derived for all the performance tests carried out for both the dosimetry
systems in Ghana and Gabon. Recommendations that should be followed by the two

dosimetry services are also given.

5.1 CONCLUSION

Reader performance test

For the Harshaw 6600 TLD system of the dosimetry service of Ghana, only the
Reference light QC test met the requirement given in the user manual. The PMT noise
test did not meet the standard possibly due to the difference in the methodology in
use in practice and that given in the user manual. It has been shown that both
Reference light and the PMT noise measurements failed the Chi - square test. But
since the PMT noise measurement failed this test by a very small margin, a Gaussian
distribution can still be considered as an approximation of the experimental

distribution of this measurement.

For the microStar OSL system of the dosimetry service of Gabon, the three QC tests,
DRK count, CAL count and LED count, meet the user manual requirements.
However all these tests failed the statistical test that is part of counting statistics. This
led to the conclusion that there may be some abnormalities in the counting system,

and that the statistical abnormalities suspected have apparently no impact on the
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reading results. It was also concluded that since the DRK count and the CAL count
failed the Chi - square test by very small margin , a Gaussian distribution could still
be considered as an approximation of the experimental data distributions of these two

QC measurements.

Zero dose and limit of detectability

The zero dose for the Harshaw TLD 6600 and the microStar systems were found to
be 0.026 mSv and 0.08 mSv. respectively . The TLD Reader retains lower doses at
about three times lower than the microStar system after readout.

A statistical method and an experimental method were used for the lower limit of
detection tests . For TLD system, the application of the statistical method led to a LLD
value of 0.00975 mSv in accordance with the user manual requirement. A value of
0.020 mSv was estimated for the microStar system. By applying the experimental
method the values 0.055 mSv and 0 mSv were estimated for the TLD and OSL
systems respectively. Applying the accepted IAEA acceptance limits, the trumpet
curve, the estimated recording levels are 0.08 mSv and 0.05 mSv for the TLD and
OSL systems respectively. In particular, The value 0.05 mSv is in accordance with the
minimal reporting dose stated by the microStar system's manufacturer.

Quarterly recording levels, 0.25 mSv and 0.15 mSy, are proposed for the Harshaw
6600 system and the microStar system, respectively. These quarterly minimum
reporting doses have been calculated so that the maximum annual missed dose

remains the same whether or not a monthly or quarterly monitoring period is chosen.
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Linearity and coefficient of variation

A linearity test has been performed, for both the OSL and TL systems, according to
the international performance standards of IEC 62387 , IAEA99 ,IEC1066 and IEC
1283. The results obtained for the two systems showed that they are globally in

accordance with the performance standards tested.

The coefficient of variation test was also performed according to the performance
standard IEC 62387. The coefficient of variation results of the two systems did not

meet the IEC 62387 requirement.

Uncertainty analysis

The uncertainty assessment was performed according to IEC technical report TR
62461. Comparisons have been performed with some relevant standards. Although
some abnormal points were observed in the computed upper limit in the region of the
recording level, and even though, in particular, the computed upper limit is slightly
greater than the upper limit of PTB 99 standard, the results for uncertainty analysis
are roughly in accordance with the requirements of all the performance standards

tested.

Regarding the results for linearity test, uncertainty analysis, and for the reader QC
tests, it is considered that the overall objective of the work is met. Concerning the
coefficient of variation test it is believed that increasing significantly the number of
dosimeters per delivered dose equivalent will reduced the standard deviation so that
the results for the coefficient of variation could also meet the overall objective of the

study.
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5.2 RECOMMENDATIONS

5.2.1 Dosimetry service of Ghana

Since it has been shown that the Harshaw 6600 system of the RPI dosimetry service
underestimates significantly and systematically the operational quantity Hp (10),
corrections shall be used to overcome this difficulty. In particular, the model function
used for the uncertainty determination in this work should be used. Another and
simple solution is to correct the measured doses for linearity using the linearity

equation with zero dose subtraction as used in this study.

The model function and the linearity equation should be improved on a regular basis.
particularly, the number of dosimeters for each delivered dose should be significantly
increased. Doing so will generally improve the results of all the performance tests that

were performed in this work.

The dosimetry service of Ghana should keep participating, when possible, in regional
and interregional intercomparisons to make sure that the reliability of its

measurements is maintained.

5.2.2 Dosimetry service of Gabon

Even though it was shown that the microStar system of Gabon is capable of
measuring the quantity Hp (10) without corrections, an overestimation of this quantity
was globally observed. Therefore corrections should be applied to measured doses in
order to obtain more accurate estimation of Hp(10). A simpler way of doing this is to
apply the linearity correction equation to the measured doses as applied in this work.

The use of the model function for the uncertainty assessment in this work is another
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option to explore. However, this is only possible for true doses equal to or greater

than 0.07 mSv.

The model function and the linearity equation should be improved regularly. In
particular, the improvement of the model function should be done so that this function
could be used accurately for true doses equal to or greater than 0.05 mSv, the monthly
recording level. Furthermore, increasing the number of dosimeters for each delivered
dose will improve the model function and the linearity equation, and will generally

improve the results of all the performance tests that have been performed in this work.

