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Abstract

The effective management of radiological emergencies where members of the public not carrying
conventional dosimeter have been exposed to doses of ionising radiation requires individual dose
estimates to support medical triage. Biological and physical methods have been developed to
address this issue. New materials and techniques have been sought to reinforce preparedness for
such emergencies. Alternative materials, such as clothing, shoes, paper, plastic items, nail polish or
banknotes were investigated using thermoluminescence (TL) and optically stimulated luminescence
(OSL). Most of the materials and fabric tested exhibited either no detectable response to dose using
luminescence technique, or a weak response yielding detection limits above 2 Gy, with the exceptions
of a blue polyester fabric responding to infra-red stimulated luminescence (IRSL) and some types
of polymer - based fabric that were found to have luminescence favourable characteristics for short
- term dosimetry and particularly those containing mineral fillers. The most promising were fabrics
containing calcium carbonate fillers, where the TL response to 8 radiations was measured with a
detection limit as low as 4 mGy, and a relatively low native signal in the region of interest (< 200
°C). The fading was found to be slower for samples stored at -15 °C compared with samples stored
at ambient temperature. A blind test was carried out and confirmed the potential of bags containing
calcium carbonate fillers to provide reliable dose estimate for radiological triage. Furthermore, the
TL signal of calcium carbonate fillers contained in the fabric of bags offers several advantages for
accident dosimetry compared with other methods, such as a rapid dose assessment, the low cost
value of the material and availability, and the possibility to map radiological doses is the fabric

covers sufficient surface.
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s

TL signal remaining following /3 irradiation 1 Gy and storage in the dark for storage
periods 0.5-24 h. 1) Storage at room temperature, bag 21 (black fibres coated with
thermoplastic backpack); 2) Storage at room temperature, bag 16 (red faux leather
handbag); 3) Storage at 35 °C, bag 16; 4) Storage at 35 °C, bag 21. The remaining
signal was calculated as the integral in the region 158-160 °C (open red circles) and
normalised to the TL signal measured immediately after the irradiation (< 5 min).
The lines indicate exponential functions fitted to the experimental data. PMT :

Hamamatsu R2949, detection window : OC 12, heating rate : 0.5 °C.s™'. . . . . . ..
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TL glow curves fro a sample taken from bag 11 (brown backpack, woven fibres coated
with a thermoplastic) after § irradiation (10 Gy) and after 1 h storage under white
light (open black squares) and in the dark (open red circles) at ambient temperature.

Detection window : fused silica window, heating rate : 0.5 °C.s™L. . . . . ... .. ..

TL signal remaining following 3 irradiation 10 Gy and storage in the dark at ambient
temperature for 24 h of F# 179 (white woven nylon fibres coated with PU) as a
function of the temperature at which the integration was made. The remaining signal
was calculated as the integral in 2 °C intervals in the region 50-200 °C and normalised
to the TL signal measured immediately after the irradiation (< 5 min). The horizontal
line indicate 50% of remaining signal. Detection window : fused silica window, heating

rate 1 0.5 CC.sT . L L,

Glow curves obtained by applying the T,q,-Tst0p method to a sample of F# 179 (white
woven nylon fibres coated with PU), where the following treatments were applied :
no preheat (open black squares); 80 °C (open blue triangles); 110 °C (open orange
polygons); 150 °C (red stars) and 170 °C (green lines). Preheat : cut-heat, detection

window : fused silica window, heating rate : 0.5 °C.s™ .. . . . . ... ... ... ...

Maximum TL peak position measured following the administration of various level
of B doses (0.1-10 Gy) with samples taken from bag 16 (red faux leather). The
uncertainties indicated are associated with the effect of the thermal lag (see Chapter
12). No preheat, PMT : Hamamatsu R2949, detection window : OC12, heating rate
D05°CsTh L

a) Position of the main TL peak (ca 100 °C) of the TL glow curve of a sample of F#
179 (white woven nylon fibres coated with PU) following / irradiation (1 Gy) and
preheat in the range 20-180 °C. b) Activation energies calculated applying the initial
rise method to a sample of F# 179 following 8 (1 Gy) irradiation and preheat in the
range 20-180 °C. . . . . . L

TL glow curves of a sample taken from bag 16 (red faux leather fabric) irradiated with
a [ dose (0.8 Gy) at various sample temperatures in the range 20-100 °C. No preheat,
PMT : Hamamatsu R2949, detection window : OC12, heating rate : 0.5 °C.s™!. . . .
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a) Activation energy calculated using the initial rise method as a function of the sample
temperature during irradiation for samples taken from bag 16 (red faux leather) and
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filter: U-340; heating rate 0.5 °C.s™'. . . . . . .. ...

PTTL intensity vs the illumination parameters (duration and temperature). The

PTTL intensity corresponds to the integral of the signal recorded between 150 and

a) Native (open circle) and S-induced (10 Gy; black squares) PTTL glow curves
measured with five alumina substrate chips, measured following the PTTL procedure
(Table 11.1). b) Integral of the PTTL signal (150-300 °C) vs administered /5 dose,
where the solid line represents a quadratic function fitted to the experimental data.

Type A error in counts < 1 %. Detection window: U-340; heating rate 0.5 °C.s™!. . .

a) 470 nm stimulated OSL recorded following /3 irradiation and 450 °C preheat (Step 3
, Table 11.1). Detection window : U-340. b) Integral of the OSL signal vs administered
£ dose, where the solid line represents a quadratic curve fitted to the experimental

data. Type A error in counts < 1 %. Detection window: U-340; sample temperature
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a) Upper : “native” PSTL (black circles) and PSTL measured after a cycle of PTTL[UV]
measurements and annealing at 900 °C (red crosses) of alumina substrate chips follow-
ing UV illumination for 2 minutes at room temperature. Lower : PTTL[UV] following
B irradiation 10 Gy and 5 Gy (open black squares and open blue triangles respec-
tively), and PTTL[470 nm|, 10 Gy S dose (open red cirles). All illuminations were
carried out at room temperature and the samples were exposed to the light source
for 2 minutes. b) Integral of the PTTL (UV) signal (100-500 °C) vs administered g
dose (0.5-10 Gy). The solid line represents a linear curve fitted to the experimental
data; the horizontal line indicate the PSTL signal. Type A error in counts < 1 %.
Detection filter : U-340, heating rate : 0.5 °C.s™!, Risg reader. . . ... .. ... ..

Remaining PTTL signal (integral, 150-300 °C; purple diamonds: procedure A; blue
triangles: procedure B) following storage (0.125- 224 d) in the dark at ambient tem-
perature, compared with the TL signal remaining (integral, 150-200 °C, black squares;
integral 200-300 °C, red circles). The horizontal line indicates the absence of fading
(y = 1). The box (broken line) groups the results obtained with resistors drawn from

combined batches 1 and 2. . . . . . . . . o

a) PTTL [470 nm] glow curves of alumina substrate measured following ( irradiation
(10 Gy) and annealing at the indicated temperatures in the range 450-600 °C . b)
PTTL vs annealing temperature: Peak 1 (integrated TL 150-223 °C, black filled
squares), Peak 2 (223-284 °C, filled circles), Peak 3 (283-377 °C, blue filled triangles),
and peak 4 (377-500 °C, green inverted filled triangles). Detection window: U-340.
Heating rate: 0.5 °C-s™h . . . . . . .

Alumina substrate glow curves of 1) TL, § dose 10 Gy (open black squares), 2)
PTTL induced by a 2 min UV illumination at room temperature, 5 dose 10 Gy (open
red circles), 3) photo-stimulated signal induced by a 2 min UV exposure at room
temperature (no dose, open blue triangles), and 4) PTTL induced by blue illumination
2 min at 150 °C, 8 dose 10 Gy (open green diamonds). Some of the peak positions
(197, 260, 314, and 480 °C) are indicated by a vertical line. The glow curves were
normalised to the total integral of the signal. Risg system, U-340, detection window

: U-340, heating rate : 0.5 °C-s™ . . . . . . .. L
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Chapter 1

Introduction

1.1 Context

In the immediate aftermath of a large scale radiological accident, emergency workers would have to
respond within 12 hours to an influx of patients suffering from traumatic injuries (including injuries
from building collapse, broken glass or car accidents), burns, radiation injuries and psychological
trauma, depending on the exact nature of the event (Hick et al., 2011). In addition to the rush
of casualties, societies hit by such events may have to deal in the long term with contamination
of radiological material, psychological trauma, environmental impact and economical consequences
due to the destruction or contamination of infrastructure (Ferguson, 2009). Thus, preparedness for
such events is necessary to improve a society’s resilience (Coleman et al., 2015) and the response
to radiological catastrophes and accidents requires specific and tailored preparedness (Hick et al.

2011; Knebel et al. 2011, see Chapter 2 for more details).

Although the controlled use of ionising radiation has many applications beneficial to the society
(e.g., energy produced by nuclear power plants, medical imaging, cancer treatment, food sterilisa-
tion,...), the health and environmental effects induced by an uncontrolled use of ionising radiation
and exposure to high levels of radiation can have severe consequences on the health of individuals
(Fig. 1.1), including increase risk of cancer, nausea, low blood count and acute radiation syndrome
that can lead to death (Domenech, 2016). Uncontrolled exposure to ionising radiation can occur
in various scenarios, e.g., power plant meltdown, detonation of a nuclear device, lost or stolen ra-

dioactive material, some of which have already occurred in the past (e.g., Chernobyl, Hiroshima,
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Goiania).

Dose (mSv)

Fatal within weeks

Single dose kiling 50 % of those exposed within a month

Single dose causing first symptoms of acute radiation

1000 syndrom (bone marrow blood cell depletion)

100 Lowest level at which the risk of cancer is increased
10 Full body CT scan

2.4 Background radiation (per year)

0.1 Chest X-ray

0.01 Dental X-ray

Fig. 1.1. Effect of levels of radiation dose on the human body. Data taken from

https://cna.ca/issues-policy /radiation/quantifying-radiation and ICRP (2012).

Radiological incidents differ in severity; the scale developed by the International Atomic En-
ergy Agency (IAEA) indicates that the least severe incidents (level 1) do not result in casualties,
although it may result in the over-exposure of a member of the public above the statutory limits
(e.g., Penly reactor, France, 2012; Tricastin Nuclear Power Plant, France, 2008). Major accidents
(level 7), however, result in widespread contamination by radiological material of both people and
the environment. Two level 7 accidents have occurred in recorded history (Chernobyl, 1986 and
Fukushima, 2011) that both caused the death of civilians and long term contamination of the envi-
ronment. A major accident can potentially expose many members of the public, who may require
medical attention. Thus, the medical responders may have to deal with a large influx of patients
but with scarce medical resources (Coleman et al., 2009). In preparing for an event which results
in large numbers of casualties, a system of triage has been developed to target the patients that
require the most urgent medical care and to preserve the scarce medical resources. The manage-

ment of the triage of large scale nuclear accidents differs from other disasters partly by the nature
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of the radiation injuries : unless acute exposure occurred, a physical examination of the individuals
in the hours following the event may not provide a satisfactory means of triage. In radiological
emergencies, the triage is performed according to the level of absorbed dose (Coleman et al., 2011)
where typically, the patients with a dose above 2 Gy would require immediate medical attention,
whereas patients with a dose below 2 Gy may received delayed medical care.

An estimate of the level of dose to individuals in the aftermath of a radiological accident is thus
necessary to either 1) support medical treatment, where the symptoms of radiation exposure are

not immediately obvious and 2) to provide a means of triage in large scale accidents.

1.2 Problem and significance

Biological and physical methods of dosimetry have been developed for dose assessment in radiological
emergency situations. Biological methods include (though not exhaustively) dicentric chromosome
assay, gene expression, v-H2AX protein biomarker or fluorescence in situ hybridisation (FISH)
assays (Ainsbury et al., 2010). Some of these techniques (e.g., dicentric chromosome assay) are
well validated and perform well in blind tests and inter-comparison exercises (Wilkins et al., 2008).
However, biological methods tend to be quite lengthy between reception of the sample and the dose
estimate (50 h for the dicentric chromosome assay). Physical dosimetry mainly comprises electron
paramagnetic resonance (EPR) and luminescence techniques (optically stimulated luminescence and
thermoluminescence).

Physical dosimetry can either employ biological material (i.e., EPR using tooth enamel) or
material found in the environment or in the possession of individuals. The EPR signal of tooth
enamel offers accurate estimates of dose, although it is an invasive procedure that requires the
extraction of teeth from the patients (Fattibene and Callens, 2010). Other materials investigated
using EPR include sugar (Nakajima and Otsuki, 1990), cotton (Barthe et al., 1989; Trompier et al.,
2010), plastic items (cards, buttons, phone cases; Sholom and Chumak 2010; Trompier et al. 2010),
fingernails (Reyes et al., 2009) or glass (Trompier et al., 2011; Fattibene et al., 2014). However,
the use of these materials in an emergency situation is either limited by the unavailability of the
materials, an instability of the signal, a non linear response to dose, or a weak response to dose.

Optically stimulated luminescence and thermoluminescence are widely accepted methods for

occupational dosimetry in radiation facilities (Bgtter-Jensen et al., 2003), due to their sensitivity
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and ease of processing dosimeters. The quartz contained in bricks and ceramics was the first
material to be used to retrospectively assess gamma dose following radiological accidents (Hutt
et al., 1993; Haskell et al., 1994; Bailiff, 1995; Bailiff et al., 2004b), and although the sensitivity of
the luminescence signal of quartz and its stability provide reliable dose assessment, brick and cement
samples do not provide the dose received by individuals but they are used to obtain a spatial average
of dose to structures. To provide an individual specific dose assessment, materials that are likely
to be carried by members of the public were examined for their luminescence response to ionising
radiation. Amongst the materials investigated, alumina substrate resistors such as those found on
the circuit boards of mobile phones showed favourable characteristic for short term dose assessment
(Inrig et al., 2008a; Bassinet et al., 2014; Beerten and Vanhavere, 2010; Ekendahl and Judas, 2011,
Kouroukla, 2015). Despite their favourable characteristics (ubiquity amongst members of the public,
linear response to ionising radiation dose, capability to detect levels of dose well below the threshold
required for triage, dose recovery capability), several issues remain. Firstly, the luminescence signal
is unstable at room temperature (Inrig et al., 2010a); secondly, the difficulty to obtain mobile
phones in an emergency situation, both because members of the public may be reluctant to give
up their phones in an emergency situation and because security services may seize the phones for
the information stored in them; thirdly, technological advances lead to increasingly smaller resistors
being used in mobile phones, which makes it harder to extract the resistors from the circuit board
and to remove enough material to yield sufficient signal.

Although these techniques have known considerable developments, concerns still exist as to the
feasibility of using them in a large scale emergency scenario. Furthermore, availability of a number
of techniques and materials is needed to strengthen the emergency response in place in such a

situation.

1.3 Response

To address above concerns, new surrogate materials for use with luminescence techniques for dosime-
try are actively being sought. Ideally the new dosimeters investigated should be commonly found
amongst members of the public, carried near the individual, have a signal sufficiently strong to en-
able the detection of dose at the threshold required for triage, have a signal sufficiently stable over

time and be available in the aftermath of a radiological event. Besides, the processing of the samples

Page 54



Chapter 1. Introduction

should be straightforward and quick to allow a large number of samples to be assessed in a short
time. The objective of this thesis is thus to identify new materials that can best match this need.
Some personal objects have already been examined for their luminescence response by Sholom and
McKeever (2014), and this thesis will aim to take such work further. A screening of commonplace
materials was carried out to characterise their luminescence response to ionising radiation, and to

target the most suitable materials.

1.4 Research questions and design of the thesis

This thesis aims to address the issues highlighted above, and to respond to the following questions

1. Which materials are suitable for luminescence emergency dosimetry and which ones are not?

2. What are the luminescence characteristics of the new materials investigated? What is the

physical origin of the luminescence emission?
3. How accurate are the dose estimates obtained using the new surrogate dosimeter materials?

4. What are the advantages / disadvantages of the new surrogate dosimeters materials?

Following this introduction (Chapter 1), the first part of the thesis will set up the theoretical
framework. The context in which emergency dosimetry might be needed, and how this is inte-
grated in a radiological emergency response plan is discussed in Chapter 2. Chapter 3 will define
the concepts used in dosimetry, and review which techniques and materials are now available for
dosimetry in radiological emergency situations. A focus will be made on luminescence techniques
(optically stimulated luminescence and thermoluminescence), as being the main techniques of in-
terest in this study, for which a theoretical description is given in Chapter 4. Chapter 5 will
show how a radiation induced luminescence signal can be used to determine the absorbed dose in a
sample.

The second part of the thesis will present the experimental results obtained. The instrumen-
tation used is described in Chapter 6. Chapter 7 contains a survey of all materials that were
investigated during the course of the research work, with the focus being on fabrics. Three types

of fabrics exhibited a particularly favourable response to dose, that prompted further testing for
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their luminescence characteristics : a blue polyester fabric (Chapter 8), a class of fire retardant
upholstery fabric (Chapter 9) and the fabrics of bags (Chapter 10), whose thermoluminescence
response to dose is attributed to the presence of carbonate mineral fillers. In addition, the issue of
the fading of alumina substrate resistors is addressed in Chapter 11, with an attempt to reduce
the rate of fading by using photo-transfer TL. A blind test replicating a radiological exposure com-
prising a phantom carrying bags was carried out to test the potential of bag fabrics as dosimeters
in a real-case scenario (Chapter 12). The conclusion of this thesis (Chapter 13) summarises the

work carried out, and outlines the potential for future work using mineral fillers as dosimeters.
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Radiological accidents, emergency

preparedness and response

9" century, ionising radiation has found tremendous use within

Since their discovery in the late 1
society. From X-rays used in medical imaging, to alpha sources used in smoke detectors, or beta
radiation used in industry to monitor wall thickness to gamma rays used in cancer treatment or
sterilisation, and finally the development of nuclear power plants, ionising radiation appears to
have become prevalent in the modern world. Despite all their benefits, ionising radiation can cause
harmful health effects if not handled properly.

Whereas societies have always been required to cope with the notion of risk (volcanic eruptions,
hurricanes, flood), the recent appearance of the “radiological risk”, a man-made risk, differs from
natural environmental disasters in many ways, and needs to be addressed specifically. The health

hazards induced by exposure to ionising radiation necessitate prompt and specific treatment to
preserve life, for which preparedness and quick response are essential factors.

To prevent nuclear hazards, the International Atomic Energy Authority (IAEA) defines nuclear
security and nuclear safety conditions to be achieved at all times. A state of nuclear security is
defined as “the prevention and detection of, and response to, theft, sabotage, unauthorized access,
illegal transfer or other malicious acts involving nuclear material, other radioactive substances or
their associated facilities” , whereas nuclear safety is “the achievement of proper operating conditions,
prevention of accidents and mitigation of accident consequences, resulting in protection of workers,

the public and the environment from undue radiation hazards”.
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There is a wide range of scenarios in which the security and safety might fail and lead to catas-
trophes harming members of the public. Politicians and scientists have worked together over the
past decades to assess the level of risk associated with each type of these radiation accidents and

incidents, and to plan subsequent preparedness and response.

This chapter will firstly examine the health hazards associated with prolonged or high exposure
to ionising radiation that can occur if radiation protection measures fail, in order to emphasise the
potential medical consequences on populations due to a nuclear event. The nuclear events by which
members of the public could be exposed to radiation will be then reviewed, before discussing some

elements of the emergency preparedness and response specific to nuclear accidents.

2.1 Effects of ionising radiation on the human body

Two types of exposures from radioactive sources can occur : internal contamination, where the
subject ingested a radioactive substance, and external exposure, where the subject was exposed to
radioactive sources outside of their body, but ionising radiation is still interacting with the indi-
vidual’s cells. In many scenarios, both types could occur simultaneously, e.g. a person surrounded
by and breathing in a cloud of radionuclides. For the same level of dose, cases of internal contam-
ination tend to have more severe consequences than external exposures, as exposure happens the
entire time during which the nuclides are inside of the body. Moreover, there are no barriers such as
skin between the radiation source and the cells, and some target organs may absorb the radioactive
material.

Tonising radiation can cause severe damage to biological systems by damaging cells. The effect
can be either direct, by causing damage to the cells’ DNA, or indirect, by ionising water molecules
(Domenech 2016; Reisz et al. 2014). Ionised water molecules produce free radicals (e.g. hydroxyl
radicals OH™, or hydrogen radicals H*) that can combine to form toxic species, such as HyOa,
which damage other cells. Ionising radiation breaks the DNA double strands, and once damaged,
DNA can repair itself, by replicating the other strand of its helix. However, if the damage is severe,
the repair process can lead to mutation or death of the cell (ICRP, 2012), and damaged cells on
a large scale can induce a series of health hazards to living organisms. The death of cells leads to

deterministic effects, and mutations to stochastic effects. Deterministic and stochastic effects will
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be explained in more detail in Sections 2.1.1 and 2.1.2.

Our knowledge of the effects of ionising radiation on the human body is mainly drawn from
two types of study : a) people who suffered from exposure to ionising radiation (A-bomb survivors,
radiotherapy patients, nuclear incident or accident survivors), and b) laboratory animal studies.
On the basis of these studies, radiation effects are classified into two categories of effects, determin-
istic effects, due to the killing of cells at high dose, and stochastic effects, due to the mutation of
somatic cells (ICRP, 2007). The severity of deterministic effects increase with the dose, and there
is a threshold below which they are not expected to occur. Stochastic effects, on the other hand,

only have the potential to arise, the likelihood increasing with dose without a threshold in dose.

The quantity used in radiation protection is the equivalent dose, H, expressed in Sieverts (Sv;
Sv=J.kg™!). This quantity is derived from the physical quantity the absorbed dose (Gy), but
takes into account the relative biological effectiveness (RBE, see Chapter 3) of the type of incident
radiation (ICRP, 2007). Whilst the equivalent dose (Sv) represents a biological effect, the absorbed
dose (Gy) represents one joule of radiation energy deposited per kilogram of matter. Hence one
Sievert is the dose of ionising radiation equivalent in biological effectiveness to one Gray of gamma

radiation. Chapter 3 will look more closely at the definition and physical origins of these units.

2.1.1 Deterministic effects

Deterministic effects are also referred to as “harmful tissue reactions”, and vary from one type of
tissue to another, depending on the cellular composition, proliferation rate, and response to radia-
tion. Deterministic effects include, amongst others, skin burns, cataracts (although still debated),
haematological deficiencies, reduced fertility, or brain damage in utero (ICRP, 2012).

These symptoms only appear at relatively high doses administered at an acute dose rate, and
their appearance is characterised by a threshold dose, below which those effects are not expected
to be observed. The threshold dose depends on the effect, but the minimum threshold for any
deterministic effect is ~ 1 Sv (ICRP, 2007). In addition, severity of the effect increases with

increasing dose above threshold.

Exposure of the whole body to a very high dose of penetrating radiation within a very short
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time can lead to acute radiation syndrome. The acute radiation syndrome is characterised by
three stages : the prodomal reaction, the latent stage, and the main stage (Finch, 1987). The
prodomal stage lasts a few hours to a few days and consists of clinical symptoms such as nausea,
vomiting, weakness, diarrhoea, reduced state of consciousness, and radiological burns, depending
on the dose and time following irradiation. The latent stage follows, where the patient feels better
(days to weeks), and during the main stage, the symptoms include, for doses < 6 — 8 Gy, bleeding,
infections, severe gastrointestinal disturbance, cerebral and neurovascular troubles due to damage to
the central nervous system, and haematopoietic effects related to damage of the bone marrow (Finch
1987, Hempelmann et al. 1952, Walker et al. 1989) that can lead to the death of the patient. Hence,
doses need to be accurately estimated to support medical intervention, and the estimation of the
body dose within hours is of critical importance to support prompt medical treatment. Although a
whole body dose is more likely to cause severe effects, partial body exposures can also be important
and lead to serious health risks, depending on the region of the body exposed to ionising radiation.
However, in the events considered in this thesis they are assumed less likely to occur in “mass

casualty” scenarios.

2.1.2 Stochastic effects

Stochastic effects appear in terms of increased cancer risks and genetic effects (Walker et al., 1989)
and can appear at relatively low doses (100 mSv) as they are more closely related to repeated
exposures of low dose.

Stochastic effects have no threshold, so a linear response from a 0 Gy dose is assumed. However,
epidemiologically, it is very hard to get any evidence with sufficiently low uncertainty to fill in the
gap < 100 mGy. Above 100 mSv there is a proportional increment in the risk of developing cancers
(ICRP, 2007), which is known as the “linear no threshold” model (or “LNT”), and assumes that
the risk of cancer is related to cumulative dose, regardless of dose rate. Repeated small exposures
are thought to have the same effect on health as one shorter, larger, exposure.

So far, no genetically transmitted effects of radiation have been observed in humans, but there
is evidence of inherited effects in animals. However, if for protection purposes a small probability
is assumed, as the risk of cancer being higher than the genetic risks, a system covering cancer risks

would also prevent genetic effects (ICRP, 2007).
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Fig. 2.1 summarises the different types of health hazards due to the exposure to ionising radia-

tion (ICRP, 2012).

Table 2.1: Effect of levels of radiation dose on the human body (ICRP, 2012). The tolerance dose

is defined at the maximum dose that can be absorbed without the effect being observed.

Organ Effect Tolerance dose (Gy)
Total bone marrow Blood cell depletion 1-2
Ovary Permanent sterilisation  2-6
Testis Permanent sterilisation  3-4
Eye Cataracts 0.5
Kidney Nephrosclerosis ~ 25
Liver Loss of function, ascites ~ 35
Lung Pneumonitis ~ 40
Heart Pericarditis ~ 40
Lymph nodes Hypoplasia, firbosis 35-45
Thyroid Hypoplasia > 45
Other organs Hypoplasia, firbosis > 45

The dosimetric quantities needed differs when acute irradiation occurs; some organs are more at
risk than others (brain, intestines, bone marrow) and optimal medical treatment requires knowledge
of the dose to specific organs. If the irradiation was very localised, the dose at different locations
would be needed (point of the irradiation, and gradient of doses around) as, in acute cases, am-
putation would be necessary to prevent necrosis. On the other hand, when stochastic effects are
expected, the whole-body dose is sufficient. The quantities routinely used in radiation protection
will be defined in Chapter 3. The ideal whole-body dosimeter for deterministic effects would there-
fore provide full dose map of the body in order to target the treatment (Eakins and Ainsbury,
2018a).
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2.2 Types of radiological risks

The International Atomic Energy Authority (IAEA) distinguishes seven levels of severity of radi-
ological events (Fig. 2.1), from “anomaly” to “major accident” (IAEA, 2008). Events of level 1
to 3 are considered as “incidents”, whilst levels 4 to 7 are treated as “accidents”. Three areas of
impact are considered in order to rate an event : 1) consequences for the people (dose received)
and the environment (amount of radiological material), 2) extent of damages on the security system
preventing the spread of radiological material, and 3) the “safety in depth” evaluating the failure

of the safety measures preventing the occurrence of an accident.

7 masor
ACCIDENT

ﬁ SERIOUS ACCIDENT

5 ACCIDENT WITH
WIDER CONSEQUENCES

4 2
1

KIgI22Vv

W

1 AnomaLy

ANBIOE

Below Scale / Level 0
NO SAFETY SIGNIFICANCE

Fig. 2.1. International Nuclear and Radiological Event Scale (INES) tool developed by the IAEA.
Reproduced from the TAEA https://www.iaea.org/topics/emergency-preparedness-and-response-

epr/international-nuclear-radiological-event-scale-ines.

The impact on people and environment of each level are summarised in Table 2.2, along with
significant examples for each level. The assessment of the consequences on the people thus involves
an evaluation of the dose they have been exposed to. As will be discussed later, emergency dosimetry

evaluate consequences on the people by assessing the radiation doses received by members of the
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general public not carrying conventional dosimeters. The latter would therefore correspond to high

level events; typically from level 5 and higher. Although these levels of events are rarer, they also

have the most severe consequences, and need appropriate planned countermeasures (levels 6 and

7), amongst which emergency and retrospective dosimetry plays a central role.

The current dosimetry system for accidents harming members of the public include methods

such as clinical symptoms, physical dose reconstruction, cytogenetic biodosimetry tests, modelling

based on Monte Carlo simulations, physical dosimetry using building materials and teeth enamel,

and in-situ dosimetry using physical methods (Ishii et al., 1990; TAEA, 1998a,b, 2009, 2004, 2002,

2014).

Table 2.2: Description of International Nuclear and Radiological Event Scale (INES)levels with

associated examples for each level. Adapted from TAEA (2008).

Impact on environment

and people

Example of events

Level Severity

1 Anomaly

2 Incident

3 Serious incident

Exposure of a member of the
public in excess of 10 mSv; ex-
posure of a worker in excess of

the statutory annual limits.

Exposure in excess of ten
times the statutory annual
limit for workers; non-lethal
health

deterministic effect

(e.g., burns) from radiation.

Tricastin, 2008 - Leak of wa-
ter containing enriched ura-

nium into the environment.

Asco, 2008 - Radioactive con-
tamination caused by a leak in

a nuclear powerplant.

Sellafield, 2005 - Leak of ra-
dioactive material, contained

within the facility.
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Minor release of radioactive

material unlikely to result
Tokaimura, 1999 - Criticality
Accident with local in implementation of planned
4 accident at a reprocessing fa-
consequences countermeasures other than
cility.
local food controls; at least

one death from radiation.

Three Miles Island, 1979 -
Limited release of radioactive
Partial meltdown of a reactor
material likely to require im-
Accident with wider core, release of radioactive gas
5 plementation of some planned
consequences in the environment; Goiania,
countermeasures; several
1987 - Theft of a radioactive
deaths from radiation.
source.

Significant release of radioac-
Kyshtym, 1957 - Explosion of
tive material likely to require
6 Serious accident a high activity waste tank,
implementation of planned
significant release of material.
countermeasures.

Chernobyl, 1986 - Explosions

of nuclear powerplant, sig-
Major release of radioac-
nificant release of radioac-
tive material with widespread
tive material in the envi-
health and environmental ef-
7 Major accident ronment; Fukushima, 2011-
fects requiring implementa-
Major damages caused by a
tion of planned and extended
tsunami to a nuclear power-
countermeasures.
plant, leak of radioactive ma-

terial.

The causes of radiological incidents and accidents are extensively varied, but can be separated
between accidental release of radiological material and events deliberately caused. The next section

will summarise the different types of radiological accidents that can occur.
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2.2.1 Radiological accidents and incidents
Nuclear power plant accidents

In 1975, the United States Nuclear Regulatory Commission (NRC) evaluated the chance of a nuclear
reactor accident at 1 in 5,000,000,000 per year for a park of 100 reactors (United States Nuclear
Regulatory Commission, 1975). However, a risk of zero cannot be assumed, and Sovacool (2010)
listed 99 nuclear plant accidents between 1952 and 2009.

Nine classes of incidents and accidents that can occur in a nuclear reactor have been listed by
the NRC (Lamarsh and Baratta, 2013, p. 682), from the class 1 trivial incidents, to the class 9
(which differs from the TAEA scale) “very serious” accidents, but considered so unlikely that they
are omitted in risk analysis. The most critical accident that can happen in a nuclear reactor, causing
the spread of radiological contamination, is a nuclear meltdown (i.e., melting of the reactor’s core,
often due to a lack of coolant; Lamarsh and Baratta 2013, p. 682).

Three large scale nuclear meltdowns have occurred in civilian power plants : Three Mile Island
(1979), Chernobyl (1986) and Fukushima (2011), the last two of them (Chernobyl and Fukushima)
were rated at 7 on the TAEA scale, and led to large scale exposure of members of the public. In
the case of the Chernobyl accident, a lack of coolant triggered the meltdown (Lamarsh and Baratta
2013, p. 690; Kortov and Ustyantsev 2013), and led to the dissemination of radioactive nuclides to
the nearest town of Pripyat and its countryside. Workers of the facilities, but also inhabitants of
the surroundings, were exposed to potentially high levels of radiation, up to 200 mGy/h on the soil
of Pripyat 10 days after the accident (Kortov and Ustyantsev, 2013).

The accident of Fukushima was caused by the earthquake and the tsunami that hit Japan
on the 11%" of March 2011 (Yotaro et al. 2014, p. 27; Kortov and Ustyantsev 2013; Baba 2013;
Tominaga et al. 2014). These natural catastrophes led to the explosion of the reactor, large amounts
of radioactive materials were released into the environment, and consequently, vast portions of

territories had to be evacuated (estimated at 83,000 individuals; Kortov and Ustyantsev 2013).

Transport accidents and loss of radiological material

Another type of unintentional radiological accident likely to harm members of the general public
is the loss of radioactive material. Safety standards exist for the transfer and decommissioning of

nuclear sources (IAEA, 2002), as unsafe transport of radioactive material can lead to the exposure
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of nearby passengers (in case of an exposed source, or a source with a faulty shielding), or even the
complete loss of the source. The TAEA identified between 100 and 140 incidents over the last 10
years related the discovery of uncontrolled radioactive sources, unauthorised shipment or disposal
(IAEA, 2017). This figure only includes incidents not connected to malicious use. In addition,
between 20 to 50 incidents per year over the same period of 10 years were reported, but whether

the intent was malicious or not was not determined.