The dosimetry service of Gabon should continue to take part when possible, in
regional and interregional intercomparisons to validate the reliability of its

measurements.
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APPENDIX A

LINEARITY CURVES OF TL AND OSL SYSTEMS FOR RAW AND NET
VALUES, RESPECTIVELY

®Rawva lues (TLD)

Hm =0,7499Ht + 0,0808
R?=0,9986

Ht (mSv)

Figure A.1: Curve of the raw measured dose against the delivered dose (TLD).
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Figure A.2: Curve of the raw measured dose corrected for the zero dose against the

delivered dose (TLD).
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Figure A.3: Curve of net measured dose against the delivered dose (OSL).
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APPENDIX B

VERIFICATION OF THE CHOICE OF LLDs

——Trumpetcurve @ Rawvalues(TLD)
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Figure B.1: Verification of the choice of the LLD by the use of the trumpet curve.

Here is represented the raw measured dose as a function of the conventional true dose.
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= Trumpet curve @ Values corrected for the zero dose =0.026 mSv (TLD)
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Figure B.2: Verification of the choice of the LLD by the use of the trumpet curve.
Here is represented the raw measured dose corrected for the zero dose as a function of

the conventional true dose.

Trumpet curve @ Rawvalues corrected for linearity without zero dose subtraction (TLD)
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Figure B.3: Verification of the choice of the LLD by the use of the trumpet curve.
Here is represented the raw measured dose corrected for linearity without zero dose
subtraction as a function of the conventional true dose.
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Trumpet curve ® Raw values corrected for linearity with zero dose subtraction (TLD)
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Figure B.4: Verification of the choice of the LLD by the use of the trumpet curve.
Here is represented the raw measured dose corrected for linearity with zero dose

subtraction as a function of the conventional true dose.
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Figure B.5: Verification of the choice of the LLD by the use of the trumpet curve.

Here is represented the measured net dose as a function of the conventional true dose.
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Trumpet curve @ Netvalues corrected for linearity (OSL)
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Figure B.6: Verification of the choice of the LLD by the use of the trumpet curve.
Here is represented the measured net dose corrected for linearity as a function of true

dose
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APPENDIX C

UNCERTAINTY BUDGETS

Harshaw 6600 TL system

Table C.1: Uncertainty budget of the raw measured dose 0.108 mSv corresponding to the true dose 0.08 mSv (TLD).

Quantity  Best estimate Absuor:sét:t:i?;iard Un(*:[(;rpt)iinty Olglger?\?;[ri::s Cor;;i\;jee;nce Distribution Sensitivity coefficient Uncertainty c;un;rr]itti)g[ fon to output
N, 1.00 0.05/V6 = 0.0204 B 100 % Triangular 1.025x 1.02 X 0.071 mSv ~ 0.0204 X 1.025 x 1.02 X 0.071 mSv
K, 1.025 0.125/3 = 0.0417 B 78 99.7 % Gaussian 1.02 X 0.071 mSv 0.0417 x 1.02 X 0.071 mSv
K 1.02 0.24/3 = 0.08 B 107 99.7 % Gaussian 1.025 x 0.071 mSv 0.08 x 1.025 x 0.071 mSv

Kg, 1.00 0.40/3 =0.133 B == 99.7 % Gaussian 1.025 x 1.02 X 0.071 mSv 0.133 x 1.025 x 1.02 x 0.071 mSv
Keny 1.00 0.20/v6 = 0.0816 B 100 % Triangular 1.025 x 1.02 X 0.071mSv  0.0816 X 1.025 X 1.02 X 0.071 mSv
H,, 0.108 mSv 0.010 mSv A 4 68.27 % Gaussian 1 1x0.010 mSv

H,(10) 0.075 mSv 0.017 mSv (22,55 %)  Combined 68.27 % Gaussian

0.075 mSv + 0.033 mSv  (kop = 1.96)
Complete result of the measurement

104



Table C.2: Uncertainty budget of the raw measured dose 0.13 mSv corresponding to the true dose 0.09 mSv (TLD).

Quantity  Best estimate Absl:)r:g;?tzti?]lzjard Uncti/rpt)zinty o,;:eT\?:tri:rfs Corll(fei\;jeelnce Distribution Sensitivity coefficient Uncertainty cctl)un;r]itti)tl;tion to output
Ny 1.00 0.05/v6 = 0.0204 B 100 % Triangular 1.025 x 1.02 x 0.102 mSv 0.0204 x 1.025 x 1.02 x 0.102 mSv
K, 1.025 0.125/3 = 0.0417 B 78 99.7 % Gaussian 1.02 X 0.102 mSv 0.0417 x 1.02 X 0.102 mSv
K 1.02 0.24/3 = 0.08 B 107 99.7 % Gaussian 1.025 % 0.102 mSv 0.08 x 1.025 x 0.102 mSv

Kg, 1.00 0.40/3 =0.133 B === 99.7 % Gaussian 1.025 x 1.02 x 0.102 mSv 0.133 x 1.025 x 1.02 x 0.102 mSv
Keny 1.00 0.20/V6 = 0.0816 B 100 % Triangular 1.025 x 1.02 X 0.102mSv ~ 0.0816 X 1.025 X 1.02 X 0.102 mSv
H,, 0.13 mSv 0.012 mSv A 4 68.27 % Gaussian 1 1x0.012 mSv

H,(10) 0.106 mSv 0.023 mSv (21.56 %)  Combined -—- 68.27 % Gaussian

Complete result of the measurement

0.106 mSv + 0.045 mSv  (keop = 1.96)
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Table C.3: Uncertainty budget of the raw measured dose 0.198 mSv corresponding to the true dose 0.20 mSv (TLD).