A few accidents harming populations resulted from the loss or faulty transport of radioactive
materials. In 2002, an unshielded source of '92Ir was transported on board of a passenger bus
departing from Cochachamba, Bolivia (IAEA, 2004). However, the source irradiated passengers
throughout the eight hour journey, with a maximum calculated absorbed dose of 2.77 Gy. The
investigation found that workers did not carry out a number of security checks, notably omitting
to check whether the source had retracted into its shielded position.

“Orphan source” is a term use to designate a source no longer under regulatory control, either
for being abandoned, stolen or misplaced (Ortiz et al., 1999). Orphan sources are not expected
to cause large scale incidents, but can nonetheless harm members of the general public. They can
easily be mistaken for scrap metal by unaware workers or members of the public. In 1983, Mexi-
can foundries used steel from a scrap yard, unaware that a capsule of ®°Co had contaminated the
scrap (Lister, 1985). The contaminated steel was later used as table bases, and sold to members
of the public, although no fatalities amongst them were reported. A more tragic event occurred in
Goiania, Brazil, when two scavengers stole a 37Cs radiotherapy source from an abandoned hospital
(Roberts, 1987), sold it dismantled to a scrap dealer. The caesium then passed from hand to hand
in the city, contaminating many people. As a result, four fatalities were recorded, and 249 people
were found to have received significant doses. The incident of Tammiku is another example, where
three men stole a metal container with a 137Cs source enclosed from a waste repository, and brought
it back to their to their home subsequently irradiating inhabitants of the household (IAEA, 1998b).
A larger scale incident occurred in Taiwan, where concrete contaminated with°Co was found in

the structure of 1700 apartments (Chen et al., 2007).

Unintentional radiological accidents potentially harmful on a large scale to populations can be

divided into two categories, either being caused by a nuclear reactor accident, or by uncontrolled
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sources. The hazards related to these types of accident are, however, put on the same level as

intentional threats.

2.2.2 Intentional radiological incidents

Waselenko et al. (2004) distinguished five types of intentional radiological threats : 1) an attack on
a nuclear power plant, 2) a malevolent act using simple radiological devices, 3) use of a radiological
dispersal device, 4) detonation of an improvised nuclear device, and 5) detonation of a sophisticated
nuclear weapon. In addition to these, Valentin (2005) also listed the contamination of food and
water supplies, and the contamination of a specific site or building by radioactive material.

All of these scenarios have the potential to deliver high levels of dose to members of the public.
In addition to health hazards to the population, a radiological attack could lead to large scale
movements of panicked population groups, and cause psychological effects on the public due to
the fear of radiation. Furthermore, economical consequences could also ensue, through radiological

contamination of properties, and if a mass evacuation of people was needed (Ferguson, 2009).

Attack on nuclear facilities

Although an attack or intrusion inside a nuclear reactor is considered to have low probability
(Flynn and Goans, 2006), there had been no less than 80 identified incidents implicating infiltration
of individuals inside of nuclear installations during the past 60 years (Ackerman and Halverson,
2016). An attack on a nuclear facility (power plants, research facilities, fuel reprocessing plants,
or radioactive waste units) could be lead by two motivations : 1) either the theft of radiological
material aiming to build a nuclear device, or, 2) in the case of a power plant, to sabotage the reactors
itself, causing the dispersal of radiological material, or worse, a meltdown (Ackerman and Halverson,
2016; Helfand et al., 2002; Gonzélez, 2005). In this last case, the consequences would be similar
to the reactor accidents described above, such as Chernobyl and Fukushima (i.e., contamination of

the public, possibly on a large scale).

Simple radiological device

A simple radiological device attack would consist of placing a radioactive source in a populated

area, without dispersing by detonation (e.g., by chemicals). Examples of scenarios were given by
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Valentin (2005), and included concealing a radioactive source in clothing, luggage, transportation,
home, or workplace. The hidden source could remain for prolonged periods of time before being
discovered, and unknowingly harm members of the public. Severe exposures are not expected from
this scenario (Flynn and Goans, 2006), but the threat mostly relies on the psychosis and political

crisis it would cause. In addition, this scenario is by far the simplest, hence the easiest to realise.

Radiological dispersal device

A radiological dispersal device is more often referred as a “dirty bomb”, and designates a conven-
tional detonating device, which, upon detonation would disperse radiological material (Flynn and
Goans 2006; Harper et al. 2007). This type of device is relatively simple in design, and would not
necessitate neither extensive engineering skills to be manufactured, nor very large sources to cause
harm (Harper et al., 2007), and is consequently considered as the scenario most likely to occur
(Barnett et al., 2006). The concerns over this threat were further prompted by the high prevalence
of radiological material worldwide (Gonzélez, 2005), and the existence of illicit trafficking of nu-
clear material (Shelley, 2006). Furthermore, the types of sources would be typically those used for
medical diagnosis/therapies (i.e. °Co, 137Cs, 19%Ir, 24! Am; Barnett et al. 2006). In this context,
Eakins and Kouroukla (2015) computationally modelled a relevant radiological incident where they
approximated an uniform soil contamination within a 2 m radius discs of radioactive nuclides, and a
cloud of nuclides, caused by aerosol debris (isotropic irradiation) by a source isotropically emitting
photons towards the phantom from a 1.2 m sphere centred at the phantom midpoint. They also
calculated the concentration of different isotopes that would be required to achieve a 1 Gy.h~! dose

rate for floor contamination and isotropic irradiation.

However, the impact of a radiological dispersal device is mitigated (Sabol and Sestak 2017
Barnett et al. 2006) by the spread of radiological material that reduces its initial concentration, and

the blast alerts people to an immediate danger, leading to evacuation of the area.

Nuclear device

The first intended use of a nuclear device to harm population was set in place in August 1945, when

the US army dropped an atomic bomb on each of the cities of Hiroshima and Nagasaki, Japan. Of
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the 320,081 inhabitants of Hiroshima, 122,358 died from the nuclear blast (Gonzélez, 2005). Even
now, the detonation of a nuclear device is considered as a possible scenario, and even though the
probability is recognised to be low, the consequences would be devastating (Valentin, 2005). As
for preparedness, this scenario can be considered as the worst-case scenario. The first scenario of
the National Planning Scenario document, for example, is the detonation 10-Kiloton improvised
nuclear device (Howe, 2004).

The dosimetry system proposed in 1965 following the attack of Hiroshima and Nagasaki included
biological methods, electron paramagnetic resonance (Nakamura et al., 1998) and thermolumines-

cence techniques using building materials (Haskell et al., 1984; Bailiff, 1997).

2.3 Emergency preparedness and response to radiological risks

The limitations of radiological accidents and incidents, such as described above, or the limitation
of their consequences are enhanced by both hazard mitigation, emergency preparedness, and recov-
ery preparedness (National Research Council, 2006). Emergency and retrospective dosimetry are

subsequent parts of the preparedness and recovery plans.

2.3.1 Preparedness for radiological emergencies

The European research project of Shamisen (Oughton et al., 2017) aimed to draw lessons from the
power plant accidents of Fukushima and Chernobyl, and to draft recommendation for preparedness
and response to a large scale accident or future accidents. The report states that an effective pre-
paredness for a radiological accident is based, amongst others, on continuous planning, training of
the first responders, evaluation and emergency exercises. More precisely, this encompasses, for ex-
ample, planning the evacuation of the population, establishing communication protocols, preparing
epidemiological studies, and setting up a framework of dosimetry, i.e., actions to be taken to assess

the doses received by workers and the public.

These general considerations require adaptation for each scenario, and even each scenario has to
be adapted for the environment in which it would occur. Contamination and casualties would vary
depending on the location, time of the day, weather, type of accident (Coleman et al., 2009). For

example, the preparedness would be different between an accident happening in a large metropolitan
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area and a zone with a low population density. Here research plays an important role, as each type
of accident can be either modelled with particle transport codes, or tested under safe controlled
conditions before the actual occurrence of the catastrophe (Harper et al., 2007). The physical
aftermath of an accident is therefore predicted in advance (Knebel et al., 2011). For example, the
fallout pattern is estimated for a certain type of accident, determining a zone where radiation injuries
can occur (Buddemeier and Dillion, 2010); meteorological modelling is carried out to predict the
distribution of radioactive fallout in an urban area as a function of the weather forecast (Baklanov
et al., 2006); building type and construction material play a role in the dose reduction factor
(Knebel et al., 2011) and help the assessment of the benefits of sheltering versus evacuating in
terms of exposures (Buddemeier and Dillion, 2010). Harper et al. (2007) reported the results of
extensive aerosolisation tests aiming to simulate radiological dispersal devices’ explosions, and to
answer the question of whether evacuation or sheltering was preferable.

The questions that these research addressed are : 1) How many people would be affected by
the event? 2) How dangerous would be the event for the affected people within a specific area?
and therefore, 3) What strategies to adopt (Buddemeier and Dillion, 2010)? By addressing these
scenarios issues before the accident decision makers may issue recommendations quickly after the
accident, for example in terms of evacuation or medical resources required.

The studies described above mostly focus on the prompt response. Planning and research do
not stop on the preparedness of the immediate aftermath, but also investigate what actions would
need to be taken immediately following the event. In their priority list of research areas for de-
veloping radiological threat countermeasures, Pellmar and Rockwell (2005) assigned the highest
priority to research on radiation treatment, to minimise the effects of exposure, and also to phys-

ical and biological dosimetry to obtain accurate measures of exposure for use in planning treatment.

The medical preparedness is crucial, as emergency medical services providers (i.e., paramedics
and fire first responders) are likely to be amongst the first called on the site of an accident. On a
small scale accident, people could be sent off to the nearest hospital for a first assessment, primarily,
of their physical condition. However, in a larger scale event, the number of casualties could reach
hundreds of thousands (Coleman et al., 2009). An assessment of the available resources for such a
number of casualties is necessary, as this might exceed the available resources, in terms of hospital

beds, staff, blood products and skin grafts (DiCarlo et al., 2011). In this scope, the medical studies
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have emphasised the importance of having trained agents, able to recognise symptoms of radiation,
and possibly to carry out a triage of the population according to the severity of the radiation dose
they received (Hick et al., 2011). Whilst emergency medical services would be the first on site to
respond and should be specially trained in identifying the threat (Kollek et al., 2009), all healthcare
workers should also be prepared to face such an event. The main challenge faced in medical and
hospital preparedness is the low occurrence of these events, hence healthcare workers would have
little experience in dealing with and recognising radiological injuries and sickness (Jasper et al.,
2005). Thus an additional objective system of triage is necessary. In its 2018 recommendations
to the management of radiological accidents, to the National Health Services, Public Health Eng-
land gave a comprehensive table of triage categories of the members of the public based on clinical
symptoms (Public Health England, 2018), and stated that, considering the possibility of radioactive
contamination, treatment should be administered as soon as possible to the patient prioritised by
the triage. Triage and treatment of the patients would occur prior to any decontamination activi-
ties, although all patients should be assumed to be contaminated on a first instance. Furthermore,
arrangements for appropriate triage to ensure medical treatment is listed as one of the requirements
to governmental agencies for the response and preparedness of radiological events, as developed by

the IAEA (International Atomic Energy Agency, 2015).

The scope and challenges of biological and physical emergency or retrospective dosimetry will be
further explored in Chapter 3, but in brief, retrospective and emergency dosimetry aim to assess the
dose received by individuals not carrying conventional dosimeters (i.e. the general public) following
a radiological incident or accident. Biological and physical methods have been developed (Ainsbury
et al., 2010), and are still under development. The specific preparedness regarding biological and
physical dosimetry encompasses all of the general guidelines described above: research is carried
out to identify most suitable materials / procedures; inter-comparisons and field tests are used to
test the efficiency and reliability of the techniques; and the accepted research is implemented into
a framework. The European network ”Realizing the European Network of Biological Dosimetry”
(ReneB) launched in 2012 (Kulka et al., 2017), for example, was built to respond to the needs of
dosimetry preparedness. Its main aim is to set up an operational and certified basis for biological and
physical dosimetry; to provide education and training in the goal of quality assurance; and finally

to further develop new techniques and include them in the network (Kulka et al., 2017; Trompier
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et al., 2017). Accident simulation exercises and intercomparisons proved the resilience of the network
to quickly respond to an accident, using both biological and physical methods (Brzozowska et al.,
2017). The capability of the ReneB (Running the European Network of Biological and retrospective
Physical dosimetry) network varies according to the method employed; it is estimated that the
network could process 3845 samples per week using 7-H2AX assays, 2049 using dicentric assays, 1200
using luminescence techniques, and 850 using electron paramagnetic resonance (EPR) (Monteiro Gil
et al., 2017).

In parallel, the EURADOS (European Radiation Dosimetry Group) network carries similar pre-
paredness activities, although being more focused on research and development (Bassinet et al.,
2014). Once approved, the techniques developed are integrated in the ReneB network (Ainsbury
et al., 2017).

All of the results of this research and studies help to implement a framework of action to be
taken in the case of an accident. Coleman et al. (2009) pointed out that an effective governmental
response, which includes emergency dosimetry, is shaped by “basic research, interagency meetings,

multiagency partnerships, and a variety of exercises”.

As pointed by Coleman et al. (2015) what is needed throughout all of the process of prepared-

ness is an answer to the question : what do we do?

2.3.2 Response to radiological accidents : during and after the accident

The prompt response to a radiological event focuses on gathering minimum information about the
event (location, basic description, initial dose assessment); provide timely and reliable communica-
tion to the public and affected population, provide sheltering advice and support, assess whether
the population should be evacuated (balance exposure risk versus other risks) and collect minimum
information on the population to facilitate follow up measures (Oughton et al., 2017).

The system of response that has been developed may vary from one country to another, but Fig.
2.2 shows a relatively general system of response. In this scheme, emergency dosimetry appears as

the tenth step, which would be required relatively early after the event (~ 24 hours). Furthermore,
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the last step in Fig. 2.2 is the long-term follow-up and epidemiological studies, which needs to be

coupled with retrospective dosimetry.
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Fig. 2.2. Flow diagram of the chain of medical response. Each box represents a step in the
response plan, and the arrows the relationships between each one of them. The red box indicates
where emergency dosimetry would be needed and the blue box where retrospective dosimetry would

intervene (epidemiological studies). Redrawn from Coleman et al. (2009).

The medical response depends on the type of the event and the numbers of casualties. For a
large-scale event, the cohort of radiation casualties would combine various level of severity; people
hit by the initial blast, sometimes with traumatic injuries would be severely injured and treated
along with people injured by the fallout. The first victims are expected to reach the hospital emer-
gency services within 12 hours (Hick et al., 2011). For accidents reaching hundreds of thousands
of casualties (Coleman et al., 2009), there will be an obvious need for triage, as hospitals cannot

handle such large numbers of patients.

The management of mass casualties following large scale catastrophic events is a recurring issue

for all types of events. A triage is applied according the level of care required to optimise the use
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of limited medical resources. Triages aim to be specific to the type of accidents they respond to
(Bostick et al., 2008), and tailored to the availability of resources. Several levels of triage are used in
large scale accidents. Bostick et al. (2008) distinguished four levels of triage in case of radiological
accidents. First order triage is applied at a community level, and in the case of radiological accidents
would consist of citizens assessing themselves whether they need assistance, mostly depending on
their location at the time of the accident. Second order triage is referred as the “pre-hospital” triage
and aims to identify patients that require hospital assessment (third level triage) and/or treatment,
and this is the stage at which emergency dosimetry could be applied. The time frame in which the
results of emergency dosimetry measurements could be obtained would be in the intermediate (24-
96 hours) to the later (> 96 hours) phase. In this case, members of the public with no other severe
physical symptoms would be told to go home to wait for the results of the physical or biological
dosimetry dose assessment, hence considerably diminishing the burden placed upon hospitals.

For radiation accidents, the criteria of triage are based on the estimate of the dose received by
each individual. Four categories are usually distinguished (Coleman et al., 2011): 1) below 0.5 Gy
no symptoms due to radiation exposure are expected, patients do not need medical care and can go
home; 2) 0.5 - 2 Gy patients require medical care, but it can be delayed until after the initial 4 days
stage; 3) 2 - 6 Gy, patients need immediate care; 4) above 6 Gy patients are administered palliative
care. However, for emergency dosimetry, the levels of triage were simplified in only two categories
(below and above 2 Gy) in the first instance triage (Bailiff et al., 2016). The critical threshold dose
of 2 Gy also derives from the data of the Chernobyl cohort, for whom no deaths were observed below
2 Gy (Guskova et al., 1988). Sullivan et al. (2013) produced a chart representing the ideal triage
model in case of an improvised nuclear device detonation. This model includes two stages of triage.
In the initial screening, the “Point of Care Device” relies on a 2 Gy threshold. Individuals below
this threshold are evacuated, and those above are sent to High Throughput Dosimetry Systems,
where the dose assessment is performed. Fig. 2.3 shows how the Point of Care device and the High
Throughput Dosimetry system would be implemented within the general triage system.

The clinical symptoms of radiation exposure have been described above, and a medical triage
can be performed on their basis. However, the need for an alternative method of triage is enforced
by the nature of radiation injuries, invisible with a simple physical examination for the first 12
hours. This means that even people with no physical signs of injuries would need to be examined

for radiation exposure (Coleman et al., 2011). Moreover, some medical symptoms of radiation ex-
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posure such as nausea and neurological symptoms can also be induced by stress and mental trauma
(Hick et al., 2011), which may lead to hospital admissions for the “worried well”. Symptoms of
stress can be mistaken for radiation injuries; which can contribute to the spread of panic. The need

for an emergency /retrospective dosimetry system also becomes evident to counter this situation, by

providing a reliable dose estimate.
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Fig. 2.3. Medical triage model after an improvised nuclear device, using two stages of triage, 1)

the Point of Care and 2) the High-Throughput diagnostic. Reprinted from Sullivan et al. (2013).

Finally, the last phase of the accident (> 96 hours) is considered as the recovery phase, and can
last for years. During this stage, the follow-up assessment of the population continues, in addition
to launching epidemiological studies, if they are thought to be informative (Coleman et al., 2009).
Here again, physical and biological methods would be needed to assess the doses, sometimes years

after the accidents, and relate them to health studies. This was already applied to the accident
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of Chernobyl (Bailiff, 1995), and to A-bomb survivors of Hiroshima and Nagasaki (Haskell et al.,
1984; Santoro et al., 2002).

2.4 Summary

This chapter highlighted how unwanted exposure to high levels of ionising radiation can have severe
consequences on the health, which requires medical treatment (Section 2.1). Many scenarios exist
in which unwanted exposure of members of the public to ionising radiation could occur (Section
2.2). The preparedness to these scenarios highlighted some areas of concern (Section 2.3) : 1) the
immediate response following a nuclear accident or incident requires a knowledge of the dose in
the contaminated area and surroundings, for which dosimetry is needed, and employing different
dosimetry techniques would enforce the preparedness scheme. 2) Medical treatment of the exposed
individuals requires the knowledge of the dose absorbed by those individuals, hence how to perform
dosimetry for members of the public not carrying conventional dosimeters? 3) In some of the worst
case scenarios, the number of individuals having potentially been exposed would exceed by far the
local hospitals’ capacity. To remedy this situation, a pre-hospital triage would be needed. Where
biological symptoms can be ambiguous, performing personal dosimetry is a necessity. 4) Post-
accident epidemiological studies may be carried out, such as to improve knowledge of the effects of
ionising radiation on health. Epidemiological data are only valid if coupled with an estimate of the
individual dose.

The points above stressed the need for a dosimetry system suitable for use in radiological emer-
gencies. In this scope, biological and physical methods have been developed to offer a retrospective
dose assessment of members of the public in case of radiological accidents, and these methods will
be reviewed in the next chapter. The work presented in this thesis therefore aims to offer further
development to this emergency dosimetry system, notably by investigating new materials to be used

as surrogate dosimeters in a radiological emergency.
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Emergency and retrospective

dosimetry of ionising radiation

3.1 Introduction

Dosimetry, in general, aims to measure the dose absorbed in a material. Measurements and methods

2

to assess the “amount” of ionising radiation dose received by workers in radiation facilities are now
well developed, but the scenarios described in Chapter 2 required the development of new techniques
for the assessment of radiation dose in public environments where conventional dosimetry techniques
are not routinely available. Radiation doses received by members of the public not carrying conven-
tional dosimeters can be assessed indirectly using emergency and retrospective dosimetry methods.
Preparedness and response to radiological events have emphasised the need for such techniques in

the aftermath of large scale events and many techniques have been developed, with varying degrees

of readiness, in terms of development, validation and standardisation.

In this chapter, the quantities of interest in ionising radiation dosimetry will be reviewed (i.e.,
what is being measured and what quantities are needed for emergency dosimetry), before examining
in more detail the techniques developed for the retrospective assessment of radiation dose and the

uncertainties and detection limits associated with these techniques.
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3.2 Quantities for ionising radiation dosimetry

Radiation monitoring historically aims to assist in the protection of both the environment and
human health, which requires quantitative measurements of ionising radiation at certain points in
space. To evaluate this, the International Commission on Radiological Units (ICRU) developed
in its 1956 recommendations (cited in ICRP 2007) physical dose quantities, and incorporated the
notion of relative biological effectiveness (RBE) to support the assessment of radiological risk on
health. The ICRP (International Commission on Radiological Protection) later developed “protec-
tion quantities” for the purpose of assessing radiological risk. Protection quantities aim to assess
the absorbed or equivalent dose in an organ or in bodily tissue and to assess the effective dose, with
both being used to control the risks to the human body by defining dose limits. In practice, the
protection quantities are not measurable, but they are estimated using the operational quantities,
which are in turn themselves measured using radiation monitors. Operational quantities (i.e., am-
bient dose equivalent, personal dose equivalent, later defined in Section 3.2.3) are measured at a
certain point in space and are routinely used in radiation facilities to ensure that dose limits are
not approached and that the safety of operating conditions for workers and members of the public
is maintained. Table 3.1 summarises the protection and operational quantities, and Sections 3.2.2

and 3.2.3 will later explain in more detail the physical origins and implications of these quantities.

Table 3.1: Protection and operational quantities. The “protection” and “operational” quantities

will later be explained in Sections 3.2.2 and 3.2.3 respectively.

Protection quantities Operational quantities

Mean absorbed dose, Dp Ambient dose equivalent H*(d)
Organ absorbed dose, Dy | Directional dose equivalent H'(d, )
Organ equivalent dose, Hy | Personal dose equivalent H,(d, (2)

Effective dose, F

Both operational and protection quantities are derived from radiometric (e.g., flux and fluence,
see Section 3.2.1) and physical dosimetric quantities (e.g., kerma and absorbed dose). Fig. 3.1
shows how these parameters are related one to another. In an effort to harmonise and standardise

the quantities and units used in radiation protection, the International Commission on Radiological

Page 78



Chapter 3. Emergency and retrospective dosimetry of ionising radiation

Units (ICRU) and the International Commission on Radiological Protection (ICRP) have published
several reports defining physical, operational and protection quantities used in ionising radiation
dosimetry (ICRP, 2007, 1996, 1991; ICRU, 2011). However, for emergency dosimetry, the quantity

of primary interest is the absorbed doses to materials (physical quantity) or tissues.

Physical quantities
* Fluence
* Kerma

* Absorbed dose

/\

Operational quantities Protection quantities
* Ambientdose + Effective dose
* Personal dose + Absorbed dose to tissues

Measured quantities
* Actual measurand specific to the device

Fig. 3.1. Relationships between quantities for ionising radiation dosimetry. The meaning of
physical quantities is explained in section 3.2.1, operational quantities are reviewed in Section 3.2.3
and for the meaning of protection quantities, see 3.2.2. The arrows indicate the derived quantities.

Redrawn from ICRP (1996).

The scenarios of radiological accidents explored so far for emergency and retrospective dosimetry
(see Chapter 2) mainly target high energy photons as particles of interest, as the sources most likely

to be implicated in radiation accidents are photon sources, due to their prevalence (e.g., %°Co,

187C).
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3.2.1 Physical mechanisms and physical quantities

In order to understand the physical quantities, and how they are derived from physical phenomenon,
it is necessary to understand how photons and electrons interact with matter. Chapter 2 dealt with
the effects of ionising radiation on the human body, and this section will review how energy is
transferred to matter and how this ultimately damages human cells. Photons can interact with
matter and be absorbed mainly in three different ways in the typical range of interest (10 keV to

10 MeV), depending on the energy of the photon and the composition of the material.

Firstly, high energy photons (> 1.022 MeV) may induce pair production, characterised by the
production of an electron and a positron as a consequence of the nucleus interacting with a photon.
Secondly, photons of energy between approximatively 100 keV to 10 MeV may cause Compton
scattering, a process where photons are inelastically scattered by electrons in the material resulting
in a range of photon energies lower than those of the incident energy value, as well as scattered
secondary electrons being released. Compton scattering can also occur beyond this range but is
less important. Finally, low energy photons (generally < 100 keV) interact with matter through
the photoelectric effect. During this process, if the incident photon is of appropriate energy, an
electron of the tightly bound shell of the atom can be ejected. The resulting particle is called a
photo-electron. The relative importance of those three interactions, and their dependence on photon
energy and material composition are plotted in Fig. 3.2. This graph shows how both the nature of
the material (atomic number, Z, of the absorber) and the energy of the incident radiation influences
the response. These physical mechanisms result in the ionisation and damage of cells, and in the

production of particles whose rate of production can be characterised using physical quantities.

Physical quantities are the measurable properties of a system or phenomenon. The ICRU
report 51 (ICRU, 1993) listed four attributes of physical quantities, such as they should be general,
unequivocal, necessary and accessible via measurement and calculation. In practice, this means
that physical quantities should be widely applicable, unique, and that the name should be explicit

as to the nature of the quantity.
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Fig. 3.2. Dominant interactions for a given atomic number, Z, and photon energy. The lines
show the values of atomic number and energy for which the effects are equal. o, 7 and « stand for
the linear absorption coefficients for the Compton effect, the photoelectric effect and for the pair

production respectively. Reprinted from Evans (1955, p. 712).

Particle and energy fluence

The most important physical quantity for dosimetry is the fluence, defined at a point of interest.
Two classes of fluence can be defined : particle fluence and the fluence of the energy transported
by particles.

The particle fluence (m~?) designates the number of particles, N, entering a sphere through an

element of area da, such as :

N
<I>—d

===, (3.1)

where dN is the differential of the number of particles crossing an infinitesimal sphere through

an area da around the point of interest (Fig. 3.3). Similarly, the energy fluence is given as :
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_dR
~da’
where dR is the differential of the radiant energy R (i.e., the kinetic energy of particles that are

v (3.2)

emitted, transferred or received) entering the element of area do.

N

d
%

Fig. 3.3. Schematic representation of particle fluence; the red region indicates the element of area,

da, and the arrows represent the number of particles, dN, crossing da.

Kerma

Energy is transferred from uncharged particles such as photons to matter by liberating and slowing
down secondary charged particles of the matter being hit by the ionising radiation.

The quantity derived from the energy liberated is the kerma, the kinetic energy released per
unit mass, K, which represents the ratio of the sums of the initial kinetic energies of all the charged
particles liberated by uncharged radiation, dE;,, to the mass in which the energy is deposited, dm,

and is given by :

o dEt'r

K
dm
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Its unit is J.kg=!, or Gray (where 1 J.kg=!'=1 Gy). The kerma is itself divided in two parts: the
collision kerma, K., and the radiative kerma, K, ,q (Attix, 1986). The collision kerma is calculated
by only taking into consideration the part of the kinetic energy of the secondary particles lost by
collision in the mass. On the other hand, the radiative kerma originates from the production of
photons caused by the deceleration of secondary electrons.

The kerma and the fluence are related by the relationship:

K =op"", (3.4)
P

where ® is the fluence of the uncharged particles of energy F, and ”’—;* is the mass-energy transfer

coefficient for those particles (ICRU, 2011).

Absorbed dose

The absorbed dose is the fundamental unit of radiation dosimetry. The definition of the absorbed

dose relies on the energy imparted to matter. The imparted energy is itself defined as :

Ezznn_zTout“‘ZQa (35)

where Y T;, is the sum of all the kinetic energies of the particles which have entered the volume;
> Tout is the sum of the kinetic energies of particles that have left the volume; and ) @ is the sum
of all the changes that occurred in the rest mass energy of the volume (Carlsson, 1979).

The absorbed dose (units : Gy) is defined as the differential of the mean energy de imparted to

matter by ionising radiation within a mass dm, such as :

de
D=—
dm

(3.6)

The absorbed dose, D, is therefore related to the energy that remains in the mass after the event.
There are some significant differences between the kerma and the absorbed dose; the absorbed dose
is used to quantify the effects of radiation whilst the kerma characterises a radiation field. All of
the energies deposited in the volume are considered in the calculation of the absorbed dose, whereas
only the energies transferred due to the interactions of uncharged particles are taken into account

in the kerma calculation. Finally, for the absorbed dose, the volume of interest is the volume in

which the kinetic energy of the charged particle is spent, and all the charged particles entering this
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volume of interest contribute to D. On the other hand, for the kerma, the volume of interest is
the volume in which the energy is transferred from uncharged particles to charged particles, and
the charged particles entering the volume do not contribute to K. Thus, the energy imparted to
the mass (kerma) is not necessarily the same as the energy absorbed in the mass (absorbed dose).
However, a simple relationship can be obtained between absorbed dose and kerma if the system
satisfies the charged particle equilibrium condition (CPE).

The charged particle equilibrium exists if and only if the number of charged particles of a certain
type, energy and direction entering a certain volume V is equal to the number of identical charges
leaving it, in terms of expectation values (Attix, 1986; Bos, 2011). However, charged particle
equilibrium occurs in a homogeneous medium, at a point where the boundary of the material is
further than the maximum range of the secondary particles. Consequently, even for an uniform
irradiation, the absorbed dose would not be homogeneous within the medium. If particles travel
from a material M7 to a material My, where M; is vacuum and My is a material with attenuation,
this results in a zero dose at the border between the materials, the dose will then increase with
depth (build-up region), before reaching a constant value equal to the collision kerma K., once
charge particle equilibrium is reached (Fig. 3.4a), assuming that the attenuation of the primary
photon beam may be neglected. In this case, one can write :

CPE

DL K., (3.7)

where C PE denotes the point at which charge particle equilibirum is reached, and where D is
the absorbed dose, and K., the collision kerma.

The parameter [ quantifies the ratio of dose versus collision kerma, such as § = D/K.y;.
During the build-up stage, 8 < 1, and for charge particle equilibrium, § = 1. However, if there is
attenuation across the medium, the charged particle equilibrium is said to be transient (transient
charged particle equilibrium, TCPE), and 8 > 1. In this case (Fig. 3.4b), the collision kerma
decreases beyond the build-up region, and Eq. (3.7) becomes ;

D LE BK . (3.8)
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Relative energy per unit mass

Relative energy per unit mass

Depth in medium

(b)

Fig. 3.4. Collision kerma as a function of depth for a) the build-up stage (8 < 1) and b) for charge
particle equilibrium (8 = 1). 8 > 1 indicates the effect of attenuation. Redrawn from Podgorsak

et al. (2005, p. 59).
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3.2.2 Protection quantities
Mean absorbed dose in tissue and organ equivalent dose

The mean absorbed dose in an organ Dy r (Gy) is defined as :

1
Drp = — / Ddm, (3.9)
mr

where mp is the mean mass of the tissue, D is the absorbed dose in a mass element dm, T
the type of organ, and R the type of radiation. Consequently, the organ equivalent dose, Hp, was
defined by the product of the organ absorbed dose Dr r with the radiation weighting factor, wg,

summed over all the types of radiation of the exposure, expressed as :
Hp=> wrDrg (3.10)
R

The unit of the organ equivalent dose is the Sievert (Sv) and differs from the Gray as it takes
into account the radiation weighting factor. The values of radiation weighting factors wg for other

particles (ICRP, 2007) are listed in Table 3.2.

Table 3.2: Radiation weighting factors (ICRP, 2007).

Radiation type Radiation weighting factor wg
Photons 1
Electrons and muons 1
Protons and charged pions 2
Alpha particles, fission fragments, heavy ions 20
Neutrons Continuous function of neutron energy

Effective dose

The effective dose was introduced to evaluate the radiological impact on the body, and accounts for

the different radiation sensitivities of organs or tissues. Some organs, such as the brain, stomach
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and bone marrow, in particular, are more sensitive. The value of the effective dose is defined for the
whole body, and is calculated as the weighted sum of the absorbed dose to all organs of the body,

expressed as:

E = ZUJTHT = ZU}TZUJRDT,R, (3.11)
T T R

where wr and wg are the tissue and radiation weighting factors respectively; Hr is the equivalent
dose absorbed by tissue T' and D g is the mean absorbed dose in tissue T' by radiation type R.
The values of tissues weighting factors can be found in ICRP (2007).

Phantoms

Assessing the effective dose requires the use of computational phantoms. Computational phantoms
are mathematical models configured to replicate the human body and to calculate the energy de-
position in specific organs resulting from external or internal exposure to ionising radiation. The
mathematical anthropomorphic phantom is divided into voxels (volume pixel), small cubic elements
filled with tissue material specific to each organ. Particle transport codes incorporating the phan-
tom model are used to relate the dose to a point to the dose in each voxel cell, that can later be
added together to obtain the dose to an organ and the effective dose. Standardised phantoms are
described in the ICRP publication 110 (ICRP, 2009), and Fig. 3.5 shows an example of the male
ICRP phantom.