Quantity  Best estimate Absﬂg;?;?:;ard Un(i{i/rgzinty ol;:en:\?;c:c?:s Cor;:i\;jeelnce Distribution Sensitivity coefficient Uncertainty C(;)un;:t?f; fon to output
Ny 1.00 0.05/v6 = 0.0204 B 100 % Triangular 1.025 x 1.02 X 0.19 mSv 0.0204 x 1.025 x 1.02 X 0.19 mSv
K, 1.025 0.125/3 = 0.0417 B 78 99.7 % Gaussian 1.02 X 0.19 mSv 0.0417 x 1.02 x 0.19 mSv
K 1.02 0.24/3 = 0.08 B 107 99.7 % Gaussian 1.025 x 0.19 mSv 0.08 x 1.025 x 0.19 mSv

Kg, 1.00 0.40/3 =0.133 B === 99.7 % Gaussian 1.025 x 1.02 X 0.19 mSv 0.133 x 1.025 x 1.02 x 0.19 mSv
Keny 1.00 0.20/v/6 = 0.0816 B 100 % Triangular 1.025 x 1.02 X 0.19 mSv 0.0816 x 1.025 x 1.02 x 0.19 mSv
H,, 0.198 mSv 0.027 mSv A 4 68.27 % Gaussian 1 1% 0.027 mSv

H,(10) 0.199 mSv 0.045 mSv (22.63 %)  Combined 68.27 % Gaussian

0.199 mSv + 0.088 mSv  (kgpp = 1.96)
Complete result of the measurement

106



Table C.4: Uncertainty budget of the raw measured dose 0.33 mSv corresponding to the true dose 0.40 mSv (TLD).

Quantity  Best estimate Absuor:;t;:t:?]lzjard Un(i{i/rgzinty 0’;:::\?;25;5 Cor;:i\fieelnce Distribution Sensitivity coefficient Uncertainty C;L?z::t?tuyt fon to output
Ny 1.00 0.05/v6 = 0.0204 B 100 % Triangular 1.025 x 1.02 x 0.37 mSv 0.0204 x 1.025 X 1.02 X 0.37 mSv
K, 1.025 0.125/3 = 0.0417 B 78 99.7 % Gaussian 1.02 x 0.37 mSv 0.0417 x 1.02 X 0.37 mSv
K 1.02 0.24/3 = 0.08 B 107 99.7 % Gaussian 1.025 x 0.37 mSv 0.08 x 1.025 x 0.37 mSv

Kg, 1.00 0.40/3 =0.133 B 99.7 % Gaussian 1.025 x 1.02 X 0.37 mSv 0.133 x 1.025 x 1.02 x 0.37 mSv
Keny 1.00 0.20/v/6 = 0.0816 B 100 % Triangular 1.025 x 1.02 X 0.37 mSv 0.0816 x 1.025 x 1.02 x 0.37 mSv
H,, 0.33 mSv 0.015 mSv A 4 68.27 % Gaussian 1 1% 0.015 mSv

H,(10) 0.39 mSv 0.072 mSv (18.51 %)  Combined 68.27 % Gaussian

0.39mSv + 0.14 mSv  (keop, = 1.96)
Complete result of the measurement
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Table C.5: Uncertainty budget of the raw measured dose 0.62 mSv corresponding to the true dose 0.8 mSv (TLD).

Quantity  Best estimate Absuor:g:itztiir:;jard Uniti/rpt)zinty ol;l:en:\l/);c::rfs Cor:;i\;jeelnce Distribution Sensitivity coefficient Uncertainty C(;)un;:t?f; fon to output
Ny 1.00 0.05/v6 = 0.0204 B 100 % Triangular 1.025 x 1.02 x 0.75 mSv 0.0204 x 1.025 X 1.02 X 0.75 mSv
K, 1.025 0.125/3 = 0.0417 B 78 99.7 % Gaussian 1.02 X 0.75 mSv 0.0417 x 1.02 x 0.75 mSv
K 1.02 0.24/3 = 0.08 B 107 99.7 % Gaussian 1.025 x 0.75 mSv 0.08 x 1.025 x 0.75 mSv

Kg, 1.00 0.40/3 =0.133 B == 99.7 % Gaussian 1.025 x 1.02 x 0.75 mSv 0.133 x 1.025 x 1.02 x 0.75 mSv
Keny 1.00 0.20/v/6 = 0.0816 B 100 % Triangular 1.025 x 1.02 x 0.75 mSv 0.0816 x 1.025 x 1.02 x 0.75 mSv
H,, 0.62 mSv 0.018 mSv A 4 68.27 % Gaussian 1 1 x0.018 mSv

H,(10) 0.79 mSv 0.14 mSv (18.22 %) Combined --- 68.27 % Gaussian -

0.79mSv + 028 mSv  (keop = 1.96)

Complete result of the measurement
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Table C.6: Uncertainty budget of the raw measured dose 0.85 mSv corresponding to the true dose 1 mSv (TLD).

Quantity  Best estimate Absl:)r:;t;:tztiz:l]rtl;iard Unct?rgiinty 0';:;\?;25:5 COTZi\?jnce Distribution Sensitivity coefficient Uncertainty C(;T;;?g: fon to output
Ny 1.00 0.05/v6 = 0.0204 B 100 % Triangular 1.025 x 1.02 X 1.07 mSv 0.0204 x 1.025 X 1.02 X 1.07 mSv
K, 1.025 0.125/3 = 0.0417 B 78 99.7 % Gaussian 1.02 x 1.07 mSv 0.0417 x 1.02 X 1.07 mSv
K 1.02 0.24/3 = 0.08 B 107 99.7 % Gaussian 1.025 x 1.07 mSv 0.08 x 1.025 x 1.07 mSv

Kgo 1.00 0.40/3 =0.133 B === 99.7 % Gaussian 1.025 x 1.02 x 1.07 mSv 0.133 x 1.025 x 1.02 x 1.07 mSv
Keony 1.00 0.20/v/6 = 0.0816 B 100 % Triangular 1.025 x 1.02 x 1.07 mSv 0.0816 x 1.025 x 1.02 x 1.07 mSv
H,, 0.85 mSv 0.046 mSv A 4 68.27 % Gaussian 1 1 x 0.046 mSv

H,(10) 1.11 mSv 0.21 mSv (18.53 %) Combined 68.27 % Gaussian

Complete result of the measurement

111 mSv + 040 mSv  (kepy = 1.96)
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Table C.7: Uncertainty budget of the raw measured dose 1.57 mSv corresponding to the true dose 2 mSv (TLD).

Quantity  Best estimate Absl:)r:;t;:tztiz:l]rtl;iard Unct?rgiinty 0';:;\?;25:5 COTZi\?jnce Distribution Sensitivity coefficient Uncertainty C;T;;?g: fon to output
Ny 1.00 0.05/v6 = 0.0204 B 100 % Triangular 1.025 x 1.02 X 2.02 mSv 0.0204 x 1.025 x 1.02 X 2.02 mSv
K, 1.025 0.125/3 = 0.0417 B 78 99.7 % Gaussian 1.02 x 2.02 mSv 0.0417 x 1.02 X 2.02 mSv
K 1.02 0.24/3 = 0.08 B 107 99.7 % Gaussian 1.025 x 2.02 mSv 0.08 x 1.025 x 2.02 mSv

Kg, 1.00 0.40/3 =0.133 B === 99.7 % Gaussian 1.025 x 1.02 x 2.02 mSv 0.133 x 1.025 x 1.02 x 2.02 mSv
Keny 1.00 0.20/v6 = 0.0816 B 100 % Triangular 1.025 X 1.02 X 2.02 mSv 0.0816 x 1.025 x 1.02 x 2.02 mSv
H,, 1.57 mSv 0.025 mSv A 4 68.27 % Gaussian 1 1% 0.025 mSv

H,(10) 2.11 mSv 0.38 mSv (18.11 %) Combined 68.27 % Gaussian

Complete result of the measurement

211 mSv + 0.75mSv  (k.o, = 1.96)
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Table C.8: Uncertainty budget of the raw measured dose 3.93 mSv corresponding to the true dose 5 mSv (TLD).

Quantity  Best estimate Absuor:g:itztiir:;jard Uniti/rpt)zinty ol;l:en:\l/);[::rfs Cor:;i\;jeelnce Distribution Sensitivity coefficient Uncertainty C(;)un;:t?f; fon to output
Ny 1.00 0.05/V6 = 0.0204 B === 100 % Triangular 1.025 x 1.02 X 5.17 mSv 0.0204 x 1.025 x 1.02 X 5.17 mSv
K, 1.025 0.125/3 = 0.0417 B 78 99.7 % Gaussian 1.02 X 5.17 mSv 0.0417 x 1.02 x 5.17 mSv
K 1.02 0.24/3 = 0.08 B 107 99.7 % Gaussian 1.025 x 5.17 mSv 0.08 x 1.025 x 5.17 mSv

Kgo 1.00 0.40/3 =0.133 B == 99.7 % Gaussian 1.025 x 1.02 X 5.17 mSv 0.133 x 1.025 x 1.02 X 5.17 mSv
Keny 1.00 0.20/v/6 = 0.0816 B 100 % Triangular 1.025 x 1.02 X 5.17 mSv 0.0816 x 1.025 x 1.02 X 5.17 mSv
H,, 3.93 mSv 0.045 mSv A 4 68.27 % Gaussian 1 1 x 0.045 mSv

H,(10) 5.41 mSv 0.98 mSv (18.09 %) Combined --- 68.27 % Gaussian -

Complete result of the measurement

541 mSv + 1.92mSv (ko = 1.96)
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Table C.9: Uncertainty budget of the raw measured dose 7.54 mSv corresponding to the true dose 10 mSv (TLD).

Quantity  Best estimate Absuor:sét:t:i?;iard Unii/rpt)zinty 0';:;\?;25:5 COTZi\?jnce Distribution Sensitivity coefficient Uncertainty C;T;;?g: fon to output
N, 1.00 0.05/x/€ = 0.0204 B 100 % Triangular 1.025 x 1.02 X 9.98 mSv 0.0204 x 1.025 x 1.02 X 9.98 mSv
K, 1.025 0.125/3 = 0.0417 B 78 99.7 % Gaussian 1.02 X 9.98 mSv 0.0417 x 1.02 x 9.98 mSv
K 1.02 0.24/3 = 0.08 B 107 99.7 % Gaussian 1.025 X 9.98 mSv 0.08 x 1.025 x 9.98 mSv

Kg, 1.00 0.40/3 =0.133 B === 99.7 % Gaussian 1.025 x 1.02 X 9.98 mSv 0.133 x 1.025 x 1.02 X 9.98 mSv
Keny 1.00 0.20/v6 = 0.0816 B 100 % Triangular 1.025 x 1.02 X 9.98 mSv 0.0816 x 1.025 x 1.02 x 9.98 mSv
H, 7.54 mSv 0.11 mSv A 4 68.27 % Gaussian 1 1x0.11 mSv

H,(10) 10.43 mSv 1.89 mSv (18.10 %) Combined -—- 68.27 % Gaussian

1043 mSv + 3.70mSv  (kepy = 1.96)

Complete result of the measurement
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MicroStar OSL system

Table C.10: Uncertainty budget of the net measured dose 0.11 mSv corresponding to the true dose 0.07 mSv (OSL).