3.2.3 Operational quantities

Operational quantities are only defined at points in space. They are directly measurable using
adequate radiation monitors calibrated in terms of measurable quantities, providing this can be
achieved (i.e., capable of making the measurement at a point) and take into account the type of
tissue (defined here as an ensemble of similar cells in the human body, such as organs). Operational
quantities are defined in terms of doses to ICRU 4-element tissue and are given in Sievert (Sv, with
1Sv=1Jkg!).

The main operational quantity is the dose equivalent. The dose equivalent H is obtained by

multiplying the absorbed dose by a quality factor (), expressed as :
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Fig. 3.5. Frontal and sagittal slices of the ICRP adult male reference computational phantom.

The colours indicate the type of tissue. Reprinted from Hadid et al. (2010).

H=QxD (3.12)

The @ factor was introduced to consider biological effectiveness (RBE) depending on the quality
of the radiation; some type of radiation are more harmful than others, which is taken into account
in this factor (ICRP, 2003). For photon and electrons, it is equal to 1. The quality factor @ is,
however, different from the radiation weighting factor as it is a function of linear energy transfer L
(LET). The linear energy transfer L (J.m~! or eV.m™!), also known as the linear collision stopping
power, is defined as the quotient :

dFE

L=— A
=, (3.13)

where dF is the mean energy lost by a particle, due to collisions with electrons in a distance dl

(ICRU, 1993). The quality factor @ is obtained by integrating Q(L) over L, and normalising by
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the absorbed dose D.

Personal dose equivalent

To provide a conservative and more easily measurable surrogate for effective dose, the personal dose
equivalent quantity was introduced. The personal dose equivalent H,(d) is the dose equivalent at
a certain depth d in soft tissue. The most common depth considered is 10 mm (H,(10)), as this
is a minimal depth of most organs and can be shown to be conservative of £ in most exposure
situations. The H,(10) is often measured on a phantom, as backscatter is an important component
of the field, and is also used to estimate the effective dose.

Other personal dose equivalent quantities include H)p(3), used to determine the eye lens dose,

and Hp(0.07), used to assess local skin dose.

Ambient dose equivalent

The ambient dose H*(10) corresponds to the dose equivalent deposited at a depth of 10 mm along
the radius vector opposing the direction of an expanded and aligned radiation field in a sphere of
30 cm of material composed of tissue equivalent material (also known as the ICRU sphere, ICRU
1980). Fig. 3.6 illustrates the situation of an ICRU sphere in a radiation field, and indicates the
area whose dose gives the ambient dose equivalent for the point of interest O. It is used to assess
the upper limit of a personal dose equivalent at 10 mm depth (H,(10,0), with H;(10) = H,(10,0))
that a person standing in the radiation field could receive. The measurement of H*(10) is always
made free in air (detector not attached to any phantom), and is used for area monitoring rather

than individual monitoring.

3.2.4 Quantities for emergency dosimetry

Chapter 2 discussed the necessity of a triage in case of large scale radiological events based on dose,
but it has not been clarified yet which dose is to be used for triage. The primary dose calculated
in physical dosimetry is the absorbed dose to the object (i.e., dose to quartz, resistors, teeth,...),
whereas the dose of interest is the dose to the individual. Furthermore, in a scenario where the
radiation field is not isotropic, a physical dosimeter may thus underestimate or overestimate the

dose to the individual. Conversion from the absorbed dose to the dosimeter to another quantity
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Radiation field

% T Ambient dose equivalent

-

S~ ICRU sphere

Fig. 3.6. Schematic representation of the ICRU sphere exposed to a radiation field. The ICRU
sphere is composed of tissue equivalent material, and has a radius of 30 cm. The red area indicates

where the ambient dose equivalent is calculated for the point of interest, O.

might be therefore needed.

The quantities traditionally used in conventional dosimetry may not operate well for emergency
dosimetry. The first approach to evaluate the dose used for patient triage in emergency dosimetry
would be to use a whole-body dose. The dose absorbed to the body (if the body is considered
as a homogeneous mass) would not provide satisfactory evaluation of the biological risk for low
penetrating non-uniform fields (Eakins and Ainsbury, 2018a). The personal dose equivalent may not
operate well for emergency dosimetry in scenarios where the radiation field is not well characterised.
The protection quantities, such as the effective body dose are used for radiation protection, and are
supposedly the quantities that would be used for the triage of a population group in the aftermath

of a mass casualty radiological event. However, the ICRP recommends that the effective dose is used
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for high dose exposure, and that no medical treatment should rely on the effective dose assessment
(ICRP, 2007). Moreover, both protection and operational quantities (given in Sv) are designed to
account for long term stochastic risks, and not for short term, tissue reactions, for which a quantity
given in Gy might more appropriate. This is quite obviously problematic for emergency dosimetry,
and to address this issue, Eakins and Ainsbury (2018b) recommended that the dose determined in
emergency dosimetry for triage is the dose to a few target critical organs, which would be determined
by translating the dose to the dosimeter to the organ dose using computational methods. However,
this might also lead to an increase in errors, if the geometry of exposure is not precisely known, and
would considerably increase the time needed for dose assessment. Thus, for large scale accident,

the absorbed dose to the material might be more reliable.

3.3 Retrospective and emergency dosimetry methods

The quantities described above were created for radiation protection purposes, and are used rou-
tinely in radiation facilities to protect the people and the environment. In this scope, various types
of radiation meters, such as ionisation chambers, electronic personal dosimeters (EPD), Thermolu-
minescence dosimeters (TLD), or scintillation counters (Shani, 2000) have been developed and are
commonly used by workers involved in the use of ionising radiation (e.g., industries, medical units,
nuclear power plants, research facilities). The dosimetry in radiation protection schemes is carefully
planned, and the instrumentation and materials used are designed for this purpose. For example,
passive dosimetry can be performed using TLDs. The most commonly used material for TLDs is
lithium fluoride, whose properties are highly desirable for personal dosimetry (flat energy response,
linear dose response, tissue equivalence, high sensitivity and negligible fading). The properties
desired for a dosimeter will be the subject of Section 5.2 in Chapter 5.

The routine measurements of doses ensure that dose limits are respected at all time to prevent
radiation accidents. However, Chapter 2 highlighted scenarios in which radiation protection mea-
sures may fail and result in incidents of various scales. Chapter 2 also emphasised the reasons why
dose assessments during and after a large scale radiological accident would be a primary necessity,
but most of the techniques developed for conventional dosimetry would not be available or suitable.
Hence, performing “unplanned” dosimetry in the aftermath of radiological accidents is a challenging

task, and some of the methods that have been developed to retrospectively assess radiation doses
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amongst members of the public following a radiological emergency will be explored in this section.

Chapter 2 also showed that the need for dosimetry in the follow-up of a radiation accident
was twofold : to perform triage of the affected population groups and to follow-up epidemiological
studies. Dosimetry shortly after the accident would aim to implement a rapid assessment procedure,
only sending to an hospital the individuals whose absorbed body dose was measured to be above
an agreed threshold, such as 2 Gy. This is referred to as emergency dosimetry, as the actions would
be needed in the immediate aftermath of the accident, from hours to weeks after the exposure.
Retrospective dosimetry, on the other hand, designates the dosimetry methods applied years to
decades after the event, and has the potential to be coupled to epidemiological studies (Bailiff
et al., 2016). McKeever and Sholom (2016) listed the desired properties that the dosimetry system

developed to perform the triage of a population should meet :

1. To have a minimal measurable dose (defined later) of 0.5 Gy, to enable a triage threshold of

2 Gy

2. To be induced by ionising radiation only, not to induce false positives

3. To be sufficiently stable over few days to weeks following onset exposure

4. To be simple and quick, automation being an advantage

In addition to these, it could be added that, for emergency dosimetry the surrogate material
dosimeter should be, for physical dosimetry : 1) ubiquitous amongst the population and 2) found
next the person’s body. The difficulty in finding new materials resides in the number of requirements
that these materials must meet; be ubiquitous, found near of body of each individual, have sufficient
sensitivity, and a rate of fading enabling the readout of the signal from days to weeks after the
accident.

This section will review the two main types of emergency /retrospective dosimetry methods that
have been developed : dosimetry performed 1) by using the biological markers induced by radiation
(biological dosimetry), and 2) by using the radiation induced physical properties of materials found

in the environment (physical dosimetry).
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3.3.1 Biological dosimetry

Biological dosimetry methods such as cytogenetic assays are gold standards and routinely used for
dose assessment. Although biological dosimetry methods are introduced here, this thesis will focus
on physical dosimetry.

Biological methods use the radiation sensitivity of some bio-markers of the human body. They
provide a whole-body dose, as, for example, blood circulates throughout the body. Several biological
techniques have been developed, some being very well accepted, others being still under development

(International Atomic Energy Agency, 2011; Kulka et al., 2012; Blakely et al., 2009).

Cytogenetic techniques

Cytogenetic techniques observe chromosome damage due to ionising radiation. Radiation damages
to the chromosome were already discussed as a potential health effect leading to more serious
conditions in Chapter 2, Section 1. For emergency dosimetry, the chromosomes studied are the
ones contained in peripheral blood lymphocytes (Ainsbury et al., 2010). Cytogenetic techniques are
the most developed in biological dosimetry (Simon et al., 2010), the most employed one being the
dicentric chromosome assay.

Dicentric chromosome is a type of chromosome aberration, where the chromosome forms two
centromers, due to misrepair of the DNA strands after being directly broken by radiation (Interna-
tional Atomic Energy Agency, 2011). They are almost exclusively induced by radiation, and their
frequency follows a quadratic response to absorbed dose. Doses as low as 0.1 Gy can be estimated
using this technique, and the signal can be used months after the exposure (Ainsbury et al., 2010).
However, despite its many advantages, this technique is quite slow, with an estimate of 55 hours
from sample receipt to dose estimate.

Other cytogenetic techniques include the premature chromosome condensation (Pantelias and
Maillie, 1984), the micronucleus assay (Huber et al., 1983), and the fluorescence in situ hybridisation

(FISH) assays (Finnon et al., 1995).

Genetic techniques

Genetic techniques relate to the gene expression; the process in which the gene is used to synthesise

products such as proteins or ribonucleic acid (RNA). The main genetic technique used for emergency

Page 93



Chapter 3. Emergency and retrospective dosimetry of ionising radiation

dosimetry is the gene expression assay (Manning et al., 2017). The expression of a gene is modulated
as function of the exposure of the individual to ionising radiation, and profiles have been drawn for
radiation workers and radiotherapy patients. However, this technique was proven to be unstable

over time (Ainsbury et al., 2010).

Haematological techniques

Haematological techniques rely on the blood cells counts after the accident. Changes are observed
for doses > 5 Gy, but the susceptibility to dose varies from person to person and a reference
background for each individual is needed (typically taken as soon as possible after the irradiation),

which can lead to high uncertainties (Ainsbury et al., 2010).

Protein biomarkers

Protein biomarker techniques for dose evaluation relies on proteins and enzymatic modifications.
The most promising one identified as a radiation marker is the y-H2AX protein (Moquet et al.,
2017). When the DNA double strands break, which leads to the formation of the v-H2AX at the
point where the DNA strand broke. ~-H2AX can be counted using immunostaining techniques
(Moroni et al., 2013). However, this protein is not stable over time, and the foci decay within

several days.

3.3.2 Physical dosimetry

Physical methods include electron paramagnetic resonance (EPR), and luminescence techniques,
employing measurements of thermoluminescence, TL, and optically stimulated luminescence, OSL
(Bailiff et al., 2016; Ainsbury et al., 2010). They can measure the absorbed dose in materials such
as quartz contained in bricks, salt, alumina substrate surface mount resistors or teeth enamel, to

name a few.

Thermoluminescence (TL) and optically stimulated luminescence (OSL) of common-

place materials

Thermoluminescence (TL) and optically stimulated luminescence (OSL) techniques rely on a similar

physical principle. Ionising radiation imparts energy to an electron in the valence band to be
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transferred to metastables states or traps between the valence band and the conduction band of
a semi-conductor or insulator, creating electron-hole pairs within the solid. The number of pairs
thus created is proportional to the absorbed dose. Upon readout, additional energy is brought to
the system by either heating (TL) or exposure to light (OSL), which prompts the electrons to be
excited from the traps and to travel via the conduction band recombining with vacant holes, and
leads to the emission of photons. The mechanisms that govern the emission of TL and OSL will be
discussed in depth in Chapter 4.

TL and OSL techniques have been used for sometime in radiation dosimetry because of their
sensitivity and ease of use. Many materials have been developed for personal dosimetry, such
as lithium fluoride, calcium fluoride, aluminium oxide, beryllium oxide or calcium sulphate and
are now routinely used in radiation facilities (McKeever et al., 1995). Luminescence dosimetry
presents many advantages which would make of it a valuable emergency dosimetry tool, such as
rapid dose assessment, low cost and high sensitivity to dose. Furthermore, natural minerals, such
as quartz or feldspars also exhibit a TL/OSL response following exposure to ionising radiation,
which prompted their use for archaeological dating (Aitken, 1985). Many other materials found in
the environment may also show radiation sensitivity detectable using luminescence techniques, thus,
luminescence techniques were rapidly adopted as an alternative candidate technique to biodosimetry

for emergency and retrospective dosimetry.

Building materials Luminescence techniques were perhaps amongst the first to be used for
dose assessment long after the exposure in case of radiological accidents. Pioneering work started
in the 1960s, with work aiming to assess the dose to tiles of houses of the regions of Hiroshima
and Nagasaki remaining after the explosion of the A bomb in August 1945 using TL techniques
(Higashimura et al., 1963; Hashizume et al., 1967). Tiles, and more generally ceramic building
materials such as bricks (Meckbach et al., 1996) contain the most favoured material for TL and
OSL retrospective dosimetry, namely quartz grains. Natural quartz has been widely used as a
dosimeter in archaeological dating, as its sensitivity and the stability of its signal makes it a reliable
dosimeter.

TL measurements conducted with tiles from Hiroshima issued from various locations (Nagatomo
et al., 1992; Ichikawa et al., 1987; Nagatomo et al., 1995), found good agreement with radiation

transport simulation (Roesch, 1987). Following the first studies carried on tiles from Hiroshima and
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Nagasaki, much work followed; other studies using luminescence measurements for dose assessment
have been carried in Chernobyl settlements (Bailiff et al., 2004a, 2005; Sato et al., 2002), Semi-
palatinsk nuclear test site (Bailiff et al., 2004b; Sato et al., 2006; Goksu et al., 2006), or the Techa
river site (Goksu et al., 2002; Bougrov et al., 1998).

Besides bricks, other building materials that may be used for dose reconstruction include cement

(Goksu et al., 2003) or bricks containing calcium silicate (Bailiff and Mikhailik, 2004).

One should note that TL and OSL dose estimation using building materials is used for retro-
spective dosimetry, years to decades after the accident. It does not provide the dose received by
individuals and is mainly used in the frame of long term epidemiological studies to validate other
techniques including computational modelling and biodosimetry techniques. The dose assessed in
retrospective dosimetry is the absorbed dose to environment materials, and here, for example to
ceramic building materials. As emphasised in the previous chapter, dosimetry would not only be
needed for epidemiological studies, but also for triage, in the immediate aftermath of the catas-
trophe (i.e., for emergency dosimetry). For this reason, new materials were sought for emergency

dosimetry.

Alumina substrate resistors Alumina substrate are used in the manufacture of surface mounts
resistors, commonly used in circuitry. Nowadays, most electronic devices are likely to contain a
circuit including surface mounts resistors - or chips. Fig. 3.7 shows an example of the circuit of a
mobile phone containing surface mount resistors.

The use of alumina substrate resistors to act as surrogate dosimeters was first suggested by
Inrig et al. (2008b), and since then, the potential of this material for emergency dosimetry has
been examined, using both TL and OSL techniques (Ekendahl and Judas, 2012; Beerten et al.,
2009; Bassinet et al., 2014; Lee et al., 2017; Woda et al., 2010; Kouroukla et al., 2014). Their good
characteristics in terms of dose response (linear in the range 10 mGy - 100 Gy), and mostly their
presence in mobile phones used by the general public, make them the most promising material
for use in emergency dosimetry. The luminescence signal of an alumina substrate was observed to
exhibit anomalous fading (Inrig et al., 2010b; Ademola and Woda, 2017; Kouroukla, 2015), although
in Chapter 11 we will discuss how this fading can be significantly reduced using phototransferred TL

measurement techniques. Although not yet applied to real scenarios, inter-laboratory comparisons
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Fig. 3.7. Electronic circuit of a mobile phone including alumina substrate surface mount resistors.

The resistors are circled in red.

using the OSL signal of resistors extracted from the circuit board of mobile phones have already
taken place (Bassinet et al., 2014), that confirmed the potential of this technique. However, technical
developments are still needed to address the issue of the decreasing resistors size trend. Concerns
were also expressed regarding the likely difficulty to obtain mobile phones in an emergency situation,
where they are likely to be handled by security forces. This issue also prompted the development

of techniques using alternative materials.

Glass display TL measurements on mobile phone glass displays also gave promising results for
dose assessment. Although the presence of a native signal was detected, the region 150-250 °C
of the glow curve typically exhibit a TL response emitting in the blue (Discher and Woda, 2014),
with a dose response linear for absorbed doses 10 mGy - 20 Gy, and the fading was observed to
be correctable using an universal fading correction (Discher and Woda, 2013). Furthermore, the
energy response of the TL signal was generally observed to be relatively flat for energies above 200

keV (Discher et al., 2014).
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Commonplace materials The dosimetric properties of many more materials have been investi-
gated using OSL and TL (Table 3.3). The work done on commonplace materials (such as clothing,
banknotes, coins,...) showed a great variability in the sensitivity of the signal that was sometimes
attributed to dust or other kinds of impurities (Sholom and McKeever, 2014). On the other hand,
salt, for example showed great sensitivity (with a detection limit of ca 4 mGy, Christiansson et al.
2014), but is not likely to be found in the possession of individual on the scene of the accident,
although a sachet could be carried by individuals, providing affordable dosimeters.

The search for commonplace materials with suitable dosimetric properties with luminescence
techniques continues, with the goal of having the largest possible catalogue of materials susceptible

to act as surrogate dosimeters.

Table 3.3: Materials reported in the literature for their use as surrogate dosimeters using lumi-
nescence techniques. The detection limit is defined in Section 3.4 of this chapter. A material is

considered as stable here if the loss of the signal is < 5 % after 1 month.
Detection

Materials Stable References
limit (mGy)

Quartz contained in bricks, ceram-

~ 100 Yes Bailiff (1995)
ics
Dental repair materials 5 No Bailiff et al. (2002); Ekendahl et al. (2013)
Calcium silicate bricks 20 Yes Bailiff and Mikhailik (2004)
Cement 100 Yes Goksu et al. (2003)
Gypsum wall boards 500 No Thompson et al. (2010)
Medicines tablets (Crocin, Paracad,
Ultramol, Calcium with Vitamin 120-275 Yes Menon et al. (2017)
D3)
Table vitamins (B1, B2, B12, Com-
plete Multivitamins Adults 50+
and Men 50+, Multivitamins Men 500 No Sholom and McKeever (2016b)

50+ and Women 50+, L-lysine, cal-
cium 500+D )
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Alumina substrate resistors

Mobile phone screen display

Integrated circuits
SIM cards

Chip cards

Clothing (cotton, silk, linen, hemp,

nylon, rayon, lycra, fleece)
Shoe sole
Plastic buttons

Paper banknotes

Coins

Bank cards
Business cards
Fingernails
Tooth enamel
Dust

Salt

Watch glass
Glass bottles
Colour pencils
Desiccants
Washing powder

Insect wings

~ mGy

300-400

170-260
7

3-200

45-1200

50-550
3-150

20-2000

30-5000
8-1500
4-1000
100-5000
27-5000
500

0.2-1

0.5

2000 - ca 105
750-1000
8-450

5-100

480-2400

No

Yes

Yes

Inrig et al. (2008b); Ekendahl and Ju-
das (2012); Beerten et al. (2009); Bassinet
(2014); Woda et al. (2010);
Kouroukla et al. (2014)

et al

Bassinet et al. (2010); Discher and Woda
(2013); Mrozik et al. (2014b)

Sholom and McKeever (2016a)
Pascu et al. (2013)

Woda et al. (2012)

Sholom and McKeever (2014)

Sholom and McKeever (2014)
Sholom et al. (2011b)

Mrozik et al. (2017); Sholom and McK-
eever (2014)

Sholom and McKeever (2014)

Sholom and McKeever (2014)

Sholom et al. (2011b)

Sholom et al. (2011b)

Sholom et al. (2011a); DeWitt et al. (2010)
Bortolin et al. (2011)

Bernhardsson et al. (2009); Christiansson
et al. (2014)

Ayda et al. (2016)

Sahiner (2017)

Merig et al. (2015)
Geber-Bergstrand et al. (2015)
J. Thomsen et al. (2002)

Kazakis et al. (2016)
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Electron paramagnetic resonance (EPR)

Similarly to TL and OSL, EPR uses electron-hole pairs produced in the solid by exposure to ionising
radiation. Using EPR, the detection of the radiation-induced signal requires the application of a
magnetic field to the trapped unpaired electrons’ (or radicals’) spin. Exposed to a magnetic field,
the radicals split into energy states according to the spin orientation relative to the field; i.e.,
whether the spin is anti-parallel to the field (higher energy state) or parallel (lower energy state).
The magnetic field removes the degeneracy of the possible spin states (s=%1/2) of the electron with
the s=-1/2 state having the lowest energy. In a typical EPR measurement magnetic fields of < 1
T are applied to the sample which results in an energy (Zeeman) splitting of the two electron spin
states that corresponds to photons with microwave frequencies. EPR spectrometers usually operate
with a fixed microwave frequency and the magnetic field increased in strength while the microwave
absorption within the cavity is recorded. When the magnitude of the strength of the magnetic
field reaches the value for which energy separation of the two spin states is equal to the microwave
photon energy, the system is in resonance and photons are absorbed. The value of the absorption
is related to the amount of unpaired electrons in the samples, hence linked to the absorbed dose.
Furthermore, EPR provides an indication on the nature of the paramagnetic centres or traps, which

can be of interest in characterising the materials for TL/OSL.

The use of EPR for emergency and retrospective dosimetry has mostly focused on biological
materials, such as bone and tooth enamel. However, teeth and bones are not likely to be employed
for the triage system of situations described in Chapter 2, as it would require medical procedures
to extract them (even if in vivo systems are still under development). Although not practicable for
emergency dosimetry, EPR dosimetry using tooth enamel is an efficient dosimeter for retrospective
dosimetry. Once extracted, teeth need to be sterilised before the enamel is separated from the
dentin. The extracted enamel is then ground and purified for the EPR measurements (Fattibene
and Callens, 2010). Cevc et al. (1972) associated the EPR signal originating from exposure to
ionising radiation to the CaCOg?’ anion radical in teeth enamel, but later work attributed this
signal to the CO; radical (Zdravkova et al., 2005), although it is accepted that several radicals
derived from carbonate, such as CO3~, CO3, or CO™ contribute to the signal (Fattibene and
Callens, 2010). This radical is easily seen in the EPR spectrum with features growing with dose

at g=2.002 and g=1.998 (where g is a constant of proportionality linking the strength to the state
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energy difference) of the magnetic field (Ivannikov et al., 1997), and one of its important feature
also identified by Cevc et al. (1972) is the stability of this radiation damage. Two signals arise
from the EPR spectrum of teeth enamel; the background signal (non radiation induced) and the
radiation induced signal. The two components can be identified and separated (Sholom et al., 1998;
Sato et al., 2007; Lanjanian et al., 2008). The radiation induced signal shows a linear growth with
dose, with a detection limit of ca 50-100 mGy (Romanyukha and Regulla, 1996; Bailiff et al., 2016).
Studies have since confirmed the applicability of this technique in dose assessment of individuals
and real case scenarios. EPR measurements of tooth enamel of Chernobyl liquidators enabled dose
assessment of 770 individuals, for whom epidemiological studies were carried out (Chumak et al.,
1999). The teeth of the general population of Chernobyl were also examined (Skvortsov et al., 2000;
Gualtieri et al., 2001; Chumak et al., 1998), and the dose resulting from the EPR measurements
correlated with the level of '37Cs contamination on the ground. The dose to tooth enamel of
69 Hiroshima A bomb survivors was assessed by EPR spectroscopy by Nakamura et al. (1998),
and good agreement was found with the cytogenetic data of the same group of individuals. The
nuclear test site of Semipalatinsk (Ivannikov et al., 2006; Romanyukha et al., 2006, 2002), Mayak
nuclear workers (Wieser et al., 2000; Romanyukha et al., 1994), the inhabitants of the Techa river
(Romanyukha et al., 2001), contaminated by radioactive release, and the population of Goiana,
exposed to a lost radioactive source (Rossi et al., 2000) have also been the subject of EPR studies.

However, the invasive nature of EPR spectroscopy on teeth is its main drawback; in many
scenarios it could be difficult to obtain teeth from the public, either because subjects would be
reluctant to have a tooth extracted, or because the extraction itself requires time. To address this
issue, the possibility of in vivo measurements is still under investigation (Ikeya and Ishii, 1989;
Yamanaka et al., 1993; Zdravkova et al., 2003; Schreiber et al., 2016). Another alternative relies
on the use of biopsies, where only a small amount of the tooth is extracted (between 10 to 70 mg),
which later can be reconstructed with resins.

Bone also shows EPR characteristics similar to tooth enamel, as some of the radicals in bone
and tooth enamel are similar (Callens et al., 1998), making it suitable as a dosimeter (Brady et al.,
1968). However, the main issue remains the extraction of bones, that, although available in some
cases (Trompier et al., 2007b; Krefft et al., 2014) are very unlikely to be obtained in large scale

scenarios.
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Other materials investigated using EPR include plastics, paper, buttons, human hair (Nakajima,
1982), natural rocks (Ikeya and Ishii, 1989), clothing (Barthe et al., 1989; Kamenopoulou et al.,
1986), sugar (Trivedi and Greenstock, 1993; Fattibene et al., 1996), glass (Engin et al., 2006; Wu
et al., 1995), fingernails (Trompier et al., 2007a), or even shells (Nakajima et al., 1993). The
applicability of these materials is very variable; the detection limit is between 0.1 Gy for tooth
enamel to 10 Gy for cottons. Furthermore, materials such as plastics exhibit relatively strong

fading.

3.3.3 Computational dosimetry

Radiation transport codes using Monte Carlo techniques can also be used in dosimetry. Historically,
Monte Carlo techniques use repeated random sampling of the variables within the probability distri-
bution and produce a probability distribution for the outcome by simulating the physical processes
for random points of the variables’ distribution. Monte Carlo radiation transport codes simulate
the transport of particles in a specified geometry, and the absorbed dose can be calculated for each
point of the geometry. A map of the radiation field can therefore be constructed, from which the
absorbed dose can be assessed (Ainsbury et al., 2010). One of the most widely used codes is the
Monte Carlo N Particle code (MCNP), developed by the Los Alamos National Laboratory. MCNP
is a general-purpose Monte-Carlo N Particle code that can be used for neutron, photon, electron,
coupled neutron/photon/electron, or over 1000 other ions and particle species transport (X-5 Monte
Carlo Team, 2003). The range of application of MCNP is quite wide, including dosimetry, radiation
protection, detector design, radiography, medical physics, and nuclear reactor design (Goorley et al.,
2012).

Historically, the first use of Monte Carlo transport codes applied to retrospective dosimetry
provided a mapping of the absorbed dose in the environment. Particle transport code calculations
were integrated to the Hiroshima and Nagasaki dosimetry system (Santoro et al., 2002); to the
Techa river site (Taranenko et al., 2003); to the Chernobyl accident (Goksu et al., 1996), and to
the 2001 Georgia accident (Clairand et al., 2006). In some of these cases, Monte Carlo simulations
were coupled to luminescence or EPR measurements.

Another use of radiation transport codes for emergency dosimetry consists of relating the dose

to the materials measured using physical dosimetry techniques (e.g., resistors, glass displays and
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teeth enamel) to organ dose or individual body dose. This technique provides a means of offering
efficient and targeted treatment to the exposed individuals. Ongoing work, started by Eakins and
Kouroukla (2015), aimed to related the absorbed dose in the resistors of mobile phones to the organ
dose of an individual, using MCNP6 and voxelised phantoms, depending on the position at which
the mobile phone would have been located relative to the body and the source of ionising radiation
during the accident. A later chapter of this thesis will continue with work using a similar approach

to relate the dose of new materials investigated to the organ/body dose.

3.3.4 Comparison of physical dosimetry and biological dosimetry

Both physical and biological dosimetry present advantages and drawbacks to perform triage of
the population following radiological emergencies. So far, no ideal system gathering the desired

properties listed at the beginning of this section seems to be emerging.

Biological dosimetry estimates absorbed dose using biological markers, as described in Section
3.3.1. The dose determined is the whole body dose of the individual, and as being based on biological
material, can be performed on each individual. Some of its techniques, such as dicentric chromosome
assay are now well established, tested and proven to perform well in inter-laboratory comparisons
(Wilkins et al., 2008). When calibrating a biological marker, standard universal calibration curves
are used and as they are not sample specific, an issue might arise with inter individual variations.
EPR with tooth enamel yield similar issues, although the doses evaluated for Chernobyl clean-up
workers using dicentric chromosome assay and EPR of teeth enamel strongly correlate, indicating
the robustness of those two techniques (Khvostunov et al., 2014). Biological methods are relatively
time-consuming, with a time estimate for the effects to develop (between the sample receipt and
the dose estimate) of 55 hours for dicentric chromosome assay, 120 hours for the FISH assay, up to
36 hours for gene expression, but only 3 hours for v-H2AX (Ainsbury et al., 2010). Automation for
these techniques is, however, already in use, or under development (Romm et al., 2013).

On the other hand, physical dosimetry can provide an estimate of external dose using detectors
close to the body. The use of transport simulation code can provide organ specific dose or the
whole body dose using the external dose estimate. Furthermore, the difficulty of physical dosimetry
resides in finding materials that are ubiquitous amongst a population. The dose assessment with

OSL and TL is, however, much faster than dicentric chromosome assay, and can be done between a

Page 103



Chapter 3. Emergency and retrospective dosimetry of ionising radiation

few tens of minutes to a day, depending on the sample and protocol. Calibration can be performed
on a specific sample, at several levels of dose. If biological methods, such as dicentric chromosome
assay are now well developed, emergency dosimetry with TL and OSL methods is more recent, and
still under development.

McKeever and Sholom (2016) compared data from inter-comparisons for both physical and bio-
logical dosimetry, and found that all techniques follow a similar trend of having narrower distribution
of the results when the dose increases, that for every method employed, an individual laboratory
can substantially be in error when estimating the dose, and that in terms of error the dicentric
chromosome assay appears to be the most favourable technique so far. It is, however, expected
than in the case of a large scale accident, biodosimetry and physical dosimetry methods would be
effective when combined. Ideally, a robust dosimetry system would use several techniques of dose

estimation, and integrate a comparison of the results.

3.4 Statistical approaches to dose estimation in retrospective and

emergency dosimetry

3.4.1 Uncertainties in retrospective and emergency dosimetry

The assessment of uncertainties in emergency dosimetry is of fundamental importance as it aims to
give an indication to the medical team performing a triage of the population of the extent to which
the dose assessment is reliable (i.e. the confidence interval). The risk of putting an individual in
the wrong category during the triage phase could lead to serious consequences, e.g., sending back
home a patient that would require urgent care, or (albeit less seriously), wasting limited medical
resources on people who do not need them. In an effort to address this issue, work has been per-

formed to integrate uncertainty analysis techniques to the dosimetry system (Ainsbury et al., 2018).

The Guide to the Expression of Uncertainty in Measurement (or GUM, Bureau International
des Poids et Mesures et al. 1995) provide an indication on how uncertainty analysis should be ap-
proached, and is still used for uncertainty analysis in emergency dosimetry. It lists parameters that
could be the source of uncertainty in measurements, many of which apply to emergency dosimetry

using OSL and TL.
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For example, a luminescence reader is able to detect a finite range of light intensities, above
which the photo-multiplier response may saturate, and below which the photon counts will be too
low to be detected above background. The calibration of the dose rate of the radiation source
integrated in the reader may also be a source of uncertainties. Often a series of assumptions are
used for calculating the accident dose (e.g., universal fading rates for components made of the same
material), that could lead to increased errors in the dose assessment. Repeatability of the mea-
surements is also a known issue, as it is rare that two measurements would yield the same value of
photon counts, and this is assessed by carrying out reproducibility tests. Moreover, if the scenario
of radiation exposure is unknown or only partially known (i.e., absence of knowledge about the
geometry, the type of ionising radiation), relating the measured dose to the effective body dose

would also be an important source of uncertainty.

Two types of categories are considered in uncertainty analysis, namely type A and type B errors
(Bureau International des Poids et Mesures et al., 1995). They differ by the way of evaluating
measurement uncertainties; whilst they are both built upon probability distributions, type A errors
are estimated from a probability density function derived from an observed frequency distribution,
and type B errors are calculated assuming a probability density function describing the degree of
belief that an event will occur (Bureau International des Poids et Mesures et al., 1995, p. 7).