Quantity Best Absolute standard Uncertainty ~ Number of Confidence Distribution Sensitivity coefficient Uncertainty contribution to output
estimate uncertainty type observations level quantity
N, 1.00 0.05/v6 = 0.0204 B 100 % Triangular 1.08 x 0.93 x 0.105 mSv 0.0204 x 1.08 x 0.93 x 0.105 mSv
K, 0.93 0.27/3 = 0.09 B 64 99.7 % Gaussian 1.08 x 0.105 mSv 0.09 x 1.08 x 0.105 mSv
K 1 0 B 99.7 % Gaussian 1.08 x 0.93 x 0.105 mSv 0 x 1.08 X 0.93 x 0.105 mSv
Kg, 1.00 0.40/3 =0.133 B --- 99.7 % Gaussian 1.08 X 0.93 x 0.105 mSv 0.133 x 1.08 X 0.93 x 0.105 mSv
Kony 1.00 0.20/v/6 = 0.0816 B 100 % Triangular 1.08 x 0.93 x 0.105 mSv 0.0816 x 1.08 X 0.93 X 0.105 mSv
H,, 0.11 mSv 0.015 mSv A 4 68.27 % Gaussian 1 1x0.015 mSv
H,(10) 0.106 mSv 0.025 mSv (23.40 %) Combined 68.27 % Gaussian
Complete result of the measurement 0.106 mSv + 0.049 mSv (ko = 1.96)
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Table C.11: Uncertainty budget of the net measured dose 0.089 mSv corresponding to the true dose 0.08 mSv (OSL).

Quantity Best Absolute standard Uncertainty Number of Confidence Distribution Sensitivity coefficient Uncertainty contribution to output
estimate uncertainty type observations level quantity
N, 1.00 0.05/v6 = 0.0204 B 100 % Triangular 1.08 x 0.93 x 0.084 mSv 0.0204 x 1.08 x 0.93 x 0.084 mSv
K, 0.93 0.27/3 = 0.09 B 64 99.7 % Gaussian 1.08 x 0.084 mSv 0.09 x 1.08 x 0.084 mSv
K 1 0 B 99.7 % Gaussian 1.08 x 0.93 x 0.084 mSv 0 x 1.08 x 0.93 x 0.084 mSv
Kg, 1.00 0.40/3 =0.133 B = 99.7 % Gaussian 1.08 x 0.93 x 0.084 mSv 0.133 x 1.08 x 0.93 x 0.084 mSv
Kony 1.00 0.20/v/6 = 0.0816 B 100 % Triangular 1.08 x 0.93 X 0.084 mSv 0.0816 x 1.08 X 0.93 x 0.084 mSv
H, 0.089 mSv 0.018 mSv A 3 68.27 % Gaussian 1 1x0.018 mSv
H,(10) 0.0845mSv  0.0235 mSv (27.79 %)  Combined 68.27 % Gaussian
Complete result of the measurement 0.0845 mSv + 0.046 mSv (k.o = 1.96)
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Table C.12: Uncertainty of the net measured dose 0.092 mSv corresponding to the true dose 0.09 mSv (OSL).

Quantity Best Absolute standard Uncertainty Number of Confidence Distribution Sensitivity coefficient Uncertainty contribution to output
estimate uncertainty type observations level quantity

N, 1.00 0.05/v6 = 0.0204 B 100 % Triangular 1.08 x 0.93 x 0.087 mSv 0.0204 x 1.08 x 0.93 x 0.087 mSv
K, 0.93 0.27/3 = 0.09 B 64 99.7 % Gaussian 1.08 x 0.087 mSv 0.09 x 1.08 x 0.087 mSv
K 1 0 B 99.7 % Gaussian 1.08 x 0.93 x 0.087 mSv 0 x 1.08 x 0.93 x 0.087 mSv
Kg, 1.00 0.40/3 =0.133 B = 99.7 % Gaussian 1.08 x 0.93 x 0.087 mSv 0.133 x 1.08 x 0.93 x 0.087 mSv
Kony 1.00 0.20/v/6 = 0.0816 B 100 % Triangular 1.08 x 0.93 X 0.087 mSv 0.0816 x 1.08 X 0.93 x 0.087 mSv
H,, 0.092 mSv 0.019 mSv A 3 68.27 % Gaussian 1 1x0.019 mSv

H,(10) 0.088 mSv 0.025 mSv (28.69 %) Combined 68.27 % Gaussian

Complete result of the measurement

0.088 mSv + 0.049 mSv  (keop = 1.96)
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Table C.13: Uncertainty budget of the net measured dose 0.136 mSv corresponding to the true dose 0.1 mSv (OSL).