The GUM method (Guide to the Expression of Uncertainty in Measurement Bureau Interna-
tional des Poids et Mesures et al. 1995) was developed to assess uncertainties by assuming a normal
probability distribution. The error associated to each variable is propagated in calculations using
first-order Taylor series approximations.

If the GUM method is currently the standard method used for error approximation in emergency
dosimetry, other methods, such as Monte-Carlo or Bayesian statistics provide a more accurate esti-
mate of uncertainties, and are increasingly implemented to dose assessments. Uncertainty analysis
using Monte-Carlo methods enables sampling of non-normal distributions and cross-correlations
between measurement variables, by using random sampling methods. Bayesian techniques may also
be integrated to uncertainty analysis, and are particularly useful as they enable the use of prior
knowledge. They assume that the parameters and variables are probabilistic and assign a prior
distribution to each. Coupled with the experimental data, this results in a probability density func-

tion (PDF') describing the likelihood of the results (Ainsbury et al., 2018). Bayesian techniques are
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mostly implemented in biological dosimetry, whilst so far, physical dosimetry has mostly made use
of GUM and Monte-Carlo techniques.

In the case of TL and OSL, in the simplest approach (i.e., no fading, linear dose response curve
passing through the origin), the dose absorbed during the radiological accident, the accident dose
Dgee, is determined by dividing the accident signal, L,.. by the signal L., recorded for a known
calibration dose, D4, such as :

Loce X Deal

Dyee = ——. 3.14
aee Lcal ( )

The TL/OSL signals have an associated uncertainty, in terms of photon counts, often taken as
a Poisson error. However, most of the materials used for emergency dosimetry exhibit fading. The
fading is characterised by a known function f, which itself comes with associated uncertainties. The
accident dose is then determined as :
Lacc X Dcal

Dacc - fT (315)
Cca

Applying the GUM method, this gives the uncertainty as
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However, the case considered here assumed a linear dose response, which is not always the case.

Some materials, for example, may exhibit a quadratic dose response and, in this case, more than
one calibration point would be needed. Correction for sensitisation, the increase of the signal over
the cycle of measurement for a similar administered dose may also be required in some cases. These
corrections would once again come with associated uncertainties that would have to be embedded
in the final uncertainty estimate.

Monte-Carlo simulations can here be used for uncertainty propagation as well as in the GUM
method. A supplement was added to the GUM manual, providing guidance for the use of Monte-
Carlo simulations for uncertainty analysis (Bureau International des Poids et Mesures et al., 2008).
Rather than applying a deterministic formula, the Monte-Carlo simulation performs a series of ran-
dom sampling of values taking into account the distribution of each of the parameters, producing a
distribution of the outcomes. Monte-Carlo procedures for uncertainty estimates are now straightfor-

ward to implement and this thesis, the errors have been propagated using a Monte-Carlo procedure
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implemented in the software R.

The robustness of a method is tested through inter-laboratory blind comparisons. In addition
to the assessment of uncertainty of a measurement, tests are carried out to assess whether indepen-
dent laboratories are able to reconstruct the absorbed dose for samples irradiated with an unknown
gamma dose. Participating laboratories are required to follow similar protocols and methods of anal-
ysis on identical materials, and the comparison of the results provides a good indicator of whether
the method is reliable and applicable to real case scenarios. A “good intercomparison” would have
all the participating laboratories assessing correctly the absorbed dose, or at least sending the sam-
ple to the right triage category (high dose, low dose, no dose). Discrepancies in results may also
indicate sources of uncertainty that have not been thought of before, for example, uncertainties
arising from unknown storage conditions during transportation. Inter-laboratory comparisons may
also help assessing the performance of a laboratory (Oestreicher et al., 2017). In this scope, several
inter-laboratory comparisons were run in both biological and physical emergency dosimetry. OSL
and TL intercomparisons have been prepared with alumina substrates (Bassinet et al., 2014). In
their critique of biological dosimetry versus physical dosimetry, McKeever and Sholom (2016) rec-
ommended more inter-comparison exercises to be carried out for both methods to obtain a more

realistic estimate of the uncertainties.

3.4.2 Detection limit and decision threshold

The detection limit is a key criteria of a dosimeter as it is the parameter defining whether the
sensitivity is sufficient to register low levels of dose. As explained above, in emergency dosimetry,
the threshold dose for triage is of 2 Gy, for which a dosimetry method with a detection limit of
0.5 Gy is desirable. Two concepts will be clarified here : the decision threshold (minimum dose
that can be detected, above which it can be said that exposure to ionising radiation occurred) and
the detection limit, or minimal measurable dose (the minimum dose that can be determined, above
which a dose value can be determined), as proposed by Currie (1968).

The detection limit derives from the decision threshold (Currie, 1968), defined as the limit above
which the result of the measurement and analysis indicates detection (i.e., a positive measurand).

The International Organization for Standardization (ISO) established a standard for the determi-

Page 107



Chapter 3. Emergency and retrospective dosimetry of ionising radiation

nation of the characteristic limits (decision threshold, detection limit and limits of the confidence
interval) for measurements of ionising radiation (ISO 11929, 2010), where it stipulated that if and
only if the measurement value is above the decision threshold, it can be concluded that the physical
effect is present, but it cannot be concluded that the effect is absent if the measurement value is be-
low the decision threshold. A critical “decision” in emergency dosimetry is whether the patient was
exposed to a significant level of dose that requires immediate treatment, and the decision threshold
set is 2 Gy (Coleman et al., 2011). However, for a dosimeter, the decision threshold (i.e. whereas
the dosimeter has received a dose) can be lower. Two types of errors can arise when trying to
determine whether, for example, a person has been exposed to a significant. The first type would
be to decide that the individual has been significantly exposed when they had not (type « error,
of the first kind, related to the decision threshold D7), the second type being to fail to determine
that the patient had been exposed (type [ error, of the second kind, related to the decision limit
Dy). Analysing data from both biodosimetry and physical dosimetry inter-laboratory comparisons,
McKeever and Sholom (2016) reported 35% of false negatives for a 2.2 Gy dose with the dosimetry
methods used.

The standard deviation of the net signal of an irradiated sample (05 = (0%, 5 + 0%)'/2, where
op is the standard deviation of the background) when the mean is equal to zero, and the maximum
acceptable value for «, determine the decision threshold, or critical level, L¢.

The critical level is defined at the level at which decisions can be made. The detection limit, on
the other hand, is the limit above which an analytical procedure may be relied upon to determine the
true value of the measurand following the measurement procedure (Currie, 1968); it is the smallest
value of the measurand that can be detected using the measurement procedure. Mathematically,

Currie (1968) defined the critical level Lo and the detection limit Dy as :

L¢ = kaoo, (3.17)

Lp = L¢ + kgop, (3.18)

where k, and kg are the abscissa of the standardised normal distribution corresponding to
probability levels 1 — « and 1 — 3, with a and S referring to errors of the first and second kinds,

as explained above; and where o is the standard deviation of the net signal when the mean of the

Page 108



Chapter 3. Emergency and retrospective dosimetry of ionising radiation

net signal is equal to zero, and op the standard deviation of the signal when its true value is equal

to Lp. A schematic representation of the critical level and detection limit is shown in Fig. 3.8.

W(S) A

L

Fig. 3.8. Probability distributions (W (S)) for a limiting mean value equal to 0 (upper graph) and
Lp (lower graph). « and f refers to errors of the first and second kinds, and are indicated in the

red areas. Redrawn from Currie (1968).

Following this definition, if & = § (the risk of false positive equal the risk of false negative),

ko = kg and Eq. (3.18) becomes :

Lp = 2L¢ = 2ko. (3.19)

Furthermore, if the standard deviation of the signal, o, is taken to be independent of the

background :

o5 = (0%, p+ o)V =\/205. (3.20)

Currie (1968) derived a working expression for the decision threshold and the detection limit,

accommodating a 5% error in false positive or negatives. This would give expressions of Lp and
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Lo such as :

1. Decision threshold : Lo = 2.330B

2. Detection limit : Lp = 4.650p

In the literature of emergency dosimetry, the term “detection limit” is rarely used, and the term
“minimal measurable dose” much more widely used. The minimal measurable dose is defined as
the background plus two (or three) standards deviations from the signal of an unexposed dosimeter
(Yukihara and McKeever, 2011). In this thesis, the term “detection limit” is preferred, and is
calculated as the dose for which the signal is equal to the background plus three times the standard

deviation of the background.

3.5 Summary

This chapter has defined quantities that are measured in radiation dosimetry relevant to this study,
and emphasised that although physical quantities are directly accessible via measurement (i.e., par-
ticle fluence, kerma, absorbed dose) the quantities of interest in radiation protection, the protection
quantities (effective dose, mean absorbed dose of an organ or tissue) are derived from the physical
quantities via calculation. A latter section addressed the challenge of assessing these quantities in
radiological emergency contexts, and thus explored the techniques developed for emergency dosime-
try. Of these techniques, those of interest in this thesis - luminescence techniques - have been applied
to radiological accidents such as Hiroshima, Chernobyl or Semipalatinsk via the dose assessment
of quartz contained in bricks. However, new materials are continuously sought to optimise and
broaden the emergency dosimetry system using the luminescence system. A short review of the
materials investigated under luminescence techniques was provided, and although some appear to
be promising (e.g., alumina substrate resistors), it is still desirable to seek new materials that would
fulfil or approach the criteria of “ideal” dosimeters to strengthen the potential of luminescence tech-
niques for emergency dosimetry. Finally, the last section of this chapter addressed the questions
of uncertainty assessment and detection limits in emergency dosimetry, that are a crucial point in
determining whether the dose estimate provided using emergency dosimetry techniques are reliable.

The next chapter will review the mechanisms that govern thermoluminescence and optically

stimulated luminescence, and particularly, what physical mechanisms give rise to luminescence
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emission proportional to the absorbed dose.
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Chapter 4

Theory of thermoluminescence and

optically stimulated luminescence

4.1 Introduction

Chapters 2 and 3 have examined how luminescence techniques can be employed for absorbed dose
assessment in radiological emergency situations. It has been argued that dosimetry is needed for the
management of large-scale radiological accidents harming members of the general public (Chapter
2) and that luminescence techniques can be employed for dose assessment using surrogate dosime-
ters found in the environment (Chapter 3). This chapter will aim to explain what is meant by
“luminescence techniques”. In earlier chapters, two types of luminescence have been mentioned :
thermoluminescence (TL) and optically stimulated luminescence (OSL); the differences and simi-

larities between these two techniques will be also explained in this chapter.

A luminescence dosimeter can briefly be described as a material that has the property to store
charge, resulting from exposure to ionising radiation, at defect sites and to later release it, resulting
in the emission of visible /UV photons. The primary questions addressed in this chapter are : 1)
Where does the luminescence emission of luminescence dosimeters originate? 2) What mechanisms
govern the emission of luminescence? 3) What models can be used to describe the luminescence
emission in some solids? ; 4) What information can be derived from the TL/OSL and how is this

achieved?
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4.2 The origins of luminescence emission in solids

4.2.1 Band-gap model and energy levels
Energy levels in crystals

A perfect crystal, i.e., a solid constituted of atoms or ions arranged in a periodic lattice, is firstly
considered here. The atoms of such a crystal give rise to a periodic electrostatic potential that gives
rise to permitted electronic states in defined energy bands. However, the description of energy bands
in crystals will begin by considering the free electron model where electrons in the solid experience

constant potential in all space.

Free electron model For the sake of simplification, the motion of a free electron in space will

be considered, which can be described by Schroedinger’s equation (Kittel and Holcomb, 1967):
Hy = Ev, (4.1)

where H is the Hamiltonian of the system, defined in the case of a free electron by

~9
a=2r (4.2)
2me
with p = —iAV the momentum operator, and m, the mass of the particle. v represents here the

wave function and E the eigenvalues of the Hamiltonian, that physically, correspond to the energy

values of the particle.

By solving Schroedinger’s equation, the eigenvalues of the Hamiltonian are given such as:
y g g q g

21.2
E:hk,
2me

(4.3)

where k is a wave vector of the electron which is quantized and is inversely proportional to the
size of the potential well; hence each value of k corresponds to a given value of the energy, F.
In practice the spacing between each energy level is very small compared with the typical ener-

gies, effectively creating a continuum of states within the solid.

The free electron model provides some insight into the electronic properties of metals, but it

cannot explain why some energy values of electronic states are forbidden, which occurs in insulators
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(e.g., 8-10 eV gap) and semiconductors (few eV gap) as a result of the “forbidden gap”, or band

gap.

Periodic potential, the nearly free electron approximation and the origin of the band
gap The ionic cores in perfect crystals such as described above (i.e. without any impurities or
imperfections) can be modelled as a periodic potential V' depending on their position 7 in the
lattice such as V(7) = V(7 + R)(# 0) where R is the translation vector of the lattice. Hence the
Hamiltonian of the conduction electrons becomes :

~2

p
2Me

H=

+ V(7) (4.4)

Assuming that the potential is periodic within the crystal, the wave function can be written as

a Bloch function such as :

Y(F) =Y up(F) exp(ik - 7), (4.5)
k

where up(7) is a periodic function with the same periodicity as the lattice, and ug () = ug (7 + R).
The general solution for the Schroedinger equation in a periodic potential is therefore related to
the superposition of plane waves. As a consequence, all the independent values of k lie within
a periodically reproducible zone called a “Brillouin zone”, whose edge (the concept of Brillouin
zone edge is further explained below with Eq. 4.7) depends on the limit condition of the potential
imposed by the solid (often either periodical or null potential at the zone edge).

Using the expression of the Hamiltonian (4.4) and the Bloch wave function (4.5), the central equation

(4.6) is obtained :

R2k?
<27ne — E> ugp + Z Véug_é =0 (4.6)
G

Where G are reciprocal lattice vectors, each one existing in a reciprocal space and representing
a set of crystal planes. This new equation for the energy distribution leads to a dual solution for

the energy whenever k lies on a Brillouin zone edge such as:

2
EO 4 EO EO _ EO
Eizvo+%wi (’CQkG +|Vel?, (4.7)
where Vj is the value of the potential, and E? = gir’i for a nearly free electron.
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Energy levels : the band gap model

For plane waves with a wavelength twice that of the separation between the planes, there is a back
reflection of the electron, interference and standing waves are set up with antinodes either at the
the position of the atomic cores or between atoms. Those with electron density concentrated at
atomic cores have a lower energy than that of the corresponding plane wave, while those with high
electron density between the atomic cores have a higher energy than that of the plane wave. The

energies of these two stationary states determine the edges of the forbidden energy.

This difference in energy at the Brillouin zone edge causes the permitted energy levels to split
into two levels, the Conduction band (excited state) and the Valence band (ground state) with a

gap between the two bands (Fig. 4.1)

€ Second €
allowed Conduction band
band B B
Forbidden band ¢Eg

First 'A

allowed i Valence band
band !

k -rn/a

(a) (b)

Fig. 4.1. (a) Plot of energy, €, versus wavevector k for a free electron. (b) Plot of energy, €, versus
wavevector for an electron in a monoatomic lattice of lattice constant a. A is the value of energy
E_ at the Brillouin zone edge, B the value of energy E at the Brillouin zone edge and £, the
width of the enery band gap. Redrawn from Kittel and Holcomb (1967), Chapter 7, page 164.

The width of the energy gap at room temperature determines whether the solid is an insulator
(one band empty or completely filled, ~ 8 eV gap and larger), a metal (one or more bands partially
filled) or a semiconductor (up to a few eV gap; Kittel and Holcomb 1967). The case of semicon-

ductors and insulators is of interest in this thesis as it allows electron transitions from the valence
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band to the conduction band if sufficient energy is given to the system. At room temperature T the
thermal energy of the system, given by E = kT, is about 0.026 eV, where kp is the Boltzmann

constant, which is not sufficient enough to cause the electrons to move from one band to another.

4.2.2 Configuration coordinate and Jablonski diagrams : luminescence emission

in solids and selection rules

The configuration coordinate diagram was developed to clarify particle transitions between two
energy states in a solid, in particular leading to the emission of visible/UV photons. In such a
diagram (e.g., Fig. 4.2), each energy state is represented as a parabola of the energy E versus the
vibrational distance R. The parabola shape results from the harmonic oscillation of the localised

charge in its energy state. The particle is hence subject to a force F' such as:

F=-C(R-Ry), (4.8)

where C is a constant. Therefore the corresponding energy dependence on the distance R is:
1 2
E= §C(R — Ry) (4.9)

The energy eigen value of an harmonic oscillator is given by the form :

1
E,=(n+ i)hu, (4.10)

where n = 0,1, 2, ... represents the frequency and v is the oscillation frequency. The energy
eigen values are therefore distributed in discrete energy levels, some of them being represented as

horizontal lines on the parabola of Fig. 4.2.

Absorption of excitation energy

During an optical absorption (Fig. 4.2), energy is delivered to the system by exposure to light, and
the electron is given energy to transfer from the lowest level n = 0 of the ground state to the edge
of the parabola of an excited state, as symbolised with the vertical arrow on Fig. 4.2. This optical
absorption is characterised by its width, which depends on the distance R, — Ry that lies between
the two parabola; if AR = 0, the two parabola are superimposed and the absorption band becomes

a narrow line. To consider the total absorption band, a sum is made over all of the vibrational
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Excited state

Optical
transitions
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Vibrational states

/2,
X E§>
by
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Fig. 4.2. Configuration coordinate diagram for the absorption of excitation energy, represented

Absorption

by the vertical arrow. The ground state at an equilibrium distance Ry, and the excited state at
a distance Ry, are are illustrated as parabolas. The ground and excited vibrational states are also

shown, respectively [0,1,2] and [0’,17,2’]. Redrawn from Blasse and Grabmaier (2012, p. 13).

levels of the excited state n’; hence if AR = 0, the particle is only absorbed to the vibrational level

n' = 0.

Emission of energy : radiative return to the ground state

Following the absorption stage, the particle is placed in a high vibrational state of the excited state;
the relaxation is therefore the atomic process by which the system returns to the lowest vibrational
state, as can be seen on Fig. 4.3. It is important to note that there is no radiative emission occurring
during the return to the lowest vibrational state. The return to the ground state from the lowest
vibrational level of the excited state can occur in several ways : via a radiative return (emission
of radiation), via a non-radiative return, or via transfer of the excitation energy from one ion to
another (Blasse and Grabmaier, 2012, p. 33). The first two cases are more important here and will

be discussed further below.
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When the system readjusts its position to the lowest vibrational stage of the excited state during
the relaxation, there is an excess of energy. hlThe particle can either spontaneously return to the
ground state if the levels are at a distance AR close enough, or remain in the excited state until
additional energy (thermal or optical) is brought to the system to return to the ground state.
Upon returning to the ground state, the centre reaches a high vibrational level, from which another
relaxation occurs to bring the centre back to the lowest level. Therefore, as two relaxations take
place during the emission, the energy of the emission will be lower than the energy of absorption.
The shift between the two is called the Stokes shift and is directly dependent on the parabola offset
AR.

w E
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Fig. 4.3. Configurate diagram displaying the absorption, relaxation and emission from a centre.

Redrawn from Blasse and Grabmaier (2012, p. 34).

Non-radiative return to the ground state

A non-radiative return is a return to the ground state without the emission of radiation. For a

luminescent material, this process is therefore undesirable, and a phosphor would be judged as
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efficient only if the probability of radiative return is higher than the probability of a non-radiative
return. To quantify the probability of having a radiative process instead of a non-radiative one, the
quantum efficiency factor was defined as the ratio of the number of emitted quanta by the number
of absorbed quanta. In the case of photoluminescence, the quantum efficiency is defined as (Blasse

and Grabmaier, 2012, p. 84):

Number of emitted quanta

= 4.11
1 Number of absorbed quanta’ ( )
whereas the radiant efficiency is:
B Emitted luminescent power (4.12)
= Power absorbed by the material from the exciting radiation’ )
and the luminous efficiency is :
I_ Luminous flux emitted by the nrlautelriaul7 (Unit : Tumen/W). (4.13)

Absorbed power

Non-radiative returns can be caused by different factors. At high temperature, the centre may
cross the two parabola and return to the ground state via a non-radiative route and the excitation
energy is diffused as phonons; if the two parabola are parallel and the energy difference is such
as AF <5 times the higher vibrational frequency of the surroundings, high energy vibrations can
be excited, making radiative transitions unlikely (multi-phonon emission); finally both previous

processes can occur simultaneously in a three parabola configuration.

Optical transition rules

The transition rate of an optical transition is strictly governed by rules about the quantum numbers
of the initial and final states. If the quantum numbers do not follow those rules, the transition rate
will be zero (forbidden transitions). Selection rules mathematically arise from the description of the
dipole potential of the harmonic system with spherical harmonics. The potential of a “2!” pole (if

[ =1, it is then referred as a “dipole”) can be written as (Curie, 1963, p. 14):

I (0, 9), (4.14)

Vi= RIAL “m=—

where the Y)"s are derived from the expression of the Legendre Polynomial of degree I, R is the

distance and the coefficients a;"* are given by :
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47
= m 4.1

with Q)" = 8Y;"(#', ¢')pdv, the multipole electric moment, of order I, and where m = —I, -1 +
1,..0—-1,1.
This expression is therefore indeed dependent on the quantum numbers number [ and m, defining

the quantum states of the system:;

-1=0,1,2,...n—1 is the angular momentum quantum number with n = 1, 2, ...0c0 the principal

quantum number describing the energy level,
— —1 < m < is the correlated magnetic moment quantum number,

— and s = :I:% the spin moment quantum number

The total angular momentum for a single particle is a function of the quantum numbers ! and

s, such as:

j=l+s (4.16)

For each transition between two quantum states, the variations between the associated quantum

numbers must fulfil the following rules for the transition to occur (Fox, 2002, p. 348):

Al = +1
Am =0,+1 (4.17)

As=0
The transition rules also yield a physical meaning, as follows :

e Al = +1 derives from the parity of the wave function (—1),

e Am = 0,+1 derives from the polarization of light carrying an angular angular momentum,

and the need to conserve the above-mentioned angular momentum throughout the transition,

e As =0, as photons do not interact with the electron spin in this case.
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4.2.3 Phosphorescence, fluorescence and stimulated luminescence

Section 4.2.2 briefly described the condition under which a transition is said to be allowed; i.e. under
which the electric-dipole transition rate will be different from zero and a photon can be emitted. As
such, an allowed transition has a high transition rate, the radiative lifetime is short (1-10 ns), and
the process is said to be “prompt”. A radiative transition occurring within nanoseconds is called
“fluorescence”; if the transition is delayed for a substantial time (> 10 ns), it is then referred as
“phosphorescence”. Fig. 4.4 summarises the different types of luminescence emission in solids as a
function of the delay between excitation and emission. The line of 10~® s drawn between fluorescence
and phosphorescence here is debatable, and should not be considered as a clear cut. Phosphores-
cence can be divided between short period (< 107* s) and long period (> 107* s) emission, the
latter, if prolonged over periods of minutes and longer, is then referred as “thermoluminescence” or
“optically stimulated luminescence”. This type of emission is different in the sense that the emission
has to be triggered by additional energy brought to the system, thermally or optically. It is that
last phenomena, by its subsequent persistence of particular interest, that constitutes the main topic

of investigation in this thesis.

Short- and long-term luminescence are also differentiated by the physical processes involved;
fluorescence is a direct process in which the absorption and emission occur solely between a ground
state and one excited state, explaining its rapid nature. Phosphorescence, however necessitates
an extra transitional state (or meta-stable state) via an inter-system crossing, from which the
phosphorescence transition back to the ground state are spin-forbidden are therefore occur on a
slow time scale. A Jablonski diagram, illustrating the different luminescence transitions within a

molecule (typically anthracene) is shown in Fig. 4.5.
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(Photo-, radio-, cathodo-, chemi-,
tribo-, electro-, bio-, sono-)
luminescence
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Minutes <t < 4x 10°
years

Fig. 4.4. Tree of luminescence phenomena as function of the delay between excitation and emission

Tc. The prefixes indicate the mode of excitation. Redrawn from McKeever (1988, p. 3)
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Fig. 4.5. Jablonski diagram of absorption, fluorescence and phosphorescence emissions. Redrawn

from Fox (2002, p. 228) Page 123
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As discussed above, stimulated luminescence, is considered as a sub-case of phosphorescence
(Fig. 4.4), because of the similarity of the mechanism. In stimulated luminescence, the electrons
are also excited from the valence band to the conduction band, from which they become trapped
in metastable states, discrete energy levels created by the defects in the crystals (i.e., impurities,
dislocations, lattice defects or other perturbations). Whilst impurity atoms and larger complexes
can function as luminescence centres, smaller and minor perturbations provide electron trapping
levels right below the conduction band, and above Fermi level. Electrons remain in those traps until
additional energy is brought to the system, by either heating it (thermoluminescence) or exposing
it to light (optically stimulated luminescence). If the system gains sufficient energy, the electrons
can physically move within the conduction band and reach a recombination centre that contains
a bound hole, from which they will emit light. Recombination can either occur in the valence
band, or in a intermediate state. The differences in transitions associated with fluorescence, and

phosphorescence/stimulated luminescence are further explained in Fig. 4.6.

Phosphorescence/Stimulated Phospharescence/Stimulated
luminescence by direct luminescence by indirect
Elupresgence recombination recombination

1
1 . 1 [j 1 1 I |

Conduction band

Fig. 4.6. Band gap diagram of the allowed transitions in semi-conductors or insulators leading to
fluorescence, and phosphorescence/stimulated luminescence emission. 1) Electron trap, 2) Recom-

bination centre, a) Ionisation, b) Recombination, ¢) Electron trapping, and d) Electron release.

Page 124



Chapter 4. Theory of thermoluminescence and optically stimulated luminescence

4.3 Basic concepts of thermoluminescence and optically stimu-

lated luminescence

Thermoluminescence (TL) and optically stimulated luminescence (OSL) both rely on the storage of
electrons in defects within the crystalline or polycrystalline structure and release of the charge into
the conduction band by heat (TL) or light (OSL). After being released, the electrons are delocalised
and can travel in the conduction band to the recombination centres (Fig. 4.6), where they emit

visible/UV photons, detectable in the laboratory using a photomultiplier tube (PMT).

4.3.1 Basic concept of thermoluminescence

During a thermoluminescence (TL) measurement, the temperature ramps up at a defined rate
(heating rate, 8 in °C.s™!) to a maximum temperature. The emitted photons are detected by
the photomultiplier, integrated over a temperature interval during the measurement, and plotted
against the temperature. The resulting graph is called a TL glow curve, and offers a visual repre-
sentation of the traps being progressively depleted when the temperature increases - an example of

TL glow curve comprising at least 4 peaks is given in Fig. 4.7.

100000 -

80000

60000

40000 4

TL intensity (a.u.)

20000 4

04

0 100 200 300 400 500
Temperature (°C)

Fig. 4.7. Example of a TL glow curve from an alumina substrate following a 10 Gy g dose.

Detection window : U-340 filter, heating rate : 5 °C.s™!,

In 1945, Randall and Wilkins (1945) stated that the rate of thermal excitation of electrons from

the trap to the conduction band (transition (d), Fig. 4.6) is given by the equation :
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—-F
- Z—ZL =np = nsexp (kT) ) (4.18)

where n (cm™3) is the concentration of filled electron traps, p the probability per unit time for
thermal excitation, s (s7!) the frequency factor, describing the probability of an attempt to escape
of the electrons from the trap, E (eV) the activation energy, kp (eV.K~!) the Boltzmann constant,
and T' (K) the temperature. During thermal stimulation, the trap loses charge, indicated by the
negative sign of the equation. Upon the absence of re-trapping into the level, the luminescence

intensity is proportional to the rate of decay (Chen and McKeever, 1997, p. 19), and therefore :

dn
I(t) = — = 1mp = an, (4.19)

where [ is the luminescence intensity, n a constant, and a = np.

4.3.2 Basic concept of optically stimulated luminescence

Optically stimulated luminescence (OSL) uses optical stimulation instead of heat to release trapped
charges, and thus for optical stimulation, the probability for stimulation p becomes (Bgtter-Jensen

et al., 2003, p. 18):

p(Eo) = Po(Ey), (4.20)

where ® is the optical simulation intensity, o(E) the photo-ionisation cross section, and Ej the
threshold of stimulation energy required to release a charge. The light is absorbed in the material

following the Beer-Lambert law :

I\ z) = Ip(N\) exp (—a(N)x), (4.21)

where a(\) is the absorption coefficient, depending on the material, A the wavelength and I(\, z)
is the light intensity as a function of x, the depth.
Similarly to TL, the emitted luminescence intensity during the stimulation of previously irradi-

ated material will therefore be :

n
1(t) = =0 = m®o(Eo) = 1mp (4.22)
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Therefore, the main difference between TL and OSL lies in the expression of the stimulation
probability p. For thermal stimulation (TL), the probability of electrons escaping from the traps p

follows an Arrhenius law, such as :

p(T) = sexp <£F> : (4.23)

and under optical simulation (OSL) :

p(t) = Ct, (4.24)

where C is a decay constant.

Another interesting process, the photoluminescence (PL), is characterised by the light emitted
by a sample when light of a certain wavelength is absorbed.

In the case of OSL, an optical filter is placed between the detection unit (photomultiplier) and
the sample, in order to discriminate the light emitted by the sample to the stimulation light shone
onto the sample. Typically, two wavelengths are used : either blue LEDs (470 nm) or infra-red

diodes (850 nm) where the latter is referred as infra-red stimulated luminescence (IRSL).

Continuous wave OSL (CW-OSL)

When the temperature 7', the wavelength A and the optical stimulation intensity ® are fixed, the
mode of stimulation is commonly referred as “continuous wave OSL” (or CW-OSL). The output is
a curve decaying over the time of illumination, as the charges are progressively being depleted from
the traps. An example of CW-OSL decay curve, with a schematic representation of the stimulation

mode is given in Fig. 4.8.

Linear-modulated OSL (LM-OSL)

Alternatively, the intensity of the illumination may vary over time at a fixed wavelength, for what

is called Linear Modulated OSL (LM-OSL). If the intensity varies linearly with time :

O(t) = Og + Bat, (4.25)

where 83 = d®/dt. LM-OSL was introduced by Bulur (1996) to separate overlapping OSL

signals corresponding to different traps. At low intensity, the shallower traps, easier to bleach
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Fig. 4.8. Example of a CW-OSL decay curve of alumina substrate following a 10 Gy S irradiation.
A schematic representation of the CW-OSL mode of stimulation is presented in the top right corner.

Detection window : U-340 filter, sample temperature : 50 °C.

(i.e. loss of trapped charges induced by exposure to light), are depleted, and while the intensity
increases, “hard-to-bleach” deeper traps are depleted. This allows the observation of a peak shaped
signal instead of a decay curve, and enhances the precision of trap depth parameters obtained by
deconvolution. In the example of the LM-OSL decay curve given in Fig. 4.9, a single narrow peak,
with a fast increase is observed.

A third mode of excitation consists in stimulating with pulses of light of different duration ¢ and
intensity ®, whilst keeping the ratio ®¢ constant (McKeever et al., 1996). The main advantage of
this technique is to observe the amount of trapped charges relaxing during the pulse of light, and

after the end of the illumination.

4.4 Mathematical description of TL and OSL

A very simplified band diagram model of the transition occurring in a phosphor was shown in Fig.
4.6. A mathematical explanation of this model will be examined here, and more complex and
realistic kinetic models, incorporating the motion of charges, will also be explored.

The nomenclature used in this section is summarised in Table 4.1, and those symbols are placed
on a schematic representation of a model including one trap and one recombination centre in Fig.

4.10.
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Table 4.1: Kinetics model nomenclature

Symbol Unit Meaning
n cm ™3 Concentration of electrons in traps
m cm ™3 Concentration of holes in recombination centres
Ne cm ™3 Concentration of electrons in excited localised states
Ng cm™? Concentration of electrons in ground states
N cm™3 Concentration of trapping states
M cm™3 Concentration of recombination centres
E eV Activation energy
s 51 Frequency factor
P g1 Stimulation probability of electrons escaping from the trap
e cm™® Concentration of free electrons in the conduction band
My cm ™3 Concentration of free holes in the valence band
A, cem®.s7! Retrapping probability
A, cm®.s7! Recombination probability of electrons
Ape cm®.s7! Transition probability coefficient for an electron occupying the excited state of the

recombination centre
B cm®.s7! Trapping probability of holes

cm” s Rate of production of electron-hole pairs by the excitation irradiation per unit

volume per second
Te S Critical lifetime of tunnelling

o Dimensionless number density of acceptors
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Fig. 4.9. Example of a LM-OSL curve of a polyester fabric following a 10 Gy 8 dose. A schematic
representation of the LM-OSL mode of stimulation is presented in the top right corner. Detection

window : U-340 filter, sample temperature : 50 °C.

4.4.1 One-Trap - One Recombination centre : the OTOR model

The simplest model accounting for the emission of TL and OSL is shown in Fig. 4.10; with one
trap and one recombination centre (OTOR), the electrons are being captured during the excitation
process by the trapping centre, and free bound holes are created in the recombination centres.
Following heating or illumination, electrons are released from the trapping state to the conduction
band, where they travel freely until reaching the recombination centre and emit photons after
recombining with the bound holes.

The first part of the process, the excitation stage where the sample is exposed to ionising
radiation, and thus the traps are filled with charges, is mathematically described by the following set
of equations (Chen and Pagonis, 2011, p. 40), where one equation represents one trap in conventional

models:

dn E

dm

o B(M — m)m, — A,pmn,, (4.27)
dn,
i X — Ap(N —n)n. — Apymne, (4.28)
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Fig. 4.10. Schematic diagram of a luminescence kinetic model involving one trap and one recom-

bination centre. Redrawn from Chen and Pagonis (2011, p. 40).

dm, dn dn. dm
i At dt dt (4.29)

At the end of the excitation stage, a certain amount of electrons are transferred to the trapping
states, and holes to the recombination centres. One can also approximate Eq. 4.26 by considering
that, at room temperature, the second term of this equation is negligible. The equations describing

the stimulation stage are given by :

d

am_ An(N —n)n. — pn, (4.30)

dt

dm

I = 0 = Apmne. — B(M — m)n,, (4.31)

dm dn dn.
B M 4,
dt dt + dt’ (4.52)
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where p is the stimulation rate, differing from TL (p(T") = sexp(—FE/kT); for a linear heating
rate) to OSL (p(t) = C, a constant for CW-OSL), and I is the luminescence intensity emitted.
In Eq. 4.30-4.32, the number of holes must be equal to the number of electrons in traps plus the

number of electrons in the conduction band to obtain charge neutrality, i.e.:

m=n+ ne. (4.33)

Another important assumption of this model is that the number of electrons in the conduction

band is quasi-stationary, such that :

dne| __|dn| |dm
dt dt dt |’

In other words, the concentration of charges in the conduction band is less than the concentration

(4.34)

)

of trapped charge Chen and McKeever (1997, p. 27). Therefore, the concentration of trapped charge
is approximatively equal to the concentration of holes, n(t) ~ m(t).

These equation can be analytically solved following the quasi-equilibrium approximation (Eq.
4.34), giving the emitted luminescence intensity as a function of the stimulation temperature/duration.
Following those assumptions, Halperin and Braner (1960) stated that, for carriers travelling through

the conduction band, the luminescence intensity is:

dﬂ () nmA,,
at P A m 1 AN —n)

This equation still comprises unknown variables, n and m, and cannot yet be solved analyti-

I=— (4.35)

cally; we will see in the next section how further assumptions can be made, leading to expressions

applicable to the fitting of experimental data.

4.4.2 First, second and general order kinetics
First order kinetics

In 1945 Randall and Wilkins (1945) made the assumption of negligible re-trapping; if a delocalised
electron is freed from its trap, it will travel straight to the luminescence centre without falling
back to another trap. This leads to considerable simplification of Eq. 4.35, as the recombination
probability coefficient, A,,, becomes much larger than the re-trapping probability coefficient, A,,

ie. Ay,ym >> A, (N —n). Therefore :
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dn

I:——:
dt

np. (4.36)

As discussed above the decay of luminescence at a fixed temperature was described by Eq. 4.18.
In this equation the luminescence intensity is proportional to the number of charges in trapping
centres.

By integrating Eq. 4.18 from t = 0 to ¢, Randall and Wilkins (1945) developed an expression

for the TL glow curve of phosphors containing traps of one depth:

T
It = ngsexp {—5} exp {— (;) /T exp {—5;} d@}, (4.37)

where ng is the initial value of n at t = 0, 5 the heating rate, assumed constant in this equation.
Later, Kitis et al. (1998), by using a development of the integral into a series, developed analytical

expressions for a first order TL peak, and obtained the expression used for glow curve deconvolution

— 2 —
I(T) = I, exp 1+£1W—;;\24 <£W) (I—A)—Am] , (4.38)

where T' (K) is the temperature, [,,, (a.u.) the maximum intensity of the peak, T, (K) the peak
position (temperature) at maximum, A = 2kT/E, and A, = 2kT,,/E.

For OSL, a similar expression can be developed for first order kinetics, such as :

I(t) = Iyexp(—at), (4.39)

where Iy is the intensity at t = 0 and a a constant characteristic of the decay of luminescence
during stimulation. However, we have so far neglected the re-trapping of the charges, which might

occur in more realistic model.

Second order kinetics

In 1948, Garlick and Gibson (1948) considered the alternative case where re-trapping is significant
(second order kinetics). In Fig. 4.10, the re-trapping is indicated by an arrow drawn to the right of
coefficient A,,, which, according to Garlick and Gibson (1948) depends at all times on the relative

numbers of empty electron traps and recombination centres, and on their respective cross sections.
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Second order kinetics is therefore assumed in the case of A,,m << A,(N —n), and where m = n
(case of the OTOR model), leading to the following equation for the luminescence intensity :
dn
= —22" —n2p 4.40
=D (4.40)
Similarly to first order kinetics, the analytical expression developed by Kitis et al. (1998) gave,

in the case where re-trapping predominates, an expression for a single TL peak of :

E (T —Ty) T? E (T —Ty,

I(T) = 41, exp (kTTm> x [7’%(1 — A)exp (kTTm)> +1+ Am] 72, (4.41)

where symbols and notation have the same meaning as in Eq. 4.38 above.

For OSL :

TL()aI()

= — 4.42
1+ OéIotQ ( )

~
~

~
=

General-order kinetics

Two extreme cases of Eq. 4.35 were considered in the above; the complete absence of re-trapping
(first order kinetics) and a system were re-trapping is predominant (second order kinetics). However,
in their study of different types of salt , May and Partridge (1964) came to the conclusion that
intermediate cases should be considered, and that assuming the order of kinetics prior to the kinetics
analysis could lead to errors. Consequently, they developed a “general-order” kinetics (GOK), such

as :

J=——"_—_pb 4.4
o =P (4.43)

where b is the order of kinetics, that remains to be determined on a case-by-case basis. Further-
more, b may be other than and 1 and 2. A physical explanation of general order was attempted
by Christodoulides (1990), suggesting that a general order TL peak results from a continuum of
traps with identical activation energies, but different values of frequency factors. The analytical

expression of a general order TL by is given by (Kitis et al., 1998) :

b
b ET-T, T2 ET-T, 1
= b1 = —1)(1=-A)— _ 4.44
I(T) = I,,,b® lexp(kT T >>< [(b )( A)T?n exp (kT T )—i—Zm] . (4.44)
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With Zm =1+ (b— 1)A,.

And the expression for OSL is given by :

I(t) = noaly [(b — V)alot + 1] 751 (4.45)

4.4.3 Competition between traps and recombination centres

Although the model of one trap - one recombination centre (OTOR) presented above is sufficient
to explain some features of the TL glow curves (peak shape, position, influence of the heating rate,
trap depth), it fails to explain phenomena such as supralinearity. Furthermore, the OTOR model
describes a single non-interacting type of trap, which is not likely to occur in physical experiments.
To address this issue, the interactive multi traps system (IMTS) was developed (Sunta et al., 1994).
In this model, multiple traps of different depth interact with each other.
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Fig. 4.11. Schematic diagram of an energy level diagram with two electron traps of different depths

and a recombination centre, representing the excitation stage of the interactive traps models.

On the schematic representation given in Fig. 4.11, electron trap (1) is emptied upon stimulation

(TL or OSL), and the electron traps (2) remains intact. Re-trapping can occur both in trap 1 and
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trap 2, meaning that trap 2 can capture charge originating from trap 1, in which case the traps are
said to be “interactive”. The charge neutrality condition in this case is thus (Chen and McKeever,

1997, p. 35):

m = nj + ng, (4.46)

and the new equation to be added to the OTOR model :

dn
=2 = (N3 — na)vop, (4.47)
dt

where Ny is the number of deep traps, oy the capture cross section of the deep traps, and v, the
carriers’ velocity. Here, the traps are considered to be thermally disconnected from one another.

Consequently, the equation for the concentration of electrons in the conduction band becomes :

dn. dm dny dng
@ a @ A (4.48)

However, the assumption of thermally disconnected traps is, again, simplistic; in semi-crystalline
materials, vitreous materials, or materials with a high concentration of defects, the population of
traps can be expected to be spread within a wide range of activation energies, leading to a continuous
or quasi-continuous distribution of activation energies rather than a discrete distribution (Chen and
McKeever, 1997, p. 41). In this case, the traps are likely to be highly interactive between each other.
The TL peaks arising from this type of configuration overlap, often resulting in the appearance of

a single peak of extended width.

4.4.4 Localised transitions

In the models discussed above, transitions between metastable states were occurring via the con-
duction band; however, as early as 1960, Halperin and Braner (1960) explored the possibility of
localised transitions. In this model, the existence of localised states, energy states located between
the energy of the electron traps and the conduction band edge through which charge can travel be-
fore reaching recombination centres (Fig. 4.12) provides an alternative recombination route. If we
denote n, (cm™3) as the concentration of electrons in these localised states, the charge equilibrium

of Fig. 4.12 becomes :
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m=n-+n (4.49)

Conduction band, n_

osL/
TL

T Localised state
—@—— Electron trap

Recombination
centre

Fig. 4.12. Schematic diagram of an energy level diagram with an electron trap, a recombination
centre and a localised state, showing the excitation stage of a localised transition. Redrawn from

Chen and Pagonis (2011, p. 56).

The electrons travelling to localised states, below the conduction band require less energy to
escape from their traps. Another difference lies in the recombination process; an electron moving
to a localised state will recombine only at the closest recombination centre (nearest neighbour) and
not with a random one, as occurs in delocalised transitions (Fig. 4.12).

Halperin and Braner (1960) developed the following equations governing localised transitions :

dm

— = NeMAme, (4.50)
dn E.

o _ 4.51
o = She sexp{ kT}’ (4.51)
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d e E€
e _ sn exp {—} — Ne(MAme + ), (4.52)

where n. is the concentration of electron in the localised state, E. the difference of energy
between the electron trap and the localised state, and A,,. the recombination coefficient for the
transition of an electron from the localised state to the recombination centre.

By assuming the population of the localised states to be negligible compared with the one of
the trapping states (m = n. +n =~ n), and by setting the term mA,,. to a constant (mA,. = v),
Eq. 4.50 can be simplified to :

dn dm

I o o = eV (4.53)

Similarly to the OTOR model, the quasi-equilibrium of the localised state population (dn./dt ~
0) is assumed.

Since the work of Halperin and Braner (1960), many authors have made use of localised models
(e.g., Bull 1989; Sunta et al. 2006) or semi-localised models, some of them taking into account
transition through delocalised states (Pagonis 2005; Mandowski 2005). A new model was developed
by Jain et al. (2012) to account for localised electronic recombination via tunnelling between donor-
acceptor pairs in inorganic crystalline phosphors. This model was developed in the hope of describing
the anomalous fading undergone by feldspar minerals (see Section 4.6.2). The set of equations

describing this model are, as follows :

dn
dTg = —Ang + Bne, (4.54)
dn 3nep't/? no\2/3
d—te = Angy — Bn, — 67_76 (ln ;) z, (4.55)
dm(t)  3nep/? no\ 2/3
I(t) = — _ <1 7) , 4.56
®) dt Te " ? ( )
m=n+ N = (ng +n.) + N, the charge neutrality equation (4.57)

Here, ng describes the concentration of electrons in the (donor) ground states, when n accounts

for the total concentration of electrons in donors, both in the ground and excited state (n = ng+n.).
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7 (8) is the critical tunnelling lifetime, z a constant(z = d7./dt) and p’ is the (dimensionless) density
of acceptors.
An analytical equation of this model, developed by Kitis and Pagonis (2013), gave a luminescence
intensity of :
dnyg

where 2=1.8, F(t) = In(1 + zpt) for CW-OSL, and F(t) = In (1 + Z%‘“‘%e_E/kT (1- %?T)) for
TL.

4.4.5 Continuum of traps

The discussed models above assumed discrete trapping levels. Although this assumption can be true
for crystalline materials, amorphous or semi-amorphous materials (with some crystalline regions)
rather exhibit a density of trapping states in the band gap (Mott and Davis, 1979, p. 210). This is
often the case in polymeric materials (McKeever, 1988, p. 105).

Rudlof et al. (1978) described a TL peak arising from a distribution of trapping levels with the

equation :

M t
I(T(t)) = ¢ Y snexp(—En/kT(t)) Hy exp [— / sy exp(—En/ET(t))dt'| | (4.59)
N=1 to

where ¢ is a constant, M the number of trapping levels in the distribution, sy the frequency
factor of each level, and Epy their activation energy. Hpy describes the distribution of energies.
Several forms of distribution of localised states have been used, such as uniform, Gaussian (Rudlof

et al., 1978; Grenet et al., 1973), or exponential distributions (Owen and Charlesby, 1974).

4.5 Analysing TL and OSL curves : extraction of the required

parameters

4.5.1 What are the important parameters?

TL and OSL curves provide information on the exposure of the sample to ionising radiation, but

also on the structure of the trapping levels and recombination centres.
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The study of luminescence models above emphasised how the resulting outputs of a luminescence
measurement (TL glow curve or OSL decay curve) are dependent on the kinetics parameters (i.e.,
activation energy, order of kinetics, frequency factor), that will influence the shape of the resulting
OSL or TL curves. For example, the maximum intensity of a TL peak, I,,,, depends on both the
dose rate (absorbed dose per unit of time) and time of irradiation, on X, the rate of production of
electron-hole pairs by ionising irradiation, and on the trap density.

When conducting a kinetics analysis, the values of the activation energy, order of kinetics,
lifetime, frequency factor are sought for each trapping level. The thermal/optical activation energy
is of interest as being directly related to the trap depth. In dosimetry, the ability to reach deeper
traps is often preferable, as they tend to be less subject to fading over time (see Section 4.6). The
lifetime of a trap (i.e., how long the charges will remain in the trap) is also an important parameter
in dosimetry, where hours to years may occur between irradiation and measurement. The meaning
of the frequency factor lies in the number of interactions between trapped electrons and phonons
(vibration of the lattice), per second, and is expected to be of the order of the Debye frequency
(1012 — 10 s71). The frequency factor is calculated using the value of the activation energy, such

as:

-1
s = k@% exp <k§n) X <1 + (b— 1)2]{;BTm> . (4.60)

And from the frequency factor, the lifetime of a charge in a trap is derived such as :

E
-1
= 4.61
T=3s exp(kT>, (4.61)

where T is the temperature of the sample. The lifetime is essential to determine the extent of
fading (see Section ).
Techniques were developed to extract the kinetic parameters from TL/OSL curves, and tech-

niques most relevant in this work are explained below.
4.5.2 Analysing TL glow curves

Initial rise method and 7},,,-Ts;,p, method

The initial rise method is based on the evaluation of the slope of the initial lower temperature

part of the TL peak, where the occupancy of the recombination centre and electron traps can be
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approximated to be constant (Chen and McKeever, 1997).
Garlick and Gibson (1948) stated that the luminescence intensity, I in this region of the TL

glow curve can be expressed as:

In(I) = C — E/kT, (4.62)

where C'is a constant. If In(7) is plotted versus 1/7, a flat line of slope —FE/k is expected, from
which the activation energy can be extracted. However, as suggested by Kierstead and Levy (1991),
the initial rise method does not work in the case of overlapping TL peaks, as the lower temperature
side of each individual TL peak is not discernible.

To overcome this issue, Nicholas and Woods (1964) designed a procedure of “thermal cleaning”,
where samples are heated to a temperature T, beyond the maximum of the first TL peak following
irradiation, consequently emptying the traps responsible for this peak. The sample is then cooled
down and reheated to an higher temperature (7},4z), thus recording a TL glow curve. These steps
are then repeated with incrementally increasing the temperature T, throughout the whole glow
curve. Each peak is therefore gradually erased by the “preheat”, providing a distinctive initial start
for the next peak, from which the initial rise method can be applied and the activation energy
calculated. Nonetheless, in the case of closely overlapping peaks, or in the case of a continuum
of traps, this method is also not completely satisfactory. As pointed out by Haake (1957), the
interference from other traps can lead to inaccurate evaluation of the activation energies.

An alternative technique using the T,q2-Tstop, developed by McKeever (1980), aims to monitor
the maximum peak temperature 75,,q., rather than the activation energy. Plotted against Ty, the
shape of the resulting curve indicate whether the glow curve results from one or several component
peaks, and may even resolve the order of kinetics. For example, the case of closely overlapping
peaks, the T4, vs Tstop curve will take the form of an increasing linear function. For a single peak,

a straight line is predicted.

Peak shape parameters

The peak shape method is based on a dependence of the shape of the TL glow curve on the activation
energy. To quantify these changes, peak shape parameters were introduced. T, accounts for the

temperature at the maximum peak intensity, 77 is the lower temperature at half maximum, and
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T5 the higher temperature at half maximum; the parameters are indicated on a schematic TL glow

curve (Fig. 4.13), where the parameters w, 7, 6 and p, are derived, using the following :

w="Ty—T, (4.63)
=T, — T, (4.64)
6 =Ty — T, (4.65)

[y = 0/w (4.66)

The parameter p4 also depends on the order of kinetics; for first order kinetics, pgy = 0.42, and

for second order kinetics j1y = 0.52 (Chen and McKeever, 1997, p. 116).

_E________
fop
1

TL intensity (a.u.)
7

————————z ==
F—————— ==

Temperature

Fig. 4.13. Schematic TL peak showing the temperature at maximum intensity 7,,, the low and

high temperatures at half maximum 77 and 75, and the peak shape parameters w, 7 and .
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For each one of the parameters (w, 7, d), two coefficients, ¢ and b were defined as follows (Chen,

1969):

Co = 252+ 10.2(py — 0.42); by =1, (4.67)
¢r = 1.51 +10.2(pg — 0.42); by = 1.58 + 4.2(py — 0.42), (4.68)
cs = 0.976 + 7.3(py — 0.42); by = 0. (4.69)

From the parameters (c,, ¢; and c¢s), the activation energy can be computed such as :

Eo = co(kT2 /) — bo(2kT,), (4.70)

where « represents w, 7 or 6. However, the accuracy of this method has been questioned as
it relies only on the evaluation of three experimental points, and only assumes single TL peaks

(McKeever, 1988, p. 89).

Fitting of TL glow curves

Curve fitting methods rely on theoretical models, some of which have been discussed in Section 4.4.
The parameters (e.g., E, b, L,, Trn, s,...) are firstly fixed to an arbitrary value, and the associated
theoretical glow curve computed using an iterative procedure. The goodness of fit can be evaluated

using the 2 statistic, given by Hughes and Hase (2010, p. 61):

X* = (%_W)Z (4.71)

a;

where y; is the experimental data point at z = x;, y(z;) the theoretical value given by the
model at the same point and «o; the standard error for that experimental point assuming a Gaus-
sian distribution. The purpose of the fitting procedure is hence to minimise y? by adjusting the
parameters of the theoretical model. The main advantage of this method is that overlapping peaks
can be separated: several single peaks are computed (usually one for each pro-eminent peak) and
summed, and this sum of theoretical peaks is used in the comparison with the experimental data.
An example of TL glow curve fitting is shown in Fig. 4.14. The fitted peaks, obtained by Eq. 4.44,

are shown as solid lines, and their sum closely match the experimental data (open circles).
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Fig. 4.14. Example of TL glow curve fitting for alumina substrate using general order kinetics
equation (Eq. 4.44). The experimental data are showed as open circles, and the deconvolved peaks
as solid lines. The TL glow curve was deconvolved using a Levenberg-Marquardt algorithm. 3 dose

1 Gy, detection window : U-340, heating rate :0.5 °.s7 .

4.5.3 Analysis of OSL

The most commonly used procedures for OSL measurement is the exposure of the sample to constant
intensity stimulation (CW-OSL), with the objective of emptying all traps of a certain energy and
lower. Separating which traps result from the emitting light is thus complex compared with a TL

deconvolution procedure.

Photo-ionisation cross section

The concept of the photo-ionisation cross section, o(Fy), describing the interaction of a photon with
the metastable state was already introduced in Section 4.3.2. The absorption of a photon (UV-IR)
of energy hv by a defect band depends only on both the concentration of defects n(Ey) and on the

photo-ionisation cross section, according to (Bgtter-Jensen et al., 2003, p. 21):
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a(hv) = n(Ey)o(hv, Ey) (4.72)

For wide band-gap insulators, with deep electron traps, the photo-ionisation cross section is

often approximated as (Grimmeiss and Ledebo, 1975):

(hv — Eg)3/?

ot ) > e B — mofma) e

(4.73)

where my is the mass of the free electron and m, the effective mass in the band. The variation of
the intensity of the photo-ionisation cross section (i.e., LM-OSL) was already discussed, and others
parameters, such as the energy of the incident particles (hv) can also be varied. With this in mind,
another OSL method involves varying the wavelength (Chrusciiska, 2015).

By varying the illumination wavelength, the energy of the photons shone onto the sample is
changed, and charge stored in traps of energy less than the photon energy will be evicted whereas
charge in traps of higher energy is expected to remain intact. For this type of characterisation, a
narrow stimulation band is often preferable to allow a precise characterisation of the trap’s depth.
The presence of a peak in the spectrum of the simulation energy versus the luminescence intensity

is indicative of the presence of a trap (Chruscinska, 2015).

Curve fitting

Similar to TL, the OSL signals are very rarely composed of a single component, and an OSL decay
curve can be fitted with different components using the equations of Section 4.4. The procedure is
similar to TL glow curve fitting, and aims to minimise the y? parameter. An example of an OSL
decay curve fitted using three components is shown in Fig. 4.15. It can be seen that the relative

contribution of each component varies with the illumination time.

4.6 Thermal and athermal fading of luminescence

Unwanted loss of charge from their traps during storage, referred as “fading”, has long been an issue
in TL and OSL dosimetry and dating studies. Such as defined earlier, stimulated luminescence differs
from other forms of emission of luminescence such as fluorescence or phosphorescence by being a

phenomena of particularly long lifetime, with a luminescence emission being minutes to years when
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Fig. 4.15. Example of an OSL decay curve for a sample of fire retardant fabric irradiated with a
B dose (10 Gy) fitted using three components. The experimental data are plotted as black lines,
and the components are the red, green and blue lines. The relative component contributions as a

function of time is shown beneath. § dose 10 Gy, detection window : U-340, stimulation : 470 nm.

stimulated, after the excitation of the charges. If usually either heat or light triggers the emission
of photons, in some materials the signal was found to diminish over time prior to the excitation, at
a rate depending on a variety of parameters (mainly nature of the sample and storage condition).
A sample with a fading signal can cause a number of issues (complete loss of the signal, necessity of
a fading correction increasing the propagation of errors) in retrospective and emergency dosimetry
where an immediate reading of the dose is not realistically possible, thus it is necessary to have a

good understanding of fading mechanisms.

Two types of fading should be distinguished : thermal fading and athermal fading, also known
as anomalous fading (Chen and Pagonis, 2011, p. 82).
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4.6.1 Thermal fading

The rate of loss of trapped charge in a sample held at a fixed temperature can be predicted by an
analysis of the thermal fading. The thermal stability of a peak is evaluated by its lifetime, i.e., the
average time spent by the charge in the trap of specified depth. In the simplest case of first order
kinetics, the lifetime, 7, of a trap of energy E (eV) and of frequency factor s (s7!), stored at a

temperature 7' (K) is :

7 =stexp(E/kT), (4.74)

where k (eV.K™!) is the Boltzmann constant (Chen and Pagonis, 2011, p. 82). This expression
predicts that the lifetime of the trapped charge will decrease exponentially as the temperature in-
creases. The lifetime of a charge, at room temperature (20°C, 293 K) in a trap with a typical value
of frequency factor s = 102 s and of energy E = 1.2 eV is predicted to have a lifetime of ~ 14
years. The effect of thermal fading can be typically seen following storage at room temperature
( ~ 15 °C) in the dark. For example, the impact of storage time upon the TL glow curve of an
alumina substrate is shown in Fig. 4.16 and it is clear that the 75 °C TL peak has decreased or

faded significantly after just a few hours of storage in the dark.

TL peaks positioned at higher temperature are preferred for dosimetry, as they are associate
with higher activation energy and thus expected to be less susceptible to thermal fading. In the
case of OSL, where a mixture of traps may be read at once, a preheat of the samples can “remove”
the less thermally stable part of the signal. Furetta (2010, p. 418-420) designed a procedure to
determine the isothermal decay constant of dosimeters by comparing the decay in three different
sets of the same type of materials stored for various periods of time, and in different conditions. A
trap is considered as thermally stable (within a 5% loss of the signal) when the lifetime of a trap is

10 times greater than the storage time (Aitken, 1985, p. 50).

4.6.2 Anomalous fading

The term “anomalous fading” was introduced in the study of Wintle (1973) who tested the stability
of the TL signal of volcanic minerals, although observations of this phenomena had been reported

by Bull and Garlick (1950) on UV excited luminescence of diamonds stored at low temperature, and
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Fig. 4.16. TL fading after storage (0-24 hours) in the dark at room temperature following a 1 Gy
[ irradiation of alumina substrate in the low temperature region of the TL glow curve emphasizing
the presence of a thermal fading mechanism. The inset shows the glow curve measured to 450 °C.

Risg system, detection window : U-340.

by Hoogenstraaten (1958) on zinc sulfides samples similarly stored below room temperature. The
term “anomalous” fading refers to the release of charge from traps where no significant loss of the
signal is predicted on the basis of thermally activated mechanisms (Section 4.6.1). Many minerals
and synthetic phosphors have been found to exhibit anomalous fading, such as feldspars (Visocekas
et al. 1994, Visocekas 2000, Wintle 1977a), extraterrestrial minerals (Hasan et al. 1986; Garlick and
Robinson 1972), ZnSiO4 (Avouris and Morgan, 1981), alkali halides (Delbecq et al., 1976), alumina
substrates (Inrig et al., 2010b), and also polymers (Charlesby, 1981).

Anomalous fading is often characterised for both OSL and TL by a rapid decrease of the signal
for shorter storage times, followed by a decreased decay rate over longer period of storage (McKeever
1988, p. 145; Furetta 2010, p. 19). Fig. 4.17 shows the fading of the TL signal of alumina substrate
resistors in the TL region 300-450 °C, where no thermal fading is expected and where the shape of

the fading curve is characteristic of anomalous fading.
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Fig. 4.17. TL remaining signal of alumina substrate resistors after 3 irradiation (5 Gy) and storage
in the dark at ambient temperature [0.5-61] days. The TL signal was taken as the integral in the
region 300-450 °C and normalised to the signal measured shortly (< 5 min) after § irradiation.

Detection : U-340.

Several explanations for anomalous fading were proposed, such as hopping of the charge (Poolton
et al., 2002) when the greater density of defects creates localised states (Mott, 1969), ionic processes
in alkali feldspars (Jaek et al., 2007), or hole migration (Wintle, 1977a). However, localised transition
of the trapped charges, allowing recombination through transitions via an excited state common to
the trap and recombination centre (Templer, 1986) and quantum mechanical tunnelling mechanism
of the stored charge, from traps to recombination centres or non-radiative centres as first suggested

by Hoogenstraaten (1958) for ZnS have been regarded as the most likely mechanisms.

Kinetics models accounting for anomalous fading

Tunnelling model The tunnelling model is based on the assumption that the trapped charge
can cross the potential barriers separating them from the recombination centre or a non-radiative
centre (Fig. 4.19 a). The tunnelling rate of an electron of frequency factor s in a trap of energy F

tunnelling through a distance r is given by the relation (McKeever, 1988, p. 146):
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K = sexp(—¢r), (4.75)

where s is the frequency factor, r the distance, and ¢ is given by the equation :

¢ = 2(2m.E)? /A, (4.76)

with me the mass of the electron and A the reduced Planck constant. As shown in Fig. 4.18,
the tunnelling rate of an electron at a depth Ej encountering a potential well of depth F; decreases

when the recombination distance r increases.

Distance, r
ﬁ
° — A
__T__
E Eo
Energy, -—l-..___}_
E

Fig. 4.18. Schematic representation of the potential barrier such as used in the description of the
tunnelling model. The electron at a depth Ej is able to reach a recombination centre situated at
a distance r will have to cross the potential well of depth Fj, from which charge can escape by
tunnelling. If a state exists at an energy FE5, thermally assisted tunnelling can occur. In this case,
the barrier width is reduced and the probability of tunnelling increased. Redrawn from Chen and

McKeever (1997, p. 62)

If first order kinetics is assumed, the luminescence intensity is proportional to the tunnelling

Page 150



Chapter 4. Theory of thermoluminescence and optically stimulated luminescence

rate, such as :

d
I= —d—? = Kn = Kngexp(—Kt) (4.77)

By integrating this expression, and by combining Eq. 4.75 with Eq. 4.77, the intensity at

function of time for a decreasing rate of tunnelling charges is obtained :

I~ —nyd/t (4.78)

From a theoretical point of view, if tunnelling is assumed to be the cause of anomalous fading, the
intensity of the signal is expected to decrease asymptotically with storage time. A 1/t dependence
also accounts well for a first rapid decay followed by a second slower component (Fig. 4.17), as
experimentally observed in the case of labradorite (Visocekas, 1985).

Another aspect of Eq. 4.78 is its thermal independence, indicating that a sample stored either,
say, at room temperature or at a liquid nitrogen temperature (77 K) exhibit the same rate of
anomalous fading. Some experimental observations, however, contradict that assumption (Guerin
and Visocekas, 2015), implying that anomalous fading might not be caused solely by the crossing
of a potential barrier by the trapped charge. Adding a thermal dependence leads to “thermally-
assisted tunnelling” (Visocekas et al., 1976), where the charge is thermally excited before tunnelling

to a recombination centre. In this case, the recombination probability is given by :

exp(—aqr) + exp(—aer)
1+ exp (—£2)

2v2mE, 24/2m(E1—E3)
>, €

with a7 = ns 02 =

P(r) =Py , (4.79)

the potential energy of an electron in the ground

state and F», the thermal energy required to bring an electron from the ground state to an excited

state.

The localised transition model Another widely considered model attempting to explain anoma-
lous fading yields in the transition of the charges through localised states before reaching a recom-
bination centre (Templer, 1986) - thus avoiding any transfer through the conduction band (Fig.
4.19 b). First presented by Halperin and Braner (1960) (see Section 4.4.4), this model was based
on the assumption of a fixed tunnelling distance between the trap and the recombination centre,

and therefore only predicts first order kinetics. However, more recent work by Jain et al. (2012)
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managed to predict a power law decay of luminescence in some materials by assuming a random

distribution of traps and recombination centres.

(a) (b)
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Fig. 4.19. Luminescence models accounting for anomalous fading, where (o) are the holes and
(e) the electrons. a) Tunnelling of a trapped charge from the trap to the recombination centre (—),
b) transition of a charge through a localised state (- -) before reaching the recombination centre.

Redrawn from Templer (1986)

Circumvention of anomalous fading?

Significant reductions of anomalous fading were observed by Bailiff (1976) by using phototransferred
thermoluminescence, which will be further discussed further in subsection 4.7.2. The use of this
technique on fluorapatite and zircon enabled the access to deeper traps, subsequently circumventing
anomalous fading. Visocekas and Zink (1999) also found that using the 710 nm red emission of alkali
feldspars accesses a stable component, when the blue emission would have nearly completely faded.
It was also reported by Polymeris et al. (2006) that the anomalous fading of the OSL and IRSL
signals of apatite was stronger than its TL signal.

If a sample’s stability is not improved using the methods described above, the signal can be

Page 152



Chapter 4. Theory of thermoluminescence and optically stimulated luminescence

corrected for loss by applying a fading correction to the signal. Wallinga et al. (2007), Lamothe
and Auclair (1999) and Lamothe et al. (2003) presented a method to extrapolate to the OSL signal
without loss for young feldspars, and using iterative procedure by defining a g factor that quantifies

the loss of the luminescence signal per decade, where :
g = 100x In(10), (4.80)

and where the unit of g is of %/decade, and is k the fractional decrease of the luminescence
intensity between an arbitrary time ¢. and 10t..

For use in short-term dosimetry, fading corrections are necessary when employing alumina sub-
strates (Inrig et al., 2010a) and are widely applied, as the shorter time scale between the admin-
istering of a dose and the measurement (hours to days) compared to dating applications gives an
opportunity to artificially reproduce the storage in laboratory under controlled conditions and to

apply a sample specific fading correction.

4.7 Additional phenomena associated with TL and OSL

4.7.1 Thermal quenching

Thermal quenching, already briefly mentioned above, is associated with non-radiative transitions
(Section 4.2.2), and refers to the reduction in luminescence intensity with increasing measurement
temperature (Gorbics et al. 1969, Wintle 1975b, Yukihara and McKeever 2011, p. 40, Chen and
Kirsh 2013, p. 39). Wintle (1975¢) reported a thermal quenching of luminescence when observing
the 325 °C peak of quartz, and noted erroneous values of activation energy calculated with the
initial rise method, due to a loss of luminescence at high temperatures. Thermal quenching was
later observed in more materials such as Al;Os (Akselrod et al., 1998), LiF (Taylor and Lilley,
1978), CaF (Gorbics et al., 1969), or BeO (Bulur and Goksu, 1998).

Two of the advanced explanations are either a decrease in the luminescence quantum efficiency, or
a reduction in the concentration of recombination centres at elevated temperatures (Schon-Klassens
and Mott-Seitz models respectively, see discussion below).