Quantity Best Absolute standard Uncertainty Number of Confidence Distribution Sensitivity coefficient Uncertainty contribution to output
estimate uncertainty type observations level quantity
N, 1.00 0.05/v6 = 0.0204 B 100 % Triangular 1.08 x 0.93 x 0.13 mSv 0.0204 x 1.08 x 0.93 x 0.13 mSv
K, 0.93 0.27/3 = 0.09 B 64 99.7 % Gaussian 1.08 x 0.13 mSv 0.09 x 1.08 x 0.13 mSv
K 1 0 B 99.7 % Gaussian 1.08 x 0.93 x 0.13 mSv 0x1.08 x 0.93 x 0.13 mSv
Kg, 1.00 0.40/3 =0.133 B = 99.7 % Gaussian 1.08 X 0.93 x 0.13 mSv 0.133 X 1.08 X 0.93 x 0.13 mSv
Kony 1.00 0.20/v/6 = 0.0816 B 100 % Triangular 1.08 X 0.93 X 0.13 mSv 0.0816 x 1.08 X 0.93 X 0.13 mSv
H, 0.136 mSv 0.024 mSv A 4 68.27 % Gaussian 1 1x0.024 mSv
H,(10) 0.13 mSv 0.034 mSv (26.32 %) Combined 68.27 % Gaussian
Complete result of the measurement 0.13 mSv £+ 0.067 mSv  (k¢op, = 1.96)
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Table C.14: Uncertainty budget of the net measured dose 0.23 mSv corresponding to the true dose 0.2 mSv (OSL).

Quantity Best Absolute standard Uncertainty Number of Confidence Distribution Sensitivity coefficient Uncertainty contribution to output
estimate uncertainty type observations level quantity

N, 1.00 0.05/v6 = 0.0204 B 100 % Triangular 1.08 x 0.93 x 0.217 mSv 0.0204 x 1.08 x 0.93 x 0.217 mSv
K, 0.93 0.27/3 = 0.09 B 64 99.7 % Gaussian 1.08 X 0.217 mSv 0.09 x 1.08 x 0.217 mSv
K 1 0 B 99.7 % Gaussian 1.08 x 0.93 x 0.217 mSv 0x1.08x0.93 x0.217 mSv
Kg, 1.00 0.40/3 =0.133 B = 99.7 % Gaussian 1.08 X 0.93 x 0.217 mSv 0.133 x 1.08 X 0.93 x 0.217 mSv
Kony 1.00 0.20/v/6 = 0.0816 B 100 % Triangular 1.08 X 0.93 X 0.217 mSv 0.0816 x 1.08 X 0.93 X 0.217 mSv
H, 0.23 mSv 0,045 mSv A 4 68.27 % Gaussian 1 1 x 0.045 mSv

H,(10) 0.22 mSv 0.061 mSv (27.89 %) Combined 68.27 % Gaussian

Complete result of the measurement

0.22mSv + 0.12mSv  (kopp = 1.96)
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Table C.15: Uncertainty budget for the net measured dose 0.45 mSv corresponding to the true dose 0.40 mSv (OSL).

Quantity Best Absolute standard Uncertainty Number of Confidence Distribution Sensitivity coefficient Uncertainty contribution to output
estimate uncertainty type observations level quantity
N, 1.00 0.05/v6 = 0.0204 B 100 % Triangular 1.08 x 0.93 x 0.43 mSv 0.0204 x 1.08 x 0.93 x 0.43 mSv
K, 0.93 0.27/3 = 0.09 B 64 99.7 % Gaussian 1.08 x 0.43 mSv 0.09 x 1.08 x 0.43 mSv
K 1 0 B 99.7 % Gaussian 1.08 x 0.93 x 0.43 mSv 0x1.08 x 0.93 x 0.43 mSv
Kg, 1.00 0.40/3 =0.133 B = 99.7 % Gaussian 1.08 X 0.93 x 0.43 mSv 0.133 X 1.08 X 0.93 x 0.43 mSv
Kony 1.00 0.20/+/6 = 0.0816 B 100 % Triangular 1.08 x 0.93 X 0.43 mSv 0.0816 x 1.08 X 0.93 X 0.43 mSv
H, 0.45 mSv 0.022 mSv A 4 68.27 % Gaussian 1 1x0.022 mSv
H,(10) 0.43 mSv 0.083 mSv (19.19 %) Combined 68.27 % Gaussian
Complete result of the measurement 0.43 mSv £ 0.16 mSv  (k¢op, = 1.96)
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Table C.16: Uncertainty budget of the net measured dose 0.84 mSv corresponding to the true dose 0.8 mSv (OSL).

Quantity Best Absolute standard Uncertainty Number of Confidence Distribution Sensitivity coefficient Uncertainty contribution to output
estimate uncertainty type observations level quantity
N, 1.00 0.05/v/6 = 0.0204 B 100 % Triangular 1.08 X 0.93 X 0.79 mSv 0.0204 x 1.08 x 0.93 x 0.79 mSv
K, 0.93 0.27/3 =0.09 B 64 99.7 % Gaussian 1.08 X 0.79 mSv 0.09 x 1.08 x 0.79 mSv
K 1 0 B 99.7 % Gaussian 1.08 X 0.93 x 0.79 mSv 0 x 1.08 x 0.93 x 0.79 mSv
Kg, 1.00 0.40/3 =0.133 B = 99.7 % Gaussian 1.08 X 0.93 x 0.79 mSv 0.133 X 1.08 X 0.93 x 0.79 mSv
Kony 1.00 0.20/v/6 = 0.0816 B -—- 100 % Triangular 1.08 x 0.93 x 0.79 mSv 0.0816 x 1.08 x 0.93 x 0.79 mSv
H,, 0.84 mSv 0.017 mSv A 4 68.27 % Gaussian 1 1x0.017 mSv
H,(10) 0.80 mSv 0.15 mSv (18.62 %) Combined 68.27 % Gaussian

Complete result of the measurement

0.80 mSv + 0.29 mSv (koo = 1.96)
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Table C.17: Uncertainty budget of the net measured dose 1.00 mSv corresponding to the true dose 1 mSv (OSL).