The efficiency is related to the probability of radiative transition p, and non-radiative transitions

Pnr, such as (Curie, 1963, p. 6):
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Pr

. S — 4.81
Dr + Dnr ( )

n

Eq. 4.11 defined the quantum efficiency as being the ratio of the number of emitted quanta
to the number of absorbed quanta. The luminescence quantum efficiency can also be written as

(Blasse and Grabmaier, 2012; Yukihara and McKeever, 2011):

B 1
1+ Ce 7t
where C' is a constant. When T increases in Eq. 4.82, and kT approaches the value of E, the

n(T) (4.82)

efficiency starts decreasing with increasing temperatures.

The Mott-Seitz model is based on the concept of non-radiative transitions (Section 4.2.2), and
was developed to explain the luminescence processes in alkali halides (Seitz, 1939). Whilst in
the excited state, the system can absorb thermal energy, and if the lattice relaxation is sufficiently
great, the minimum of the excited parabola (trapped charge) will be displaced from the ground state
(recombination centre) parabola (Dexter et al., 1955). Secondly, upon thermal energy brought to
the system, the charges will be excited to an upper level of the excited state, outside of the parabola
of the ground state/recombination centre. The probability of non-radiative transition is therefore
related to AR = Ry — Ry, the displacement offset between the two parabolas. Fig. 4.20 shows
a schematic representation of the model used in the Mott-Seitz kinetics, where W represents the
phonon energy absorbed by the system, bringing charges to upper levels of the excited state.

Later on, Schon and Klasens proposed another explanation for thermal quenching, and stated
that a reduction in the concentration of recombination centre at elevated temperatures could cause
thermal quenching. In this model the trapped holes, considered thermally unstable, can be excited
to the valence band (Bgtter-Jensen et al., 2003, p. 45). The electrons have therefore less holes
to recombine with, yielding a quenching of luminescence. The system of equation describing the
Schon Klasens kinetics is more complex, as the equation I = —dm/dt is no longer valid (Chen and

McKeever, 1997, p. 50).

4.7.2 Phototransferred thermoluminescence

Phototransferred thermoluminescence (PTTL) appeared before OSL measurements, and was one of

the first techniques employing light to transfer charges between traps in phosphors. Typically, using
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Fig. 4.20. Schematic representation of the model used to describe the Mott-Seitz kinetics. W

represents the phonon energy absorbed by the system, leading to non-radiative transitions.

a PTTL procedure, the sample is : 1) given a radiation dose, 2) preheated to a temperature oy
to empty the shallower traps, 3) exposed to a light source and 4) the TL (PTTL) signal measured.
More energetic short wavelengths (blue or UV) are preferred for the illumination as they are more
efficient in transferring charge.

PTTL is a well known means to access deep traps, by moving a proportion of charges to previ-
ously thermally cleaned shallower traps, typically by employing short illumination wavelength (UV
or blue light). This prevents issues related to the readout of traps in high temperature region of
the glow curve (thermal quenching and black body radiation mainly). The intensity of the PTTL
signal is usually observed to be related to the length and intensity of the illumination (Alexander
and McKeever, 1998), and the wavelength is also critical. However, in some materials and for some
wavelength, an optically-excited TL process, often referred in the literature as photo-stimulated
thermoluminescence (PSTL; Mehta and Sengupta 1977, 1978) signal may be observed. A PSTL
signal is characterised by the TL emission following exposure of unirradiated materials to short
wavelength (UV) light (Osvay et al., 1990). This effect is not related to dose, and thus undesirable
for dosimetry.

A PTTL emission has been reported in many materials, including Al;Os (Bulur and Goksu,
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1999) or calcite (Lima et al., 1990), proving the presence of deeper traps. PTTL was found to be
successful in reducing the fading of some materials by enabling the reading of deep traps (Bailiff,
1976). In dosimetry, this procedure is also used for dose re-assessment (McKinlay et al., 1980). The
TL glow curve can be recorded in the preheat stage, providing a first dose assessment, after which

the sample can be exposed to a light source, and the PTTL used for a second dose assessment.

4.8 Summary

The purpose of this chapter was to explain how the exposure of a solid to ionising radiation causes
charges to be captured in localised trapping levels located in the band gap of the material. These
charges may be released via thermal (TL) or optical stimulation (OSL) and recombine radiatively
in recombination centres, releasing photons. TL and OSL curves carry information not only on the
structure of the trapping centres of the material, but also on the quantity of ionising radiation dose
administered to the sample. The next chapter will review how the photon count recorded during
TL/OSL measurements can be related to dose absorbed in the material; using the photon counts
recorded in laboratory during TL or OSL measurements, the amount of trapped charge, hence to

the dose absorbed by the material can be deduced.
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Luminescence dosimetry

5.1 Introduction

Luminescence dosimetry is an accepted and widely used method for personal dosimetry that is
based on the use of luminescence to determine absolute doses delivered to various materials. The
mechanisms that govern the emission of luminescence under thermal or optical simulation following
the exposure to ionising radiation have been detailed in Chapter 4. The present chapter will focus on
the procedures using TL and OSL techniques to measure absorbed dose, and will aim to address the
following issues : 1) the desired properties of a luminescence dosimeter, and 2) what experimental
protocols are applied to determine absorbed dose in luminescence dosimetry? This chapter will
then explore the difference in approach in conventional dosimetry and in emergency dosimetry

using luminescence techniques.

5.2 Conventional luminescence dosimetry

5.2.1 Properties of luminescence dosimeters

This section identifies the ideal properties sought in a dosimeter material.

Dose response

The term OSL or TL “sensitivity” is commonly used to describe the luminescence response to dose

in terms of the intensity of the signal per unit of dose. However, the sensitivity is relative, as the
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strength of an TL/OSL signal depends on the readout parameters, the instrumentation, and the
procedure employed. The sensitivity of a dosimeter required for a particular application depends on
the dose range : in personal dosimetry, this is from mGy to a few Gy, whereas in nuclear reactors
or food sterilisation units dose levels of up to 10 Gy may need to be detected. The range for
emergency dosimetry is close to that for personal dosimetry (ca 0.1 Gy - 10 Gy).

The linearity function, f(D), of a luminescence dosimeter is the function that describes the dose

dependency of the signal. McKeever et al. (1995, p. 31) described this function as :

F(D)/D

f(D) = F(D1) /Dy’ (5.1)

where D is the absorbed dose, F'(D) the dose response at this dose, and D; a low dose at which
the dose response is linear F'(D7). These indices are indicated on a dose response curve on Fig. 5.1.
This function uses normalisation to better visualise the shape of the dose response curve. However,
routinely, the function F'(D) is often also called “dose response”. If f(D) =1 over a large range of
doses, the dose response is said to be linear.

For ease of calibration, and a better accuracy of the results, a linear response to absorbed dose
is preferred, although deviations from linearity occur in all materials, and the onset of the deviation
will be material-dependent. Firstly, in the case of OSL and TL, the trapping centres may saturate
at high doses (f(D) < 1), which would cause the signal to reach a plateau (Yukihara and McKeever,

2011, p. 126). The dose response curve then follows a non linear function, often described as :

f(D) =a(1 —exp(—=bD)), (5.2)

where f(D) is the signal as a function of dose, D is the absorbed dose, and a and b constant
parameters. In this case, measurement of high doses is rendered imprecise by the asymptotic
limit. The other observed case of deviation from linearity is known as supralinear behaviour, where
f(D) > 1. A supralinear behaviour is shown as the red dotted line on Fig. 5.1. In this case, the dose
response is characterised by a linear behaviour at low doses, but the response has values higher than
the linearity at higher doses (Chen and McKeever, 1997, p. 152). The explanation often advanced to
account for this behaviour is the competition between the filling of traps and recombination centres,

i.e. if additional traps (competitors) play a role at high radiation doses (Chen and Fogel, 1993).

Page 158



Chapter 5. Luminescence dosimetry

Dose response

F(Dy) [

o 5 >
Absorbed dose

Fig. 5.1. Dose response curve, on which the level of dose D1 and D, and the dose response, respec-
tively F(D;) and F(D) used to calculate the dose response are indicated. The black continuous

line indicates a linear dose response, and the red dotted line a supralinear deviation from linearity.

Detection limit

The detection limit is related both to the sensitivity of the material, and also to the background.
A basic expression used in luminescence dosimetry for the detection limit is the dose response
corresponding to the background plus three times the standard deviation of the background, often

related to the dark counts of the PMT (Yukihara and McKeever, 2011, p. 129), such as :

f(DL) =op+3Xxop, (5.3)

where f(D) is the dose response function, Dy, the detection limit, and op the standard deviation
of the background. As explained in Chapter 3, the detection limit (the minimum dose for which
the signal is strong enough to enable dose determination) is different from the decision limit (the

minimum dose for which it can be said that the dosimeter has received a radiation dose).
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Precision and accuracy

The precision of a dosimeter is determined through experimental measurement, and is related to the
amount of fluctuation between measurements. A perfect dosimeter would show little fluctuation,
thus giving good reproducibility over repeated cycle of dose and measurement and good precision in
dose estimation. Fluctuations can occur due to random errors related to instrumentation, variation
in the background, or ambient conditions (Attix, 2008, p. 278). The precision of a measurement is

determined by the standard deviation (Attix, 2008, p. 7):

n

1/2
: Z(M—NV] , (5.4)

n—14
i=1

~

o

where n is the number of measurements, N; the value of the i*” measurement, and N the average
value of all the measurements.

The accuracy of a dosimeter measurement is determined by the closeness between the given dose
and the dose calculated from the dosimeter readout. Poor accuracy can arise from many factors,
such as systematic experimental errors, or low sensitivity of the dosimeter.

A good dosimeter should be both precise and accurate, i.e., capable of good reproducibility and

giving dose estimates close to the accurate value.

Stability

The latent luminescence signal of some materials was observed to decrease with time, which is
known as fading. The mechanisms explaining the occurrence of thermal and anomalous fading of
the luminescence signal for some samples were described in Chapter 4. The lack of stability of the
signal (i.e., fading) causes an under-evaluation of the dose if the fading is not taken into account.
Furthermore, the fading of the signal may cause the signal to disappear after a certain time interval,
rendering a dose evaluation impossible. If a sample is found to exhibit fading, a correction factor
may be applied. Alternatively, applying a phototransferred thermoluminescence procedure may,
in some cases access deeper traps with a reduced rate of fading (Chapter 11). If there is time
dependent fading, it should be as reproducible as possible from sample to sample, to enable the
use of “universal” fading corrections. Furthermore, in addition to thermal fading, the dosimeters
employed in conventional dosimetry (e.g., lithium fluoride) are not subject to sensitivity changes

caused by variations (in a reasonable range, to which the dosimeters may be exposed to during their
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routine operation) in temperature, atmospheric oxygen level, humidity, or light exposure (Attix,
2008, p. 282).

Conventional dosimeters are designed to have a stable signal over the time that it is designed
to be used (often no more than a few months). This is the case for materials used in personal

dosimetry, such as lithium fluoride, aluminium oxide (McKeever et al., 1995).

Photon energy response

High energy photons sources are the main particles of interest in this study, as they are the particles
most likely to be found in radiological emergencies, due to their large prevalence. This section will
therefore focus on the photon energy response. The energy dependence of a luminescence dosimeter
describes the relationship between the luminescence response (TL or OSL output) and the energy
(quantum or kinetic) of the incident radiation for a given dose (Attix, 2008, p. 283). Although
several definitions of the energy response exist (Attix, 2008, p. 285), the one of interest here is
defined as the dosimeter reading per unit of dose absorbed by a material in a given volume, itself
divided by the radiation energy. The relative photon energy response is defined as (McKeever et al.,

1995, p. 36):

o (Men/p)m
Su(B) = (Hen/p)res’ (5:5)

where (tten/p)m denotes the mass-energy coefficient for the material measured and (ften/p)res
the mass-energy coefficient for a reference material, sometimes taken as air (Attix, 2008, p. 285). In
practice, the energy response is determined by measuring the response of a dosimeter to the same
dose of different energies of ionising radiation.

A dosimeter with a flat energy response in the range of energy of interest avoids energy response
corrections, and this can be obtained for materials with a low effective atomic number, Z.rr. Z.ys

can be defined as a rough estimate as (Yukihara and McKeever, 2011, p. 125):

1/m
Zopp = (j{:cu22”> , (5.6)

where Z; is the atomic number of the element i of the material, m a constant usually taken as 3.5

(Attix, 2008, p. 308), as this approximation of m gives the best fit energy absorption coefficient for
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a mixture of high and low Z materials (Cunningham and Johns, 1983, p. 243). a; is the fractional

electron content, equal to :

= JilZi/4)
Y fiZilAY

where f; is the weight fraction of element i, and A; its atomic mass. However, the true value

(5.7)

of Z.sr is dependent on several factors, such as the energy range of interest, and hence on the
dominant modes (e.g. photoelectric, Compton) of interaction.

Equation 5.5 describes the absorbed dose energy response. In addition, for a luminescence
dosimeter, there is an additional component of the energy response describing the intrinsic processes
of conversion of deposited energy into a luminescence signal as a function of the type of incident
radiation (Yukihara and McKeever, 2011, p. 126). The intrinsic energy response is caused by the
difference in response of the defects giving rise to the luminescence signal (e.g., LiF:Mg,Ti and
LiF:Mg,Cu,P) and is thus dependent on the type and concentration of the electron traps and holes
of the dosimeter.

In personal dosimetry, the dose of interest is the dose to tissue and hence, materials with a
tissue equivalent energy response are preferred, such as lithium fluoride, which has a Z.¢s of 8.6

(Suntharalingam and Cameron, 1969; Spurny, 1980).

In general terms, the properties of a dosimeter sought for personal dosimetry are :

1. A linear dose response within the dose range required for the application (from a few mGy to

10 Gy);
2. High sensitivity and low detection limit;

3. Precise and accurate within 5% of the actual value above 1.1 mGy (British Standard Institu-

tion, 2016);
4. No loss of the signal over time and, if not, reproducible fading rate from one sample to another;

5. No loss of the signal over a reasonable range of environmental conditions (temperature, hu-

midity);
6. Flat energy response over the energy range required;
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7. For personal dosimetry, tissue equivalence;

8. Cheap and easy to use.

In occupational or personal dosimetry, dosimeters are designed to fulfil these conditions.

5.2.2 Dose assessment in conventional luminescence dosimetry

The absorbed dose recorded by a dosimeter is calculated by comparing the signal following exposure
to an unknown dose to the response of the dosimeter to a known administered dose under the
same readout conditions. The administration of a known dose and the recording of the subsequent
dosimeter response is referred as the “calibration” measurement. For personal dosimetry, dosimeters
are manufactured to be identical within controlled limits, to enable calibration that is not sample
specific. The first step in evaluating a dose is to estimate the luminescence signal resulting from an
unknown dose contained in the dosimeter. The signal is corrected for the instrumental background,

such as :

S = Sraw - SBGv (58)

where Sy is the raw signal observed, and Spg the background (Yukihara and McKeever,
2011, p 113). Fig. 5.2 shows an example of a TL glow curve with its background, which will be
subtracted when processing the signal. This signal, S, may be composed of several components
each corresponding to a different trap that can be separated and evaluated independently. This is
often the case for example for TL glow curves for which the dose response can be calculate as the
integral of a specific temperature region of the TL glow curve, and individual peak may be studied
separately. Fig. 5.2 shows a TL glow curve with at least two peaks. For OSL, the signal can be
taken, for example, as the integral over the first second of illumination, or the integral of the total
decay curve.

Each component of the signal is labelled as Si, Sa,..., Sy, where g is an integer. Fig. 5.3 shows
how the dose G can be evaluated from the components of the signal. This diagram applies to a
situation where the response of the dosimeter is well characterised before use, and the response to
a certain known dose is therefore already known. In this case, the dose calculation algorithms are

quite straightforward and provide directly an indicated value of dose, G.
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Fig. 5.2. Example of a TL glow curve of calcium carbonate fillers following § irradiation 1 Gy
(black squares) and its background (red circles). Risg system, detection window: OC 12, PMT :
Hamamatsu R2949, heating rate : 0.5 °C.s%.

5.3 Luminescence dosimetry for radiological emergencies

5.3.1 Properties of emergency dosimeters

This section will build on the properties of the conventional dosimeters, and assess what can be
achieved in emergency dosimetry. Although the search for new surrogate dosimeters intends to
meet the requirements of an ideal dosimetric system, finding a commonplace material that would
encompass all of the ideal qualities does appear to be challenging.

The dose response range required is quite similar in emergency and conventional dosimetry,
i.e., 0.1-10 Gy. Finding samples or procedures with the lowest possible detection limit is one of
the challenges of emergency dosimetry, although the dose range required is more limited than in
personal dosimetry. In emergency dosimetry, the lowest dose that has to be detected for short term
assessment is often set at 0.5 Gy, thus the range of dose of interest is 0.1 Gy (lower limit) to 10 Gy

(upper limit). Although for emergency dosimetry, the samples are not expected to reach saturation
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Stored dose information in the detectors(s) of
a dosimeter

Readout of the detector(s)

Y
One or more signal, S,. g=1,2,3,...

Evaluation of the indicated value G with the algorithm
inside the dosimetry system : G=/{S},...Sp)

Y

Indicated value G

Application of the model function,
Evaluation of the uncertainty of | using detailed information on the
G using a model function irradiation conditions

M, measured value and U(M), the assigned

Uncertainty U(G) of the indicated value )
uncertainty

Fig. 5.3. Protocol for dose evaluation in personal dosimetry. S, is the component number g of the
signal, G is the dose value provided by the dosimetry system using a dose calculation algorithm,
and M the measured value of dose, calculated using information on the irradiation conditions (e.g.,

geometry, type of source). Redrawn from International Electrotechnical Commission (2016).

in the range of doses of interest (< 10 Gy), supralinearity is a potential issue.

Apart from grains of quartz used in retrospective dosimetry and salt, most of the materials
investigated so far for luminescence emergency dosimetry exhibited fading (e.g., alumina substrate
resistors, gorilla glass from mobile phones, see Chapter 3). Where the fading cannot be avoided, the
loss of the signal should be minimised, and if possible, be reproducible. Universal fading corrections
are currently employed for surface mount alumina substrate resistors, although their use is subject

to discussion, and individual fading corrections are sometimes preferred (Inrig et al., 2010a).

Automated readers such as the Risg reader are commonly used for dose assessment in lumines-
cence dating and luminescence short term dosimetry. The calibration dose is usually delivered by
the dose reader’s built-in ?°Sr/?°Y beta source. If the energy response is not flat, this may cause an
over-response (or under-response) of the sample and an over-evaluation (or under-evaluation) of the
accidental dose if the accidental dose was administered with another type of source (e.g., gamma

sources %°Co or 137Cs). Besides, differences could also arise from the difference between irradiation
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using electron versus photon sources. This requires the application of a correction for the energy
response function. Furthermore, some scenarios may require correction for the irradiation geometry.
This would depend on the location of the dosimeter relative to the individual and the source. If
shielding had occurred (for example if the dosimeter was placed in front of the person, but the
source was located on the back of the individual, the dosimeter would have therefore been shielded
by the person’s body) and the dose read by the dosimeter would give an under-evaluation of the
critical organ doses. This issue was addressed by Eakins and Kouroukla (2015), who used particle
transport codes to relate the position of the dosimeter to the organ doses for different exposure sce-
narios. This last case situation is slightly more complex, as it requires running simulations case by
case. However, in many cases the energy and direction of the source, and location of the dosimeter,
may not actually be known.

Furthermore, to the list of desired properties for conventional dosimeters (Section 5.2.1), some

requirements specific for emergency dosimeters should be added :

1. Be ubiquitous amongst members of the public
2. Be easy to sample and process

3. If the process is destructive, be of small value (if not, members of the public will not be likely

to be willing to give it up)
4. Fast processing and measurement time of the samples (less than a few hours per sample)

5. A sampling procedure can be developed that does not require high level of training

5.3.2 Dose assessment in emergency dosimetry
Protocol for dose evaluation in emergency luminescence dosimetry

On the contrary to conventional dosimetry, the samples used for emergency dosimetry exhibit
variability (differences in shape, weight, amount of sample available), meaning that the calibration
factor is unknown prior to the measurements, and that a sample specific calibration is required
(Moscovitch, 1993). If the sample exhibits a linear response to dose passing through origin, a single

calibration point may be used, and the unknown dose, or accident dose, Dy, is such as :
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S,
Dacc = Dcaléa (59)

where S; is the i*" component of the signal for the unknown dose, and C; is the i*" component

of the signal recorded following the administered calibration dose, D.,. Such a case is illustrated

in Fig. 5.4.

Dose response

I:i)acc Dcal )
Absorbed dose

Fig. 5.4. Graphical determination of the accident dose D, using the component .S; of the accident
signal, for a sample whose dose response curve is linear and passing through the origin. An unique

calibration point for a dose D,y calculated for the component C;.

A more complex procedure for dose evaluations exists in luminescence dating, and includes ad-
ministering multiple calibration doses to the samples, thus recording a sample-specific dose response
curve (Aitken, 1998, p. 93-105). This is necessary when the sample dose response is not linear and
also where dose response characteristics differ between samples. Some of these methods, such as
the additive method, require a group of samples. Using the additive method, the sample to mea-

sure is divided in several groups of aliquots. One group is reserved for the measurement of the
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natural signal (or accidental signal in emergency dosimetry), and the other groups given various
doses. Each aliquots of a group is given the same dose, in addition to the natural dose, and the
calculated dose for the group is calculated as the average of the dose of the aliquots of the group.
The dose response curve is thus calculated as the average of each group’s administered dose. The
natural/accidental dose is found by extrapolating the dose response curve, as the laboratory dose
combines to the natural/accidental dose. If the samples are bleached from their natural signal before
the administration of the laboratory dose, no extrapolation is required. However, this technique
requires multiple aliquots, which can be quite impracticable where only a small amount of sample
is available. For example, when using alumina substrate surface mount resistors for emergency
dosimetry, only enough resistors are usually found in a mobile phone to make a maximum of three
aliquots. This process is also quite time consuming.

Single aliquot approaches use only one aliquot, and perform measurements of the accidental sig-
nal and calibration on the same aliquot. The Single Aliquot Regenerative protocol (SAR protocol),
involves measuring the accidental signal, before administrating a series of known doses to a single
aliquot, recording the luminescence signal, and also includes a correction for sensitization effects by
repeating a test dose and measurement at different stage of the protocol (Murray and Wintle, 2000;
Murray and Roberts, 1998). This method is based on the assumption that the sample is zeroed
(i.e. the signal is cleaned from residual charges) after each measurement, or “regenerated” (e.g., by
thermally bleaching the traps).

In emergency dosimetry, the precision of the results yielded by the protocol must be weighted
against how lengthy the protocol is. If, like it might be the case in some scenarios, a lab is re-
quired to process hundreds of samples within weeks, applying a SAR protocol may take too much
instrumentation time per sample/individual. In this case, a shorter protocol should be employed
(i.e., administration of one calibration dose only). Although significantly reducing the measurement
time, this method requires a thorough understanding of the behaviour of the samples, notably in
terms of dose response. Furthermore, some protocols may also include the measurement of a sample
specific fading correction, if the sample exhibits fading. Again, the same issue arises of accuracy of
the results vs measurement time. Thus, the preferred protocol for dose assessment in emergency
dosimetry may entirely depends on the scenario, and what doses assessments are needed for. In
a large scale scenario where the doses are required for triage of the population, a shorter protocol

may be preferred, as only a Yes/No answer is needed to the question of whether the members of
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the public should be sent home (i.e., above or below 2 Gy).

Dose calculation algorithms

Fig. 5.5 shows an example of the TL response of calcium carbonate fillers to doses of [0.1-10] Gy.
The TL response to dose in this range is linear, thus a linear function passing through the origin
can be fitted to the experimental data points. This case represents one of the simplest cases, where

the dose response follows a relation such as :

L=f(D)=axD, (5.10)

where L is the luminescence signal, D the administered dose, and a a coefficient. The accident

dose, Dy is therefore obtained dividing the accidental signal, L,.. by the coefficient a, such as:

Digee = =€, (5.11)

Where the dose response is more complex, a similar approach is used, solving the equation
Loce = f(D) for another dose response function f(D). This can also be determined using random
simulations by Monte Carlo methods, such as discussed in Chapter 3.

Dose calculation algorithms may include correction factors, such as fading corrections, back-
ground subtraction, shape of the dose response curve (i.e., non-linearity), or factors accounting for
the stability of the reader (Yukihara and McKeever, 2011, p 114). These factors are determined in

advance of the dose calculation. The final dose value G accounts for all these corrections, such as :

G=|Graw—Y_ Gi| [k (5.12)
J i

where G4y is the uncorrected dose value indicated by the system and G are the indicated
values of influencing factors, such as instrumental background, electrical disturbances that needs
to be subtracted from the raw signal. k; are the correction factors that are applied. Chapter 3
showed how the uncertainties are assessed in dosimetry, and how the correction factors propagate
uncertainties using GUM, Monte Carlo or Bayesian techniques.

The last step of the protocol for dose evaluation in personal dosimetry (Fig 5.3) is determining

the measured value M and this is reached by applying a model function correcting for the irradiation
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Fig. 5.5. Thermoluminescence dose response curve of calcium carbonate fillers. The thermolu-
minescence signal (open circles) was computed as the integral of the TL glow curve in the region
105-135 °C. The background was subtracted from experimental data, and the error bars associated
with photon counting statistics are < 1 % of the TL signal. The dotted red line represents a linear
function fitted to the experimental data points. The glow curve associated to this signal is shown

in Fig. 5.2.

conditions. This step is case specific, and requires a knowledge of the irradiation conditions, such
as the type of source or the geometry of the irradiation, which is often done by using Monte Carlo

simulations. Fig. 5.6 summarises the steps required for dose evaluation using surrogate dosimeters.

5.4 Summary

This chapter briefly outlined the characteristics of luminescence dosimeters used in personal dosime-
try, and how the absorbed dose value can be extracted from TL/OSL measurements. Several
protocols exist for dose determination using luminescence techniques, but the preferred protocols

for emergency dosimetry using TL or OSL should take into consideration the requirement of the
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Stored dose information in the detectors(s) of
a dosimeter

Readout of the detector(s)
Y

One or more accident signals, Lacc,. g=1,2,3,...

Irradiation with a kown dose and readout
Y of the detector(s)

One or more calibration signals, Lcal,,.

Repeat calibration for different doses

Y

Dose response curve detector specific for each
signal g

Interpolation of the accident signal Lacc,
Y to the dose response curve

Evaluation of the accident absorbed dose to the
material Dacc, for the signal g

Correction factors
Y (e.g., fading, energy response)

Evaluation of the corrected absorbed dose to the
material Dacc, for the signal g

Monte Carlo simulations using information
Y on the irradiation conditions

Evaluation of the organ doses

Fig. 5.6. Protocol for dose evaluation in emergency dosimetry. S, is the component number g of

the signal.

scenario to which these techniques are applied, weighing measurement time against the required
accuracy of the results. It will be assessed later in the experimental chapters of this thesis how the
new candidate materials investigated as surrogate dosimeters meet the requirements of the desired

properties of dosimeters, especially in terms of dose response.
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Chapter 6

Instrumentation

6.1 Introduction

This chapter reviews the instrumentation used to characterise the physical luminescence properties
of the samples tested. A physical examination of the samples was also carried out using an X-ray
diffractometer (XRD) and scanning electron microscope (SEM) equipped with a cathodolumines-

cence (CL) attachment.

6.2 The Risg luminescence reader

The Risp reader (DTU Nutech, model 12) enables semi - automated TL and OSL measurements.
The reader includes a photon counting detection system, an optical stimulation unit, a heater plate
and a 9°Sr/?0Y B irradiation source (Risg, 2010). Fig. 6.1 shows pictures of the reader (model 12)
with the different parts indicated. For TL/OSL measurements, the samples are deposited on mea-
surement stainless steel or discs and placed on a carousel for measurements (Fig. 6.1b). The carousel
used can carry 24 cups and rotates to expose each sample to the 8 source or stimulation / detection

unit. The chamber can be evacuated using a vacuum pump or maintained in a nitrogen atmosphere.

The photon detection system comprises a photomultuplier tube (PMT) converting photons to
an electrical signal using photoelectric effect. Unless specified otherwise, an EMI 9635 PMT was
used. The EMI was designed for photon detection mainly in the UV, when detection in the red

was required, a red sensitive Hamamatsu R2949 PMT was used. A fused silica window was fitted
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Fig. 6.1. Picture of the Risg reader model 12 (DTU Nutech).(1) Lid (closed), (2) lead shielding
containing the 5 ?°Sr/?°Y source, @ photomultiplier tube (EMI 9235 on the picture), @ optical
flange containing a filter basket and blue (470 nm) and IR (850 nm) LEDs, @ carousel on which

the measurements stainless steel cups are placed.

between the sample and the PMT to prevent deposition of vapour or residual impurities on the
PMT window and to cut emission in the far-red. Fused silica has a broad transmission window
without attenuation, from the UV (> 200 nm) to infra-red (< 1200 nm). In addition to the fused
silica window, optical filters were inserted when a specific detection window was required. The most
commonly used filters are the Schott U-340 (UV filter) and the Schott BG-39 (broad band filter).
The transmission of the U-340 and the BG-39 is shown in Fig. 6.3. Additionally, a series of sharp-
cut Russian optical filters type Y®C2 were used, with various transmission windows (Chapter 10).
The transmission graphs for these filters is given in the chapter related to their use (Chapter 10).
Typically, the U-340 was used when using the blue (470 nm) stimulated emission and the BG-39
when stimulating with infra-red (850 nm) light. For TL measurements, only the fused silica window

was used.
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Fig. 6.2. Quantum efficiency of the Hamamatsu R2949 (broken line) and EMI 9235A (black

continuous line) PMTs. Obtained from teh manufacturers datasheets.

The blue LEDs (470 nm) delivered a power at the sample position of 13 mW.cm~2 and the infra-
red LEDs of 83 mW.cm ™2 (2018). The heating element is a nichrome heater plate located directly
under the detection unit. It can either be used to perform thermoluminescence (TL) measurement
by increasing the temperature of the sample while recording the luminescence, or to preheat the

sample before TL/OSL measurements.

The 29Sr/?0Y 3 source is mounted on a rotated stainless steel wheel. The half-life of %°Sr is 28.8
years, and the source activity was 1.48 GBq in November 1990. Although the sources of interest in
emergency dosimetry are photon « sources and the g source fitted in the reader delivers electrons,
photon sources ultimately deposit dose in a mass by liberating electrons (see Chapter 3) and the
doses deposited by « or 5 sources follow equivalent mechanisms. The source is surrounded by brass
to provide shielding and an aluminium spacer to provide a safe distance between the irradiator and

the user. The source rotates to its “exposed” position to irradiate the samples using a compressed
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Fig. 6.3. Transmission characteristic of filters U-340 (black continuous line) and BG-39 (red dashed

line).

air mechanism. A beryllium window is placed between the irradiator and the chamber allows the
chamber to be evacuated. The distance between the source and the sample was 7.5 mm during
irradiation. The dose rate delivered by the source depends on whether the sample is mounted on
stainless steel discs or cups. As quartz is often used, the dose rate to quartz deposited on a stainless
steel disc is (1.08 £ 0.02) Gy.min~! (2017), determined using various types of “calibration” quartz
irradiated at DTU Nutech and Public Health England, and the dose rate to quartz deposited on a
stainless steep cup is (0.79 £ 0.02) Gy.min—!. This difference is due to greater distance from the
source to the sample when using stainless steel cups compared with discs (evaluated to be 1 mm

further when using stainless steel cups).
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6.3 Scanning Electron Microscope (SEM) and cathodolumines-

cence (CL)

The micro-structure of the sample was characterised using a Hitachi SU-70 field electron gun (FEG)
scanning electron microscope (SEM) at the GJ Russell Microscopy Facility at Durham University.
The SEM was also equipped with a cathodoluminescence (CL) attachment that enabled measure-
ment of the luminescence emission spectrum under electron bombardment. The SEM produced
focused electron beams with accelerating voltages in the range 0.5-30 kV with a probe current
>150 nA using a Schottky field emission electron gun. Various detectors were available for imaging,
including a secondary electron detector and a backscatter detector that can be used in combina-
tion. The CL was detected using a Gatan Mono-CL cathodoluminescence unit that included : 1) a
parabolic mirror with a 1 mm aperture, 2) a Czerny-Turner monochromator, 3) a standard PMT
(spectral range: 185-850 nm), 4) a Pixis CCD camera for parallel CL, 5) a beam control and im-
age processing Digiscan system, and 6) a filter housing with circular 1 inch diameter colour filters.
The CL spectra were corrected for instrument response. Elemental analysis was carried out by an
Oxford Instruments EDX system (X-MaxN 50 Silicon Drift Detector).

Additional measurements were conducted in an environmental SEM (FEI ESEM XL30, CIEMAT)
equipped with a Energy Dispersive Spectrometry probe (EDS) and a Gatan MonoCL3 probe using
a PA-3 PMT. For these measurements, a low vacuum mode was used and the beam voltage was set

at 20 kV.

6.4 X-ray diffraction

X-ray diffraction patterns were obtained using a Bruker AXS D8 Advance equipped with a Lynxeye
Soller PSD Detector. The source of X-ray was a copper tube producing a mixture of Cu-K,; and
Cu-K,2 at a wavelength of 1.5406 A. The XRD diffractometer was operating in BraggBrentano

mode with a Ni filter, variable slits (set at 6mm) and sample changer.
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Chapter 7

Materials survey

7.1 Introduction

In order to identify new materials to act as surrogate dosimeter during radiological emergencies,
a screening of materials likely to exhibit a response to ionising radiation and to be found in the
possession of members of the public was carried out. This survey aimed to identify materials that
exhibit an OSL/TL signal in response to dose, focusing on fabric samples, as they would present the
advantage of being near the body of the individual. Other commonplace materials such as paper,

banknotes, shoes or plastic items were also investigated.

7.2 Methodology

The samples were cut to fit to stainless steel measurement cups (11.5 mm of diameter). All OSL,
IRSL and TL measurements were performed with a standard configuration Risg model 12 reader
(DTU Nutech, Denmark) with a %°Sr/?0Y 3 source irradiator delivering an estimated dose rate to
grains of quartz placed on stainless steel discs of (1.08 + 0.02) Gy.min~! (2017). The dose rate to
fabric samples placed in a stainless steel cup was estimated to be of (0.86 + 0.02) Gy.min~! (2018,
see Chapter 12 for details of the calibration). Some commonplace materials (e.g., clothings, shoes,
coins, plastic cards,...) were already tested by Sholom and McKeever (2014), but only for their
OSL response. The protocol used here included testing samples for their IRSL and TL response
as well. A UV (250-350 nm; Schott U-340 filter) detection window was inserted when measuring
blue stimulated OSL (470 nm), a broad-band detection window (350-700 nm; Schott BG39 filter)
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when measuring IRSL (850 nm) and a silica window when recording TL. None of the samples were
preheated following administration of dose and IRSL/OSL measurements were performed with the
sample maintained at a temperature of 50 °C. TL measurements were performed using a heating
rate of 0.5 °C.s™! to a maximum temperature depending on the sample type. For fabric samples,
the Thar was set to 230 °C, but for glass beads, for example the maximum temperature was set at
400 °C.

The testing procedure was as follow :

Step 1 : Measurement of the native TL/OSL/IRSL

Step 2 : Repeat step 1 (background)

Step 3: 3 dose (10 Gy)

Step 4: Measurement of the TL/OSL/IRSL

Step 5 : Repeat step 4 (background)

Where the samples showed a response to 8 dose, a complete dose response test was carried
out, by administering 8 doses in the range 0.1-10 Gy and recording the subsequent TL/OSL/IRSL
response. The OSL/IRSL response of the samples under different atmospheric conditions (nitrogen,
vacuum) was also measured to test for the sensitivity to oxygen. The samples that exhibited the
strongest response to [ dose are further examined in the following chapters. The dose response

measurements were repeated on several samples of each material, to test for uniformity of response.
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7.3 List of materials tested

The materials tested are listed in Table 7.1-7.4. Particular attention was paid to testing cotton
samples, as they are amongst the most common type of fabrics used in clothing (Table 7.3). A
number samples of fabric taken from different types of manufactured bags were also tested (Table
7.4). Swatches of fabrics 3, 29 and 179 and of bags “LED”, 16, 19 and 21 are provided in Appendix
A.
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Table 7.1: List of the materials tested

Material

Paper

Paper

Paper

Paper

Elastic hair band
Card

Dye salt (NaCl)

Pencil

Banknote

Banknote

Nail polish

Optical fibre

Electrical conduit
Plastic/rubber shoe sole
Plastic belt

Glass beads

Adhesive tape

Plastic card

Hard polysterene
Expanded polystyrene
Cycling helmet
Contact lens

Washing powder
Polycarbonate lens
Plastic phone case

Polypropylene

Comment

White cartridge matt coated paper

Black dyed uncoated paper

Blue cartridge glossy coated paper

White photocopier uncoated paper

Rubber band elastic

Business card, glossy coated paper

DYLON dye salt

Plastic encasing of the pencil tested, 4 pencils tested
(different colours and different parts of the pencils
tested)

Polymer banknote, Australia

Polymer banknote (new) 5 GBP (UK)

Three colours tested (pink, orange, concrete blue)

Thermoplastic encasing

Three samples tested (white, black and brown)

12 samples of different colours tested

Black and brown tape tested

Thermoset plastic loyalty card, metro card, and 2
bank cards tested

CD case, drinking plastic cup

Packaging polystyrene, 2 samples tested
Polystyrene, 6 samples tested

4 samples tested

3 samples tested (transparent, white, black)



Chapter 7. Materials survey

T W NN -

10

11
12
13
14
15
16
17
18

19
20
21
22
23
24
25
26

Dark blue
Grey

Blue
Yellow

Yellow
Blue
Beige

Grey
Duck egg
Blue

Dark grey
White
White
Black

Brown

Green
Blue

Red

Blue

Black
Brown
Blue
Blue/black

Table 7.2: List of fabric samples tested

Cotton

95% viscose, 5% elastane
65% polyester, 35% cotton
100% linen

95% polyester, 5% elas-
tane

42% wviscose, 32% cotton,
21% polyamide

100% polyester

100 % polyester

80% polyester, 20% vis-
cose

1% acrylic, 31% polyester,
28% cotton

100% polyester

100% polyester

80% cotton, 20% polyester
100% polyester

100% polyester

100% polyester

85% viscose, 15% wool
65% polyester, 30% vis-
cose, 5% elasthane

100% polyester

100% polyester

100% polyester

100% polyester

100% cotton

100% wool

Cotton polyamide
Polyester with waterproof

laminate

Plain weave

Fleece

Fleece

Linen

Jersey

Home dyed
Home dyed
Home dyed
Multilayer (3)
Waxed cotton
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Fabric
refer-
ence
27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45
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Colour

Green

Duck egg

Lynton Blue print

Pale teal

White

Opal

Eau de Nil

Shale cheltenham

Mineral

Clementine

Grey beige

Blake midnight

Black slate

Lynton dove grey

Matilda steel

Matilda teal

Lynton mineral

Lynton mint

Lynton smoke

Composition

100% polyester

85% polyester, 15% vis-
cose

60%  polyester, 38%
acrylic, 2% nylon

88% polyester, 11% vis-
cose, 1% spandex

100% linen

85% polyester, 15% cotton
95% polyester, 5 % linen
51% Polyester 34% Poly-
olefin 15% Cotton

100% Polyester

100% wool

100% Polyester

87% Polyester, 13% cot-
ton, 1% polyamide

87% Polyester, 13% cot-
ton, 1% polyamide

60% Polyester, 38 %
acrylic, 2% nylon

47% cotton, 45%
Polyester, 8% viscose
47% cotton, 45%
Polyester, 8% viscose
60% Polyester, 38 %
acrylic, 2% nylon

60% Polyester, 38 %
acrylic, 2% nylon

60% Polyester, 38 %
acrylic, 2% nylon

Weave plan/Other

technical information

Fleece
Fire resistant upholstery
fabric
Fire resistant upholstery

fabric

Natural linen

Fire resistant upholstery

fabric
I
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Fabric

refer-

ence

46

47

48

49

50

51

52

53

54

95

56

57

58

99

Colour

Lynton steel

Bunny tail

Bluebird feather

French macaron

Atlantic denim

Crimson sunset

Kaleidoscope  ink

cap mushroom

Kaleidoscope Win-

ter feather

Kaleidoscope fire

coral

Burley bright fire

Rudking pimento

Telma pacific

Stanton putty

Evora steel

Composition

60% Polyester, 38 %
acrylic, 2% nylon

56% Polyester, 44% Cot-
ton

56% Polyester, 44% Cot-
ton

72% Polyester, 28% Cot-
ton

72% Polyester, 28% Cot-
ton

72% Polyester, 28% Cot-
ton

88% Polyester, 7% Rayon,
% Polyacrylic

88% Polyester, 7% Rayon,
% Polyacrylic

88% Polyester, 7% Rayon,
% Polyacrylic

38% polyester, 31% cot-
ton, 21% viscose, 10%
linen

42 % cotton, 36% acrylic,
11% viscose, 6% polyester,
5% polyamide

45%  polyester, 20%
acrylic, 17% viscose, 10%
coton, 8% viscose

54.1% acrylic,  45.9%
polyester

58%  polyester, 38%

acrylic, 4% viscose

Weave plan/Other

technical information
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Fabric
refer-
ence

60

61
62
63
64
65
66
67
68
69
70

71
72
73
74
75
76
7
78
79
80
81

82
83
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Colour

Brambley mocha

White
White
White
White
White
White
White
White
Grey

White

White

White

White

White

White

White
White
White
Natural
Natural
Natural
White
Grey

Composition

60% acrylic, 25%
polyester, 15% cotton
Cotton

Cotton

Cotton

Cotton

Cotton

Cotton

Cotton

Cotton

Polyester /Cotton

Nylon with elastane (Ly-
cra)

Cotton poplin with elas-
tane (Lycra)

Cotton with elastane (Ly-
cra)

Silk satin with elastane
(Lycra)

Silk jersey with elastane
(Lycra)

Silk seersucker with elas-
tane (Lycra)

Cotton

Cotton

Cotton

Cotton

Cotton

Cotton

Silk

Silk

Weave plan/Other

technical information

Felting

Plain weave

Twill weave

Sateen weave

Classic interlock Jersey
Single jersey mercerised
Interlock jersey

Jersey sweatshirt fabric

Rib fabric

Gauze

lawn

Duck lightweight
Canvas, 12 oz
Domette
Brushed
Organza

Chiffon
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Fabric Colour Composition Weave plan/Other

refer- technical information

ence

84 White Silk Crpe de Chine

85 Natural Cotton Sateen

86 White Cotton Poplin

87 White Nylon Organza

88 White Polyester Chiffon

89 White Polyester Crpe de Chine

90 White Polyester Sateen

91 White Polyester/Cotton Poplin

92 White Silk Satin

93 White Viscose Satin

94 White Acetate Satin

95 White Polyester (Crpe back) Satin

96 Natural Wool Gauze

97 Natural Wool Delaine

98 Natural Botany wool Serge

99 Natural Wool Voltaire

100 Natural Wool Crpe

101 Black Wool barathea

102 Natural / Brown Wool Worsted Herringbone
pattern

103 Grey Worsted Suiting weight

104 Tweed Wool Tweed

105 Natural Wool Basket weave

106 Black Wool Melton

107 White Wool Air light

108 White Silk Chiffon

109 White Silk Mousseline

110 White Silk Muslin

111 White Silk Organze

112 White Silk Georgette
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Fabric Colour Composition Weave plan/Other
refer- technical information
ence
113 White with metallic  Silk Organza
stripes
114 White Silk Habotai
115 White Silk Habotai, sand-washed
116 White Silk Charmeuse, sand-washed
117 White Silk Charmeuse
118 White Silk Crepon
119 White Silk Crpe de Chine
120 White Silk Twill
121 White Silk Shantung
122 White Polyester Wadding
123 White Silk/Viscose Velvet
124 White Silk Noil plain weave
125 White Silk Noil jersey
126 White Silk Dupion
127 Natural Silk
128 White Silk Noil canvas
129 White Linen Lightweight
130 Natural Linen / Silk
131 Grey Linen Holland
132 Natural Linen
133 White Linen Heavy
134 White Rayon (spun)
135 White Cotton Mousseline
136 White Cotton Organdie
137 White Cotton Broderie anglaise
138 White Cotton Voile
139 Natural Cotton Cheesecloth
140 White Cotton Batiste
141 White Cotton Poplin
142 White Cotton Chintz
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Fabric Colour Composition Weave plan/Other

refer- technical information

ence

143 White Cotton Sateen

144 White Cotton Satin

145 White Cotton Twill

146 White Cotton Drill

147 White Cotton Duck

148 Natural Cotton Denim

149 White Cotton Bark weave

150 White Cotton Moleskin

151 White Cotton Jacquard

152 White Cotton Velvet

153 Brown Cotton Corduroy

154 White Cotton piqu

155 Black Cotton Marlib knit

156 Natural Hemp Fleece

157 Natural Bamboo/silk

158 Natural Hemp and bamboo Jersey

159 Natural Bamboo Jersey

160 Natural Ramie

161 Natural Jute

162 Natural Hemp Muslin

163 Natural Hemp Canvas

164 White Nylon Netting

165 White Polyester Chiffon

166 White Polyester Taffetas

167 White Polyester Airtex

168 Black Polyester Microfibre

169 White PVC coated poly-cotton

170 White PU coated polyester twill

171 White Polyester Polar fleece

172 Black/White dog- 65% Polyester, 35% vis- Twill weaving
tooth cose
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Fabric
refer-
ence
173
174
175
176
177
178

179
180
181

182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
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Colour

Silver

White
Black/gold
Brown

Black

Black piece
yarns

White

White

White

Black
White
White
White
Navy
Coyote
Grey
Orange
Brown
White
Burgundy
Yellow
Purple
Red
Black
Olive
Forest
Blue
Navy
Grey

blue

Composition

Nylon/aluminium film
Polyester /metalic hair
Rayon/Nylon
Polyester

Poly-viscose

Poly-viscose

Nylon
Viscose/cotton
65% Nylon, 35% Viscose,
5% Elastane
Polyester /elastane
Viscose
Polyester/Cotton
Polyester/Cotton
Nylon

Nylon

Nylon

Nylon

Nylon

Nylon

Nylon

Nylon

Nylon

Nylon

Nylon

Nylon

Nylon

Nylon

Nylon

Nylon

Weave plan/Other

technical information

Lam

LUREX yarns

Brocade

Suedette

Piece-dyed and yarn-dyed
Piece-dyed

Kordura
Grosgrain

Two way stretch double
jersey

Jersey

Jersey

Plain weave 4.2 oz
Plain weave 3.9 oz
Cordura

Cordura

Cordura

Cordura

Cordura

Cordura

Cordura

Cordura

Cordura

Cordura

Cordura

Cordura

Cordura

Cordura

Cordura

Kordura
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Fabric Colour Composition Weave plan/Other
refer- technical information
ence

202 Olive Nylon Kordura

203 Navy Nylon Kordura

204 Black Nylon Kordura

205 Emerald Nylon Kordura

206 Red Nylon Kordura

207 Purple Nylon Kordura

208 White Nylon Kordura

209 Yellow Nylon Kordura

210 Royal Nylon Kordura

211 Orange Nylon Kordura

212 Wine Nylon Kordura

213 Pink Nylon Kordura

214 Taupe Nylon Kordura

215 Bowen Nylon Kordura
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Table 7.3: List of cotton samples tested

1 White Twill

2 Natural Percale, 300 threads count
3 White Percale, 300 threads count
4 Natural Hessian

5 Natural Seeded

6 White Cotton and Lycra
7 Natural Batiste

8 White Batiste

9 Natural Silk Noile

10 Natural Muslin

11 Natural Voile

12 White Flannel brushed

13 Natural Flannel brushed

14 Black Poplin

15 Natural Poplin

16 White Poplin

17 Natural Basic Calico

18 Natural Canvas

19 White Poplin

20 Natural Cambridge

21 White Batiste

22 Natural Batiste

23 Black Batiste

24 Natural Bamboo silk stripes
25 Black Bamboo silk stripes
26 Black Bamboo drape

27 White Bamboo drape

28 Natural Bamboo drape

29 White Pin-stripe Lappet
30 White Double-stripe Lappet
31 White Cross stitch Lappet
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Cotton
refer-
ence

32

33

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
92
53
54
95
56
57
58
99
60

Colour

Natural

Natural

Black

Natural

White

White

White

Natural

White

Natural

Black

Natural

White

Natural Unfinished canvas
Black Chunky

Black medium
Natural Chunky
White

Natural

Natural

Natural

Natural

Naturals, grey prints
Naturals, white prints
Smokey trout

Natural

Old white

White

White with colour stripes

Type/technical infomation

Small square bamboo/cotton
muslin

Large square bamboo/cotton
muslin

Bamboo silk

Bamboo silk

Bamboo silk

Embroidered stripe
Embroidered circles
Embroidered circles
Batiste

Batiste

Powerloom medium weight
Powerloom medium weight
Powerloom medium weight
Handloom canvas
Handloom canvas
Handloom canvas
Handloom canvas

Linen

Plump

Pleasant

Loomstate tight
Loomstate loose

Linen

Linen

Denim

Denim

Denim

Denim

Voile
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Cotton Colour

refer-

ence

61 Natural

62 White

63 Grey

64 White

65 Gridlock

66 Fairfield chocolate
67 Bradford Bistre
68 Liberty Blue
69 Chroma

70 Azure

71 Red

72 Incardine

73 Brinjal

74 Brassica

75 Black

76 St Miles Blue
7 Smokey trout
78 Garden Room Green
79 Natural

80 Old white

81 White

82 Chalk green

83 Brinjal

84 Red

85 Key blue

86 Black

87 Soft blue

88 Natural

89 Dark blue

90 Purple

91 Interesting green

Type/technical infomation

Cambridge
Cambridge
Cotton and Lycra
Cotton and Lycra
Suiting wool
Suiting wool
Suiting wool
Suiting wool
Suiting wool
Suiting wool
Denim

Denim

Denim

Denim

Denim

Denim

Denim

Denim

Denim

Denim

Denim

Denim

Denim brushed
Denim brushed
Denim brushed
Denim brushed
Denim

Denim

Denim with Lycra
Corduroy

Crossweave
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Cotton
refer-
ence
92

93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117

Colour

Chirpy green
Grey Marl
Stone

Multi Marl

Raised stripe Black

Light blue
Dark blue
Night red
Rich red
Aqua

Fire orange
Dark brown
Richer Blue soft
Richer Red soft
Natural
Brick

New Yellow
Red

Teal

Khaki
Green

Blue

Coral
Purple
Black

Red

Type/technical infomation

Crossweave
Crossweave
Crossweave
Crossweave
Crossweave
Crossweave
Crossweave
Crossweave
Crossweave
Crossweave
Crossweave
Crossweave
Crossweave
Crossweave
Cambridge
Cambridge
Cambridge
Cambridge
Cambridge
Cambridge
Cambridge
Linen

Linen

Linen

Linen

Linen
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Sample
“LED conference” bag
“RPW conference” bag
Bag 3
Bag 4
Bag 5
Bag 6
Bag 7
Bag 8
Bag 9
Bag 10
Bag 11
Bag 12
Bag 13
Bag 14
Bag 15
Bag 16
Bag 17
Bag 18
Bag 19
Bag 20
Bag 21

Colour
Black
Black
Dark blue
Blue
Black
Black
Blue
Black
Black
Black
Grey/brown
Grey
Blue
Black
Blue

Red
Green
Brown
White
Glossy pink
Black

Table 7.4: List of bags tested

Fabric description

Woven fibres coated with thermoplastic
Woven fibres coated with thermoplastic
Woven fibres coated with thermoplastic
Woven fibres coated with thermoplastic
Woven fibres coated with thermoplastic
Woven fibres coated with thermoplastic
Woven fibres coated with thermoplastic
Woven fibres coated with thermoplastic
Woven fibres coated with thermoplastic
Woven fibres coated with thermoplastic
Woven fibres coated with thermoplastic
Woven fibres coated with thermoplastic
Woven fibres coated with thermoplastic
Woven fibres coated with thermoplastic
Woven fibres coated with thermoplastic
Faux leather thermoplastic

Faux leather thermoplastic

Woven fibres, faux leather thermoplastic
Faux leather thermoplastic
Thermoplastic

Woven fibres coated with thermoplastic
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7.4 Results

A sample was judged to have suitable dose response characteristics for further investigation when
no significant native signal was observed, the detection limit (calculated as the dose for which the
signal was equal to the background plus three times the standard deviation of the background,
see Chapter 3) was below 0.5 Gy, and the response was uniform for different samples of the same

material.

7.4.1 Miscellaneous materials
Paper

Paper, and especially coated paper (glossy paper, matt paper), showed a TL response to 5 dose
(Fig. 7.1), similar to that of calcium carbonate (see Chapter 10). However, a strong native TL
signal compared with the § induced signal was also observed above 100 °C, which would make
paper unsuitable for emergency dosimetry using TL. Photocopier paper (uncoated) was not found

to exhibit a response to dose.

— 250000 .

200000 -

150000

100000 -

50000 -

TL intensity (photon counts

0 -

0 50 100 150 200
Temperature (°C)

Fig. 7.1. Native (black squares) and 10 Gy f induced TL response (red circles) of glossy paper.

Detection window : silica window; heating rate : 0.5 °C.s~ .

Further test of the OSL and IRSL response of coated paper indicated the presence of a complex

luminescence process. The OSL response of white paper was dominated by an increasing signal
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with illumination time, presumed to be associated with a photo-luminescence process. No OSL
dependence on dose below 10 Gy was observed. The IRSL response of white coated paper was also
complex, where the IRSL signal increased with illumination time (Fig. 7.2). Following £ irradiation,
a peak at ~ 20 s of illumination was observed, the intensity of which increased with dose. Due to
the slow nature of the process, the IRSL detected include a photo-luminescence emission and an

isothermal luminescence, induced by holding the samples at 50 °C during the measurement.
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% 4000 - —_— _
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—1 3000 o o

2 0_o-ad fcn—ﬂrl_@T@Ewgﬁﬁh

— 2000 -+ . o _
0.1 ] - 1

Tlme (s)

Fig. 7.2. Native IRSL (open black squares) and 10 Gy g induced IRSL response (open red circles)
of glossy paper. Detection window : BG-39; sample temperature : 50 °C.

Glass beads

Glass beads exhibited a TL response to 5 dose, varying according to colour (Fig. 7.3a and 7.3b.
A native signal with a TL peak centred at 200 °C was observed, whose strength was also variable.
A weak OSL response was observed with some glass beads, but with a detection limit of ~ 5 Gy.
A response to dose was observed under infra-red stimulation, but the shape of the signal indicated
that it was likely an isothermal decay process, induced by holding the samples at 50 °C during

measurement.
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Fig. 7.3. Native (black circles) and 10 Gy § induced TL (red circles) of a) glass bead 4 (pink bead)

and b) glass bead 8 (white bead). Detection window : silica window; heating rate : 0.5 °C.s™!.

Shoe soles

The samples of shoe sole (thermoplastic/rubber) tested exhibited a TL response to § dose (Fig.
7.4a). The f induced TL glow curve similar in shape to calcium carbonate (see Chapter 10). A
strong native signal was however present above 100 °C. An OSL response to 8 dose was also observed
but the native OSL signal was also strong (Fig. 7.4b). No IRSL response to 3 dose was observed

for the samples tested.

Polystyrene

An OSL response to 5 dose was observed for samples of polystyrene (packaging polystyrene and
polystyrene exctracted from cycling helmet). However, the response was found to be very variable
even from sample from the same cycling helmet or packaging polystyrene. The OSL emission might
be thus associated to the presence of impurities in the samples. In most cases, the detection limit
was of 5 Gy. Other types of polystyrene items (cup, CD case), did not yield a measurable response

to dose.
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Fig. 7.4. a) Native (black circles) and 10 Gy f induced TL (red circles) of shoe sole 2. Detection
window : silica window; heating rate : 0.5 °C.s~!. b) Native (black circles) and 10 Gy 3 induced

OSL (red circles) of shoe sole 2. Detection window : U340; sample temperature : 50 °C.

Other samples

Dyeing salt (NaCl) is used in the dyeing process of fabrics to drive the dye onto the fibre. Its
OSL/TL response was similar to the response of household salt, that has been documented else-
where (Christiansson et al., 2014). Moreover, fabrics were thoroughly rinsed after washing, so it
is unlikely that residual salt would remain after the dyeing process. In a similar manner, washing
powder showed an OSL response following [ irradiation, but for a measurement cup filled with

washing powder. Such a concentration of washing powder is unlikely to be found on clothes.

The other samples listed in Table 7.1 did not exhibit a detectable response to OSL, IRSL or TL.
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7.4.2 Fabrics and bags

The OSL response of some of the fabric tested (e.g. fabrics 62, 73, 87-91, 111, Tables 7.2 and 7.3)
was characterised by a increasing photon count with illumination time and independent of dose
(Fig. 7.5b) which was interpreted as a photo-luminescence mechanism. The samples that exhibited
this form of response were generally white and had been bleached by the manufacturer. Due to the
high number of counts related to the photo-luminescence process, a 8 induced decay curve could not
be observed for these samples. OSL decay curves were however observed for some fabric samples
(e.g., fabric 75, 130, 139, Fig. 7.5a), but in the majority of cases, the OSL dose response was weak

(detection limit above 5 Gy), and not reproducible between samples of the same fabric.
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1
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o
1

|l posL o .

N
o
L

OSL intensity (photon counts)
8
sl

OSL intensity (photon counts)

\

Native OSL

w B (81 [e2] ~ [e] ©

o o o o o o o
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0.01 0.1 1 10 0.01 0.1 1 10

Fig. 7.5. a) Native (black circles) and 10 Gy f induced OSL response (red circles) of F# 75 (white
silk seersucker with elastane). b) Native (black circles) and 10 Gy /8 induced OSL (red circles) of

F# 90 (white sateen polyester). Detection window : U 340; sample temperature : 50 °C.

The samples showed similar behaviour under infra-red stimulation. A weak response to dose
was observed on some samples when the measurements were conducted in air. However, this was
significantly stronger when the measurements were performed in vacuum (Fig. 7.6).

Generally, a weak TL response to 8 dose was observed for fabric samples tested, although the

native signal was dominant (Fig. 7.7).
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7.6. 10 Gy $ induced IRSL measured in air (open black squares) and vacuum (red circles) of

F# 13 (blue fleece, 80 % cotton, 20 % polyester). Detection window : BG-39; sample temperature
: 50 °C.

However, three exceptions were found :

7.5

This

Fabric 3 (blue polyester), that exhibited a strong IRSL decay curve in response to § dose,
when the irradiation and measurement were carried out in air (Chapter 8). No native signal

was observed.

“Lynton” fabrics (fabrics 29, 40, 43, 44, 45 and 46) that all exhibited an OSL response to

dose, similar between samples of the series and no native signal present(Chapter 9).

The fabrics of bags (handbags, backpacks and conference bags) tested; the fibres of the bags
are often coated with a thermoplastic to make them waterproof, or they are sometimes directly
made of a plastic fabric (e.g., faux leather). This coating was found to have a relatively strong

TL response to [ dose (Chapter 10 and 12).

Discussion

chapter provided a list of all the materials that have been tested for their luminescence re-

sponse to ionising radiation. Most of these materials did not exhibit a suitable response for use
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Fig. 7.7. Native TL (open black squares) and 10 Gy f induced TL (open red circles) of F# 14

(dark grey polyester). Detection window : silica window; heating rate : 0.5 °C.s™1.

in emergency dosimetry, and for these further testing was not performed. Although glass beads
showed an interesting TL response to dose, they are rarely used nowadays in jewellery and thus less
likely to be worn by members of the public. The IRSL response of fabrics in vacuum was also of sig-
nificant interest, but this result is not applicable to an radiological emergency scenario. Compared
with the results obtained by Sholom and McKeever (2014), these tests confirmed the potential of
fabrics for emergency dosimetry, although OSL was not always found to be the method yielding
the best signal. Thus, the materials that showed the most promising response were fabric 3 (IRSL
response, Chapter 8), the Lynton series of fire retardant upholstery fabric (OSL response, Chapter
9) and the thermoplastic composing the coating or fabric of bags containing calcium carbonate
fillers (TL response, Chapters 10 and 12). Additional testing was carried out on these promising
materials, including fading tests, attempts to identify the centres of luminescence, and assess their

applicability for emergency dosimetry.
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Chapter 8

Case study 1: the IRSL response of a
blue polyester fabric (F# 3)

8.1 Introduction

Amongst the set of fabrics tested (Chapter 7), a blue polyester mix fabric (F# 3) from a discarded
shirt presented a bright response under infra-red (IR) stimulation, following the administration of
a (8 dose. This chapter focuses on the IRSL and TL characteristic of this fabric (dose response and
fading), and the effect of exposure to air on the luminescence emission is also examined.

Polyester fibres, also known as polyethylene terephthalate (PET) are the most widely used fibres
in the world (Mark et al., 1987) due to their high performance and low cost. Thus, finding a type
of polyester fabric responding to ionising radiation was of interest for the development of dosimetry

techniques.

8.2 Samples and protocol

The sample investigated in this chapter was a blue polyester fabric from a discarded shirt, referred
to in this chapter as F# 3. A label on the fabric indicated that it was composed of 65% polyester
and 35% cotton. A swatch of the fabric is provided in Appendix A. No other information regarding
the manufacturing process was available. Fig. 8.1 shows a macroscopic picture of F# 3. For

measurements, the samples were cut into squares fitting into stainless steel cups (~ 5x5 mm?) used
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for measurements in the Risg reader.

Fig. 8.1. Macroscopic picture of polyester-mix fabric F# 3

All OSL, IRSL and TL measurements were performed with a standard configuration of the Risg
reader (see chapter 6 for details of the instrumentation). Since the primary calibration of the /3
source dose rate was performed to quartz grains, radiation transport simulations were performed to
obtain a conversion factor from quartz to polymer, and the estimated dose rate to fabric samples was
calculated to be (0.44 & 0.02) Gy min~! (2016). A UV (250-350 nm; Schott U-340 filter) detection
window was inserted when measuring blue stimulated OSL (470 nm) and a broad-band detection
window (350-700 nm; Schott BG39 filter) when measuring IRSL (850 nm). Unless stated otherwise,
none of the samples were preheated and IRSL/OSL measurements were performed with the sample
maintained at a temperature of 50 °C. TL measurements were performed using a heating rate of 0.5
°C.s7! to a maximum temperature of 230 °C, which lies below the theoretical ignition temperature
of most fabrics, and with a fused silica window inserted in the detection system. The tests (dose
response, fading) were repeated on several samples obtained from various locations on the overall
shirt (front, back, pockets) to test for uniformity in response. A Hitachi SU-70 scanning electron
microscope (SEM) with a beam energy of 10 kV and a current of 10 mA was used to analyse the

morphology of the fabric samples and spatially- and spectrally-resolved cathodoluminescence (CL)
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spectra were measured using a MonoCL3 spectrometer (Gatan Ltd, Oxford) incorporating a Hama-
matsu R374 PMT detector operated in single photon counting mode. The spectra recorded were
corrected for instrument response within the SEM analytical software. Additional measurements
were conducted in an environmental SEM (FEI ESEM XL30, CIEMAT) equipped with a Energy
Dispersive Spectrometry probe (EDS) and a Gatan MonoCL3 probe using a PA-3 PMT. For these
measurements, a low vacuum mode was used and the beam voltage was set at 20 kV. Details of the
instrumentation are given in Section 6.3.

The X-ray diffraction pattern was obtained using a Bruker AXS D8 Advance equipped with
a Lynxeye Soller PSD Detector. The source of X-ray was a copper tube producing a mixture of

Cu-K,1 and Cu-K,o at a wavelength of 1.5406 A.

8.3 Material characterisation

8.3.1 Scanning electron microscope

Fig. 8.2a shows an image of F# 3 taken in an environmental scanning electron microscope (ESEM)
that illustrates the structure of the fabric, composed of fibres woven in threads, themselves weaved
in a plain weave pattern. Some impurities can also be observed in Fig. 8.2a, which may be grains
of dust. A procedure consisting of encapsulating a piece of F# 3 in resin and polishing the surface
with diamond powder enabled the observation of the cross section of this fabric (Fig. 8.2b). Using
this procedure, the width of the fibres was evaluated to be of 30-40 pm of diameter. Fig. 8.2b also
shows the different shape of the fibres; whilst some appear to be round in cross section, others are

deformed into oval shape.
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7/26/2017 | det WD HV vac mbde spot 200 pm
10:55:32 AM BSED|10.0 mm|20.00 kV|Low vacuum| 5.4 Text1-02

(b)

Fig. 8.2. a) Environmental SEM image of F# 3. Impurities are circled in red. Beam voltage : 20
kV; vacuum condition : low vacuum. b) SEM image of the cross section of F# 3 encapsulated in

resin where the round cross-section of the fibres can be observed. Beam voltage : 10 kV.
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8.3.2 Cathodoluminescence imaging and spectroscopy

The cathodoluminescence (CL) imaging of the cross section of F# 3 encapsulated in resin revealed
that while some fibres were very bright, others were dim in comparison (Fig. 8.3). The majority of
the fibres appeared to be bright, and the fibres emitting luminescence were the ones corresponding
to the non-deformed fibres (Fig. 8.3). The CL spectrum of F# 3 revealed a complex spectrum with
two main peaks closely overlapping at 450 nm (Fig. 8.4a) and with weak emission bands in the blue
and UV regions. The CL spectrum on an energy scale was deconvolved using 9 Gaussian functions
(Fig. 8.4b) indicating the presence of emission bands, at 1.44, 1.61, 1.77, 2.30, 2.69, 2.81, 2.93, 3.17

and 3.83 eV, several of which would potentially contribute to the TL/IRSL emission of the sample.

Fig. 8.3. CL image of the cross section of F# 3 encapsulated in resin. Beam voltage : 10 kV.