Quantity Best Absolute standard Uncertainty Number of Confidence Distribution Sensitivity coefficient Uncertainty contribution to output
estimate uncertainty type observations level quantity
N, 1.00 0.05/v6 = 0.0204 B 100 % Triangular 1.08 x 0.93 X 0.949 mSv 0.0204 x 1.08 x 0.93 x 0.949 mSv
K, 0.93 0.27/3 = 0.09 B 64 99.7 % Gaussian 1.08 x 0.949 mSv 0.09 x 1.08 x 0.949 mSv
K 1 0 B 99.7 % Gaussian 1.08 x 0.93 x 0.949 mSv 0 x 1.08 X 0.93 x 0.949 mSv
Kg, 1.00 0.40/3 =0.133 B = 99.7 % Gaussian 1.08 X 0.93 x 0.949 mSv 0.133 X 1.08 x 0.93 x 0.949 mSv
Kony 1.00 0.20/+/6 = 0.0816 B 100 % Triangular 1.08 X 0.93 X 0.949 mSv  0.0816 x 1.08 X 0.93 X 0.949 mSv
H, 1.00 mSv 0.045 mSv A 4 68.27 % Gaussian 1 1 x 0.045 mSv
H,(10) 0.95 mSv 0.18 mSv (19.1 %) Combined 68.27 % Gaussian

Complete result of the measurement

0.95 mSv + 036 mSv  (kepy = 1.96)
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Table C.18: Uncertainty budget of the net measured dose 1.95 mSv corresponding to the true dose 2 mSv (OSL).

Quantity Best Absolute standard Uncertainty Number of Confidence Distribution Sensitivity coefficient Uncertainty contribution to output
estimate uncertainty type observations level quantity
N, 1.00 0.05/v6 = 0.0204 B 100 % Triangular 1.08 x 0.93 x 1.85 mSv 0.0204 x 1.08 x 0.93 x 1.85 mSv
K, 0.93 0.27/3 = 0.09 B 64 99.7 % Gaussian 1.08 x 1.85 mSv 0.09 x 1.08 x 1.85 mSv
K 1 0 B 99.7 % Gaussian 1.08 x 0.93 x 1.85 mSv 0 x1.08 x 0.93 x 1.85 mSv
Kg, 1.00 0.40/3 =0.133 B = 99.7 % Gaussian 1.08 x 0.93 x 1.85 mSv 0.133 x 1.08 x 0.93 x 1.85 mSv
Kony 1.00 0.20/v/6 = 0.0816 B -=- 100 % Triangular 1.08 x 0.93 x 1.85 mSv 0.0816 x 1.08 x 0.93 x 1.85 mSv
H, 1.95 mSv 0.093 mSv A 4 68.27 % Gaussian 1 1x0.093 mSv
H,(10) 1.86 mSv 0.36 mSv (19.17 %) Combined 68.27 % Gaussian

Complete result of the measurement

1.86 mSv £ 0.70 mSv (koo = 1.96)
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Table C.19: Uncertainty budget of the net measured dose 5.16 mSv corresponding to the true dose 5 mSv (OSL).

Quantity Best Absolute standard Uncertainty Number of Confidence Distribution Sensitivity coefficient Uncertainty contribution to output
estimate uncertainty type observations level quantity
N, 1.00 0.05/v6 = 0.0204 B 100 % Triangular 1.08 x 0.93 X 4.89 mSv 0.0204 x 1.08 x 0.93 x 4.89 mSv
K, 0.93 0.27/3 = 0.09 B 64 99.7 % Gaussian 1.08 x 4.89 mSv 0.09 x 1.08 x 4.89 mSv
K 1 0 B 99.7 % Gaussian 1.08 x 0.93 x 4.89 mSv 0 x 1.08 x 0.93 X 4.89 mSv
Kg, 1.00 0.40/3 =0.133 B = 99.7 % Gaussian 1.08 X 0.93 x 4.89 mSv 0.133 X 1.08 X 0.93 X 4.89 mSv
Kony 1.00 0.20/+/6 = 0.0816 B 100 % Triangular 1.08 X 0.93 X 4.89 mSv 0.0816 x 1.08 X 0.93 X 4.89 mSv
H,, 5.16 mSv 0.11 mSv A 4 68.27 % Gaussian 1 1x0.11 mSv
H,(10) 4.91 mSv 0.91 mSv (18.63 %) Combined 68.27 % Gaussian

Complete result of the measurement

491 mSv + 1.79mSv  (kgop = 1.96)
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Table C.20: Uncertainty budget of the net measured dose 10.66 mSv corresponding to the true dose 10 mSv (OSL).

Quantity Best Absolute standard Uncertainty Number of Confidence Distribution Sensitivity coefficient Uncertainty contribution to output
estimate uncertainty type observations level quantity
N, 1.00 0.05/v6 = 0.0204 B 100 % Triangular 1.08 x 0.93 x 10.10 mSv 0.0204 x 1.08 x 0.93 x 10.10 mSv
K, 0.93 0.27/3 = 0.09 B 64 99.7 % Gaussian 1.08 x 10.10 mSv 0.09 x 1.08 x 10.10 mSv
K, 1 0 B --- 99.7 % Gaussian 1.08 X 0.93 x 10.10 mSv 0x 1.08 x0.93 x 10.10 mSv
Kg, 1.00 0.40/3 =0.133 B === 99.7 % Gaussian 1.08 X 0.93 x 10.10 mSv 0.133 x 1.08 x 0.93 x 10.10 mSv
Ko 1.00 0.20/v/6 = 0.0816 B 100 % Triangular 1.08 x 0.93 x 10.10 mSv 0.0816 x 1.08 x 0.93 X 10.10 mSv
H,, 10.66 mSv 0.17 mSv A 4 68.27 % Gaussian 1 1x0.17 mSv
H,(10) 10.15 mSv 1.88 mSv (18.58 %) Combined 68.27 % Gaussian

Complete result of the measurement

10.15 mSv + 3.69 mSv  (kgop, = 1.96)
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APPENDIX D

MATLAB CODE USED FOR UNCERTAINTY ASSESSMENT

Harshaw 6600 TL system

clear all; close all;format compact;format short g;
%HmMref=3.025895859; Htref=3; Rref=1.008631953,;

hm=2.32423;% values of hm=[0.1081965 0.13094 0.1989625 0.1976 0.3321425
0.6193275 0.8541 1.571175 2.32423 3.9329 7.538875];

%Correction of hm

hmcor=1.3333*hm-0.073;

%Calculation of Hp

n0=1;kn=1.025;ks=1.02;kefi=1;kenv=1;

hp=n0*kn*ks*kefi*kenv*hmcor;

%calculation of sensitivity coefficients;

Cn0=1.025*1.02*hmcor;

Ckn=1.02*hmcor;

Cks=1.025*hmcor;

Ckefi=1.025*1.02*hmcor;

Ckenv=1.025*1.02*hmcor;

Sn0=0.05/sqrt(6);

Skn=0.125/3;

Sks=0.24/3;

Skefi=0.4/3;

Skenv=0.2/sqrt(6);

%contributions of input quantities to the output quantity

Ucontr=[Cn0*Sn0 Ckn*Skn Cks*Sks Ckefi*Skefi Ckenv*Skenv];

%type A uncertainty

$=0.085505036;% values of s =[0.01506095 0.01871481 0.08931786 0.04069192
0.02323192 0.02762292 0.06853126 0.03700012 0.085505036 0.067144719
0.165734715];

Uhm=(1.3333*s)/sqrt(10);% The denominator is sqrt(10) for Ht = 3 mSv.
%output uncertainty
U=sgrt((Ucontr(1))*2+(Ucontr(2))*2+(Ucontr(3))"2+(Ucontr(4))"2+(Ucontr(5))"2+U
hm”"2);

Urel=(U/hp)*100;

Uexpand=U*1.96;

RangeLow=hp-Uexpand;
RangeUp=hp+Uexpand;RespRangeLow=hp/RangeUp;RespRangeUp=hp/RangeLow;
% Values displayed in command window

U

Urel

hp

Uexpand

RangeLow

RangeUp

RespRangeLow
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RespRangeUp
Uhm

MicroStar OSL system

clear all; close all;format compact;format short g;
%Hmref=2.961355653;Htref=3;Rref=0.987118551;

hm=10.66123986;% values of hm=[0.111249924 0.088750124 0.092083534
0.136250019 0.228749752 0.453749895 0.83874917 1.001249552 1.951248407
3.125414769 5.158737421 10.66123986];

%Correction of hm

hmcor=0.94750805*hm;

%Calculation of Hp

n0=1;kn=0.93;ks=1:kefi=1;kenv=1;

hp=1.08*n0*kn*ks*kefi*kenv*hmcor;

%calculation of sensitivity coefficients;

Cn0=1.08*0.93*hmcor;

Ckn=1.08*hmcor;

Cks=1.08*0.93*hmcor;

Ckefi=1.08*0.93*hmcor;

Ckenv=1.08*0.93*hmcor;

Sn0=0.05/sqrt(6);

Skn=0.27/3;

Sks=0;

Skefi=0.4/3;

Skenv=0.2/sqrt(6);

%contributions of input quantities to the output quantity

Ucontr=[Cn0*Sn0 Ckn*Skn Cks*Sks Ckefi*Skefi Ckenv*Skenv];

%type A uncertainty

$=0.362893462;% values of s =[0.032014939 0.032014939 0.035118699
0.051234732 0.095916009 0.04654703 0.035589646 0.094999414 0.197208083
0.098724917 0.22583139 0.362893462];

Uhm=(0.94750805*s)/sgrt(4); % The denominator is sqrt(3) for Ht = 0.08 mSv and
Ht =0.09 mSv, and sqrt(6) for Ht =3 mSv.

%output uncertainty
U=sqrt((Ucontr(1))*2+(Ucontr(2))"2+(Ucontr(3))*2+(Ucontr(4))*2+(Ucontr(5))"2+U
hm”2);

Urel=(U/hp)*100;

Uexpand=U*1.96;

RangeLow=hp-Uexpand;
RangeUp=hp+Uexpand;RespRangeLow=hp/RangeUp;RespRangeUp=hp/RangeLow;
% Values displayed in command window

U

Urel

hp

Uexpand

RangeLow

RangeUp

RespRangeLow

RespRangeUp
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