8.3.3 Elemental characterisation : X-ray fluorescence and X-ray diffraction mea-

surements

Spatially resolved X-ray fluorescence (XRF) measurements were carried out in an environmental
SEM. The XRF spectrum was measured at different locations of the fabric. Fig. 8.5 shows two
locations at which the spectra were measured, one on a fibre (position 1) and the other on one

of the impurity found on the fibre (position 2). Whilst the XRF spectrum of the fibres seemed
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Fig. 8.4. CL spectrum of F# 3, a) wavelength scale and b) energy scale. In Fig. b the continuous
lines represent Gaussian functions fitted to the experimental data points (open circles) and the
spectrum intensity has been corrected for the energy scale. Energy beam : 20 kV. The spectra were

corrected for instrument response.

to indicate the presence of oxygen and carbon only (Fig. 8.5), as expected for polyester, calcium
and magnesium were also included in the impurities. The XRD pattern of F# 3 (Fig. 8.6 upper
graph, see Chapter 6 for instrumentation details) contains narrow reflection peaks, indicating a
high level of crystallinity in the sample, although the broad peaks at low angle (< 30 °) suggest
a polymer component. The XRD pattern identified calcite in the sample (Fig. 8.6 lower graph),

which correlates with the presence of calcium and magnesium detected using XRF.
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Fig. 8.5. SEM backscattered electron image of F# 3 indicating two spots at which the XRF

spectrum was measured.
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Fig. 8.6. X-ray diffraction pattern of F# 3 (top graph) and of calcite (lower graph). The dotted

lines indicate the characteristic lines of calcite.
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8.4 Photoluminescence

The photoluminescence (PL) behaviour of F# 3 was measured using a fluorescence spectrometer
(Fluorolog) composed of a xenon lamp, an excitation monochromator, a sample compartment, an
emission monochromator and a R928P photomultiplier tube to collect light. The spectrum was
measured for stimulation wavelengths in the range 280-900 nm, and the resulting PL spectrum
recorded. For stimulation wavelengths between 280 nm and 420 nm, an emission peak centred
around 445 nm was observed (Fig. 8.7a). The intensity of that peak reached a maximum for a
stimulation wavelength of 390 nm (Fig. 8.7b). Two other peaks were observed for stimulation
wavelengths 430-560 nm, centred at ~ 600 nm and 665 nm (Fig. 8.8a). The maximum intensity of
these peaks were reached for a stimulation wavelength of 510 nm (Fig. 8.8b), and they were ~100
times weaker in intensity compared with the 445 nm peak induced by light in the range 280-420

nm. No PL emission was observed for stimulation wavelength above 600 nm.
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Fig. 8.7. a) Photoluminescence spectrum of F# 3, stimulation wavelength 390 nm. The dotted
vertical red line indicates the stimulation wavelength. b) Integral of the spectrum in the region

444-447 nm for stimulation wavelengths in the range 280-420 nm.
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Fig. 8.8. a) Photoluminescence spectrum of F# 3, stimulation wavelength 510 nm. The dotted
vertical red line indicates the excitation wavelength. b) Integral of the spectrum in the region

598-603 nm for stimulation wavelengths in the range 430-560 nm.
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8.5 TL response

8.5.1 Dose response

The TL response of F# 3 was measured to T},,,=230 °C at a heating rate of 0.5 °C.s~! and the
photons emitted during the TL measurements were detected through a silica window. A strong
native signal taking the form of a peak centred at 180 °C was observed (Fig. 8.9a). A /8 induced
TL was also observed, with two broad TL peaks centred at 30 and 100 °C. The § induced TL signal
was reproducible. Although the TL response in the region 50-150 °C was linear with S dose in the
range 0.5-5 Gy, this signal is not likely to be usable for short term dosimetry due to the strength
of the native signal. The native TL peak at 180 °C was not significantly bleached by exposure to
light (sun, blue or IR) and was found to have regenerated after storage for several weeks at RT in

the dark. Similar results were obtained using a BG-39 detection filter.
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Fig. 8.9. a) Native TL of F# 3 (open black squares) and TL following f irradiation (5 Gy) of
F# 3 (open red circles). The background was subtracted from the TL curves. b) Integral of the
TL glow curve in the region 50-150 °C as a function of 5 dose (0.5-5 Gy). The red line indicates a

linear function fitted to the data.

Page 214



Chapter 8. Case study 1: the IRSL response of a blue polyester fabric (F# 3)

8.5.2 Fading

The fading of the TL signal of F# 3 was tested by heating the sample to 230 °C (erasing the native
signal), irradiating the samples with a 8 dose (1 Gy) and storing them in the dark at ambient
temperature until TL measurement (75,4, = 230 °C). The 8 induced TL signal of F# 3 was found
to quickly fade at room temperature in the dark; after a 2 hours storage, only 18% of the signal
remained in the region of the glow curve 55-200 °C (Fig. 8.10). The signal appeared to decay in an

exponential manner (Fig. 8.10), such as

y(t) = yo + Ar exp(—t/m), (8.1)

where yg = 0.154+0.02 (dimensionless), A; = 0.84 4+ 0.05 (dimensionless) and 7 = (37 +£4) min.
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Fig. 8.10. Fading of the TL signal in the region 55-200 °C of the glow curve of F# 3 in the dark
at ambient temperature following § irradiation. The red line indicates a exponential function fitted

to the data.
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8.6 OSL response

F# 3 exhibited a native signal under blue (470 nm) stimulation (OSL). The native OSL signal
measured on an unirradiated sample showed a high native signal at the start of the illumination (~
1400 counts per 0.02 s) that increased with illumination time (Fig. 8.11). Repeat of the measurement
on a unirradiated sample exhibited a lower level of count at the start of the illumination (~ 1000
counts per 0.02 s), but quickly increased to reach the same level of counts as the native signal (~
1800 counts /0.02 s). No difference was observed between the signal of an unirradiated sample and
a ( irradiated sample (Fig. 8.11). The source for this luminescence emission is more likely to be
associated with a photoluminescence phenomenon (fluorescence or phosphorescence) although, as
indicated in Fig. 8.8, an optical stimulation of 470 nm produces a photo-stimulated signal composed
of two bans at 600 and 665 nm, outside the range of the UV filter (U-340) used for light detection

during the OSL measurement.
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Fig. 8.11. Native OSL (stimulation 470 nm) of a sample of F# 3 (open black squares), of an
unirradiated sample (open red circles) and of a g irradiated sample (10 Gy, blue open triangles).

Each data point represent the integrated photon counts per 0.02 s. Detection windows : U-340.
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8.7 IRSL response

8.7.1 Dose response

In contrast to the OSL measurements sample F# 3 exhibited a high sensitivity to § radiation and no
native signal under infra-red stimulation (850 nm; Fig. 8.12a). The S-induced decay curve showed
a fast decay that reached background level within 2-3 seconds of illumination (Fig. 8.12a). The
dose response characteristic (Fig. 8.12b; corrected for fading and sensitization) is linear within the
range of dose of interest for emergency dosimetry (0.75 -15 Gy). The detection limit was evaluated

to be of (20£1) mGy (see Chapter 3 for details on calculations of the detection limit).

12000 T T T T T T T T T

. 5> 2.0 1
2 o
€ 100004 i < 1.8 ]
3 2 16] ]
o \ § :

8000 - \ 1 ] ]
5 3 14
© \ 1.5 Gy c 1.2 §
§ 60004 . 18 L] ]
= ~————0.75 Gy 2 "
B 4000 - { £ 08 1
E ¥ Tg 0.6+ d
= j D 04 ]
= 2 04
%) 1 02 ]
a 1 @ o2 v
- X 0.0 -

0.01 0.1 1 10 0 2 4 6 8 10
Time (s) Dose (Gy)
(a) (b)

Fig. 8.12. a) IRSL decay curves measured with a sample of blue polyester-mix fabric (F# 3)
showing the initial (native) response (open black squares) and those measured following each of a
sequence of 3 doses (0.75, open red circles; 1.5 Gy, open blue triangle). Detection window: BG-39.
b) Dose response characteristic obtained with the blue polyester-mix fabric (F# 3). The IRSL
intensity corresponds to photon counts recorded during the initial 5 channels (20 ms per channel)
less a “late” background obtained using the average count from the final 5 signal channels recorded
in the decay curve measurement, scaled to the initial time interval. The measured signals were
corrected for sensitization and fading effects. The statistical uncertainty in the signal values is less

than +£2%. Detection window: BG-39.
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8.7.2 Sensitisation effects

Sensitisation effects were tested by repeating cycles of § irradiation (1 Gy) and IRSL measurement.
To test for effects of the atmospheric conditions, the measurements were either carried out in air or
in a nitrogen atmosphere. The IRSL signal of F# 3 was found to sensitise over repeated cycles of
irradiation and IRSL measurements (Fig. 8.13). The signal increased linearly over repeated mea-
surements, and the sensitisation was stronger when the measurements were carried out in nitrogen
compared with air (~ 250 % increase after 4 cycles of irradiation and measurement in nitrogen
versus 20 % in air). The presence of oxygen appears to have a significant effect on luminescence be-
haviour, and in these tests the introduction of nitrogen into the measurement chamber may suppress

a quenching effect of mobile oxygen ions (Charlesby et al., 1963).
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Fig. 8.13. IRSL sensitisation of F# 3 measured in atmospheric condition (black open square) and
nitrogen (open red circles). The signal was normalised to the signal of the first IRSL measurement

of the cycle. The lines indicate linear functions fitted to the data points.

8.7.3 Fading

Fading test procedures with four different forms of pre-treatment and measurement conditions were

applied (Table 8.1). All included the administration of a dose of 6.8 Gy, storage in the dark at
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ambient temperatures for periods of between 5 and 150 mins and measurement of IRSL at a sample
temperature (70 °C) below the glass transition temperature of the polymer (T, ~ 80°C). The key

differences in procedure were:
Procedure 1. Untreated. Storage in air and IRSL measurement in air.

Procedure 2. Pre-treated: initially preheated to 230 °C in a nitrogen atmosphere for 60s and cooled to room

temperature RT. Storage in air and IRSL measurement in air.

Procedure 3. Pre-treated: “oxygen depleted” following a procedure applied by Charlesby et al. (1963),
where the material was subjected a combination of radiation dose (6.8 Gy) and subsequent
heating to 230 °C to deplete the population of available oxygen molecules in the fibres. Storage

in air and IRSL measurement in air.

Procedure 4. Pre-treated: “oxygen depleted”, as above. Storage in nitrogen atmosphere; IRSL measurement

in a nitrogen atmosphere.

The fading curves obtained are shown in Fig. 8.14. The rate of fading with procedure 1, aiming
to be loosely similar to an emergency scenario, is the fastest with a 98% loss of the signal within
2.5 hours; procedure 2 resulted in comparable behaviour. The application of the third and fourth
procedures gave rise to a significant reduction in the fading observed. In procedure 3, where there
was the opportunity for oxygen to diffuse back into the polyester filaments of the fabric, the fading
was reduced, but not as effectively as in the case of procedure 4 where flushing of the measurement
chamber with nitrogen was maintained throughout the storage period, giving rise to only a 20%
loss in 2.5 hours. Analysis of the fading curves obtained using procedures 1 and 2 indicates that a
good fit to the experimental data can be obtained with a double exponential function comprising
fast (~3.6 mins) and slow (~28 mins) component lifetimes, and this may reflect a combination of
charge (electron) transfer and slower ionic movements within the polymer structure. The timescale
over which these fading measurements were performed (procedures 3 and 4) is not sufficient to fully
characterise the fading behaviour at large storage times, but within the first 2.5 h, a single function,
of either exponential or Bequerel decay form, could be satisfactorily fitted to this restricted dataset.
Consequently these results suggest that the presence of mobile oxygen within the polymer structure
has a significant influence on fading behaviour above room temperature. When exposed to daylight,

the IRSL signal was optically bleached within minutes.
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Fig. 8.14. Fading curves for the IRSL signal measured after storage periods of up to 150 mins
following the administration of a 5 dose to samples of the blue polyester-mix fabric (F# 3), and
where four procedures were applied, as discussed in the main text: Proc. 1 (open black squares);
Proc. 2 (open red circles); Proc. 3 (open blue triangles); Proc. 4 (open green diamonds). Detection

window: BG-39
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Table 8.1: IRSL fading measurement procedures

Procedure Measurement sequence

. Beta dose (6.8 Gy)
. Storage at ambient temp. (0-150 min)
. Record IRSL (40 s, 70 °C sample measurement temp.)

[ N

. Repeat step 3 (for residual).

1. Preheat (250 °C, 60s, in N2 atmosphere)

. Beta dose (6.8 Gy)

. Storage at ambient temp. (0-150 min)

. Record IRSL (40 s, 70 °C sample measurement temp.)

Tt s W N

. Repeat step 4 (for residual).

1. Record TL (to 230 °C at 0.5 °C s~ ! in Ny atmosphere )
. Beta dose (6.8 Gy)

. Record TL (to 230 °C at 0.5 °C s~! in N2 atmosphere)
. Beta dose (6.8 Gy)

. Storage at ambient temp. (0-150 min)

. Record IRSL (40 s, 70 °C sample measurement temp.)

. Repeat IRSL (for residual).

N O Ot s W N

1. Record TL (to 230 °C at 0.5 °C s™* in N atmosphere )

. Beta dose (6.8 Gy)

. Record TL (to 230 °C at 0.5 °C s™!in Ny atmosphere)

. Beta dose (6.8 Gy)

. Storage at ambient temp. with continuous Nz flow ( 0-150 min)

. Record IRSL (40 s, 70 °C sample measurement temp. in Ny atmosphere)
. Repeat IRSL (for residual).

I U =2 I B OU R \V)
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8.8 Kinetic parameters

8.8.1 T,,4,-Tstop method

An examination of the trap depths associated with the S-induced TL signal was performed by
applying the Tyq2-Tstop method (see Section 4.5.2). The analysis of the glow curves yielded the
values of thermal activation energy using the initial rise method, E, plotted against T, in Fig.8.15.
The significant shift in £ between 70 and 80 °C may reflect two distinct trapping levels, but it also
coincides with the region of the polymer glass transition temperature (Ty) above which structural
movements at a molecular level are expected to be activated in the amorphous regions of the
polymer. For higher values of T, the values of E steadily increase, but there is evidence of a
plateau in the region of 100 °C, corresponding to the position of the second S-induced TL peak,
with an average value of E of (0.75 £ 0.01) eV (and for the lower peak, F = (0.68 & 0.01) V).
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Fig. 8.15. Thermal activation energy, E, vs T, where E was calculated by applying the initial

rise method to each glow curve recorded.
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8.8.2 IRSL decay curve

The form of the IRSL decay curve was analysed for five levels of absorbed dose administered (Fig.
8.16; 8 Gy measurement shown), using a deconvolution procedure that employed a Levenberg-
Marquardt iteration algorithm. The best agreement was obtained using a combined function with
a general kinetics term and a tunnelling term, as proposed by Jain et al. (2012), to account for
localised electronic recombination via tunnelling between donor-acceptor pairs in crystalline inor-
ganic phosphors. The values of the main function parameters calculated by the fitting procedure
are given in Table 8.2; from these, the initial intensities, Iy, suggest a dominant tunnelling process

and the value of b indicates second order kinetics with fast retrapping (7¢o).
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Fig. 8.16. Curve fitting to IRSL decay curve measured following the administration of a 3 dose of
8 Gy using a function combining (open circles) a general-order kinetics (GOK) term (green dashed

line) and a tunnelling (T) term (blue dotted line), as discussed in the main text.

The combined function was fitted to the set of measured decay curves that had provided the
data for the dose response characteristic (8 dose ranging from 0.5 to 5 Gy), using common values
for the parameters b, p and 77 given in Table 8.2. The fitting yielded a value of 7¢o for each
level of 5 dose administered. It can been seen in Fig. 8.17 that there is a strong, monotonic and

approximately linear dependence of the parameter 7o with 8 dose. If we assume that the tunnelling
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Table 8.2: Fitting parameters with general order kinetics and a tunnelling component for a sample

of blue polyester-mix F# 3 IRSL (12 Gy). The values of 7 are given in seconds.

General order kinetics component Tunnelling component
Io (50 & 8) x 10* Io (79 £ 3) x 10*
b 2.0+0.2 0 (1.9+£0.2) x 107*
TG0 (8) 0.118 4 0.004 r (s) (1.84£0.3) x107°

parameters (p and 77 in Table 8.2) are more likely to remain invariant over the range of applied
dose investigated, these results suggest that the conventional delocalised charge transfer process
described by the general kinetics term in this particular polymer environment is very sensitive to
changes in absorbed dose compared with the kGy levels applied in the studies of Charlesby and
Partridge, for example (Charlesby et al., 1963).
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Fig. 8.17. Values of lifetime, 7go, versus 8 dose, where the values of 7o were obtained by decon-
volution of IRSL decay curves measured with the blue polyester fabric 3 following the administration

of different 3 doses (0.75 - 10 Gy), as discussed in the main text.
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8.9 Discussion

Amongst the earlier work by Charlesby and Partridge (1965), TL emission spectra were recorded
below room temperature (RT) for a range of polymers, and in the case of polyethylene they identified
two broad emission bands located at ~350 nm and ~470 nm. Wavelength-resolved measurements of
photoluminescence and recombination induced luminescence (equivalent to phosphorescence) emis-
sion from polyethylene by Tardieu et al. (2001) revealed a broad, generally featureless, emission
spectrum at RT with a maximum located at ~450 nm, but with several component bands, were
better resolved within the range 390-480 nm by performing measurements at 80 K and apply-
ing spectral deconvolution techniques. They associated the phosphorescence with transitions from
triplet excited states and identified a 250 nm stimulated fluorescence UV emission band (350 nm)
attributed to transition from a singlet excited state. Other work by Szadkowska-Nicze and Mayer
(1999) determined that the irradiation of de-oxygenated PET produces electron and positive hole
pairs that react with basic polymer components, producing thermally unstable PET radical anions
and cations. The recombination of the radical produces short-lived emission of luminescence with
bands at 340, 370 and 400 nm. If these bands appeared to be present in the CL spectrum of F# 3,
additional bands at the maximum of 425-440 nm were also present and could be related to the dye

of the fabric.

In work by Qiao et al. (2016), the broad CL spectrum of polyethylene measured at RT, extending
from 300 to 800 nm, was deconvolved into four bands, three of which were assigned to a different
luminescence process: fluorescence (328 nm), chemiluminescence (415 nm) and recombination lu-
minescence (505 nm), but a specific luminescence mechanism of the production of the strongest
emission band located at 573 nm remained unidentified, except for its attribution to either a by-
product of the fabrication process or the result of material degradation. For the blue polyester-mix
(F# 3) that has been examined in this study, the emission bands associated with both recombina-
tion luminescence and chemiluminescence (associated with a chemical reaction initiated by electron
bombardment) by Qiao et al. are evident in its CL spectrum, but additional bands are also present.
Although we do not yet have OSL, IRSL and TL emission spectra, and also noting that the CL
measurements were performed in low vacuum, it is likely that one or both of these bands con-
tributed to the strong IRSL observed in the blue polyester-mix fabric, and these would have been
efficiently transmitted by the BG39 optical filter placed in the detection system. The additional
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bands observed are likely to be associated with the modification of the polymer by the dyes, amongst
which the anthroquinone disperse dyes are known to exhibit strong fluorescence (Koh, 2011). With
an estimated band gap of ~8.8eV (Hoffman, 1991) for polyethylene, chromophores (e.g., additive,
cross-linking by-products, oxidized groups or non-saturated bonds) can introduce potentially deep
traps if they possess an electron or hole affinity (Tardieu et al., 2001).

A question yet to be resolved of this study is the origin of the IRSL emission in F# 3. Calcium
carbonate or dust impurities were identified at the surface of the fabric by the means of XRD
and XRF (Section 8.3) and calcium carbonate is sometimes integrated to polymelt spunbond and
meltblown fibers to improve their performances (Yan et al., 2015), but this mineral is not known
to exhibit IRSL emission. IRSL measurement on pure calcium carbonate (ground limestone) tested
also did not show a radiation induced signal. However, calcium carbonate exhibits a bright TL
signal in response to radiation dose (Medlin, 1959; Wintle, 1978; Kalita and Wary, 2016) and the
TL signal of F# 3 corresponds in shape and activation energy (0.67-0.77 eV) to that of calcite
(Kirsh et al., 1987). Despite these similarities between the TL response of F# 3 , discrepancies
were also observed: the CL emission of calcium carbonate is characteristic with its strong peak
centred around 600 nm (Down et al., 1985), and this emission band was not observed in the CL
spectrum of F# 3 (Fig. 8.4). The fading rate of the TL signal of F# 3 was also notably faster
than that of observed for calcium carbonate fillers (see Chapter 10). It is possible that the IRSL
and TL signals observed in F# 3 are not related to each other. Furthermore, CL imaging detected
uniform luminescence emission within the fibres (Fig. 8.3) that suggests that it is not related to
the presence of calcium carbonate inclusions within the fibres. Also interestingly, the luminescence
emission seemed to arise selectively from only certain fibres which are likely to be the polyester
fibres as they were more numerous, with this mixed fibre material (65% polyester and 35 % cotton).

As discussed above, we observed strong effects when oxygen was excluded from the surrounding
atmosphere during the measurement of IRSL, or by applying the oxygen depletion procedure of
Charlesby and Partridge. If, as argued by Partridge (1972), mobile oxygen molecules can diffuse
within the amorphous regions and do not penetrate the crystalline phases of the polymer, this
suggests that the source of IRSL is either within the amorphous regions, or near the interface with
crystalline regions. In supplementary thermogravimetric analysis (TGA) measurements with the
blue polyester-mix fabric (F# 3), the availability of mobile oxygen was indicated in both unirra-

diated and irradiated sample by detecting its release from RT to beyond 200 °C, which increased
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by a factor of ~5 within this temperature interval. There is much discussion in the early literature
regarding the role of oxygen (e.g., summarized in Partridge 1972) and its effects on the TL charac-
teristics of polyethylene, from which the dual role of oxygen as an electron trap and as quencher of
luminescence is most relevant to measurements above RT. Boustead (1970), studied the effects of
oxygen on a TL peak measured at 140 K in different types of polyethylene, which was attributed to
electron trapping on oxygen molecules (i.e., forming negative O9 ions) following exposure to ionising
radiation. However, on the basis of the calculation of the electron affinity of oxygen, the position
of an “oxygen” TL peak was estimated to be in the range 370 K to 500 K, and the disparity with
the results of his experimental measurements was reconciled by arguing for a reduction in the elec-
tron affinity resulting from an interaction between the polymer matrix and the oxygen molecules.
Szadkowska-Nicze and Mayer (1999) also observed that the absorption characteristics of PET were
very sensitive towards oxygen. The strong effect of depleting oxygen content in the fading and
sensitization tests based on the measurement of IRSL adds further evidence for the involvement of

oxygen in the production of IRSL above room temperature.

8.10 Summary

This chapter reported on the IRSL characteristics of a blue polyester-mix fabric (F# 3). The
IRSL measured with this fabric gave a negligible native signal, a bright S-induced IRSL signal, a
linear dose response in the range 0.5-10 Gy of interest and with a detection limit of ~ 20 mGy.
However, the fading of the IRSL signal was almost complete within several hours, and consequently
the lifetime of trapped charge is insufficient for general application in short term dosimetry. A
B-induced TL signal was also observed with this material, but the strength of the native signal and
a fading, almost as equally fast as the IRSL signal also limited its use for dosimetry. although the
IRSL signal of the blue polyester fabric was not found applicable to emergency dosimetry due to its
fast fading, it could be transformed into a viable dosimeter if the fabric was kept in a oxygen free
atmosphere (e.g., under vacuum). Whilst the IRSL signal was attributed to an intrinsic component
of the fibre (e.g., dye), the TL signal is suggested to be associated with calcium carbonate in the
sample, that could have been either added to the fibre to increase their strength.

As found in earlier studies of the TL of polyethylene, the effect of mobile oxygen within the

polymer has a very strong effect on luminescence characteristics, and its removal appears to cause
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a dramatic reduction in the rate of fading. Although optical fading by exposure to daylight is
another issue to be anticipated when attempting to use fibres, the multi-layered construction of many
garments has the potential provide shielded locations from which suitable fibres can be extracted
for analysis. The next chapters of this thesis will aim to find other materials with a luminescence

response to dose commonly found amongst members of the public.
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Chapter 9

Case study 2: OSL response of some

upholstery fabrics

When applying the screening procedure to explore the radiation sensitivity of fabrics (Chapter 7),
a class of upholstery fabric was found to exhibit an OSL response to 5 dose. This chapter discusses
an investigation of the OSL properties of this class of fabric, particularly in terms of dose response

characteristics and fading of the signal.

9.1 Fire retardant fabrics

The UK Consumer Protection Act (1988) set regulations regarding the levels of fire resistance of
upholstery fabrics to reduce fire risk. Polyester is inherently fire resistant (Manfredi et al., 2006),
but consequent research has been carried to improve the fire resistance of fabrics. High performance
polymers were developed (Bourbigot and Duquesne, 2007), offering operating temperatures ranging
from 180 to 300 °C, and degradation temperatures as high as 350 °C.

According to patents (Cooke et al., 1991; Zhu and Young, 2005), the fibres forming the yarn
can themselves be inflammable (Fig. 9.1a) if formed of an inorganic fire resistant core of a typical
diameter of 5-6 pm (Fig. 9.1a, 11) surrounded by corespun yarn (10, 11) and a sheath of mod-
acrylic intumescent fibres, which swells when exposed to a flame, and is composed of a long chain
of polymer of 35-85% acrylonitrile units (C3H3N, boiling point 77°C, 12 on Fig.9.1b). The fire

resistant core is of particular interest as it can be formed of glass, various metals, quartz, ceramics,
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polyethers, polyamides, polyarylsulfones, polyketones, polyphenylene sulfides, polyaramids such as
Kevlar or Nomex (Cooke et al., 1991), or stainless steel (Zhu and Young, 2005); some of these
materials are potentially luminescent. On some upholstery fabrics, additional coating of the yarned
fibres is added, providing further fire resistance (Fig. 9.1a). The woven fabric (20, Fig. 9.1b) is
placed between a underlying flammable layer (30) such as polyurethane foam and an upholstery

layer (40) preferably using an adhesive layer (45) such as a latex anti-slide adhesive.

(a) (b)

Fig. 9.1. a) Schematic representation of a type of fire retardant fabric, and b) detail of a fire
retardant fibre (Cooke et al., 1991).

Recent developments in flame retardant fabrics include coating fabrics with a nano-layer based
on phosphors and silica solutions (Alongi et al. (2014); Alongi et al. (2011), Cireli et al. (2007)).
However, in some cases, the layer is also designed to protect from UV radiation (Alongi et al., 2011),
and would consequently attenuate any UV luminescence emission.

Moreover, mineral fillers are introduced in the coating, often to reduce the cost of production
by adding a cheap material, but they are also used for their fire retardancy properties. Many types
of fillers are used in the textile industry; to give some examples, aluminium trihydroxide is used
as a filler in carpet backing; antimony pentoxide and antimonate of sodium are directly injected
in fibres of carpet, draperies, or clothing for their flame retardancy properties; barium sulphate is
widely used in all sort of coatings. Calcium carbonate is considered as the most common filler (see
Chapter 10 and 12) and calcium silicate is sometimes used in polyester fibres; zeolite powder is
added to some textile for absorption of odours (Wypych, 2016).

The complex structure of fire retardant fabrics provides a better chance of exhibiting a radiation

induced OSL/TL signal. Furthermore, some patents (Marsh, 2003, 2000; Burnell-Jones, 2005)
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proposed designs for fire retardant materials with luminescence properties, including materials that
would be able to keep their luminescence properties at high temperature, which would be of interest,
for example, for protective clothing of fire fighters.

The particular type of upholstery fabric examined was found to contain a “foam coating”, a
form of coating where a foam is sprayed onto the fabric then crushed with a roller to form the
coating. Foam coatings are composed of at least two phases: a solid polymer matrix and a gas,
often carbon dioxide (Sen, 2007) as a foaming agent. In addition to the solid phase, fillers such as

glass, ceramic, or other polymeric materials may also be incorporated into the foam.

9.2 Material characterisation

Material and methods

A series named “Lynton” was tested in this chapter. It is available in different colours (smoke,
steel, dove grey, mineral, mint or blueprint) but the composition of the fabrics was similar, with
60% polyester, 38% acrylic, and 2% nylon. The “Lynton” fabrics samples are listed in Table 9.1.
An optical microscope image was also taken for each sample, to better appreciate the structure and
colour of the samples; the woven fabrics were coated with a foam (Fig. 9.2). A swatch of one of the
fabric (F 29) is provided in Appendix A.

For each test, the sample was cut to fit in stainless steel cups (11.5 mm of diameter). The
measurements were performed in the Risg reader, and the photon detection unit comprised an EMI
9635 PMT (see chapter 6 for details of the instrumentation). A UV (250-350 nm; Schott U-340
filter) detection window was inserted when measuring blue stimulated OSL (470 nm) and a broad-
band detection window (350-700 nm; Schott BG39 filter) when measuring IRSL (850 nm). Unless
stated otherwise, none of the samples were preheated and IRSL/OSL measurements were performed
with the sample maintained at a temperature of 50 °C or 150 °C. TL measurements were performed
using a heating rate of 0.5 °C.s™! to a maximum temperature of 200 °C, with a fused silica window
inserted in the detection system. The tests (dose response, fading) were repeated on several samples
obtained from the different swatches to test for uniformity in response.

A Hitachi SU-70 scanning electron microscope (SEM) with a beam energy of 10 kV and a current
of 10 mA was used to analyse the morphology of the fabric samples and spatially- and spectrally-

resolved cathodoluminescence (CL) spectra were measured using a MonoCL3 spectrometer (Gatan
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Ltd, Oxford) incorporating a Hamamatsu R374 PMT detector operated in single photon counting
mode. The spectra recorded were corrected for instrument response within the SEM analytical
software. Details of the instrumentation are given in Section 6.3.

The X-ray diffraction pattern was obtained using a Bruker AXS D8 Advance equipped with
a Lynxeye Soller PSD Detector. The source of X-ray was a copper tube producing a mixture of

Cu-Kq1 and Cu-Kgo at a wavelength of 1.5406 A.

Table 9.1: Table listing the “Lynton” fabrics with their reference number and colour. The optical

microscope photographs were taken at a magnification of x2.

F+# Colour Magnification x 2

29 Blueprint
40 Dove Grey
43 Mineral
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44 Mint
45 Smoke
46 Steel

9.2.1 Elemental characterisation

A point XRF elemental identification performed on a sample of F# 43 using the Oxford Instruments
EDX system (X-MaxN 50 Silicon Drift Detector) attached to the scanning electron microscope
Hitachi SU-70 indicated the presence of carbon and oxygen in the fibres, with no evidence of other
major elements present.

However, XRF measurements of the foam coated face indicated the presence of additional ele-
ments as shown in Fig. 9.3 for F# 29. Some small inclusions (< 10um) contained oxygen, magne-
sium, silicon, calcium, and in some regions, iron (not shown in iug. 9.3), which are interpreted as
mineral fillers. Due to the very small and fragile nature of these inclusions, extracting and isolating

them from the coating was not feasible.
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Fig. 9.2. Optical microscope image of F# 40 foam coating. Magnification x4.5.
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Fig. 9.3. XRF mapping using the Oxford Instruments EDX system (X-MaxN 50 Silicon Drift De-
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The X-ray diffraction pattern obtained with sample F # 29 contained narrow peaks indicating
the presence of crystalline phases in the sample (Fig. 9.4) that may be related to the inclusion of

mineral fillers.
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8
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Fig. 9.4. Powder X-ray diffraction pattern of F# 29.

9.2.2 Scanning electron microscopy and cathodoluminescence
SEM and CL imaging

To allow a better understanding of the structure of the type of upholstery fabric tested here, the
fabrics were encapsulated in resin to enable a polished section to be examined. The polished section
was coated coated with a 10 nm layer of platinum for SEM imaging. Two SEM images are shown
in Fig. 9.5a and Fig. 9.5b. In addition of the coating, many different types of fibres, of different
shape and diameter were observed. The fibres of different type are ordered in layers, with a thick-

est layer of ca 200 pm, and the thinnest one ca 50 pm. The coating was estimated to be of ca 250 pm.
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Coating &=

(b)

Fig. 9.5. a) and b) SEM images of sample F# 29 polished section showing end-on fibres in the

fabric. Resin encapsulated fabric. Electron beam : 10 keV. The thicknesses are indicated.
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CL imaging (Fig. 9.6) revealed luminescence emission amongst fibres; Fig. 9.6 shows very dim
fibres (indicated in Fig. 9.6), and brighter ones. The coating also seems to exhibit a bright CL
emission. Furthermore, many small bright dots seemed to be distributed in the coating. A CL
image of the coating coupled with XRF measurements indicated that some of the bright dots relate

to the Mg/Si/Ca inclusions (Fig. 9.7) observed in Fig. 9.3, suggesting that these are mineral fillers.

Dim fibre

Brighter fibre

Coating —

Bright dots

20 pm

Fig. 9.6. CL image of F# 29 cross section. The fabric was encapsulated in resin, polished with
diamond powder and coated with 10 nm of platinum. Electron beam : 10 keV, grating : 300

lines/nm.

Spatially averaged CL

The CL emission spectrum is shown in Fig. 9.8a. It is composed of several overlapping bands, which,
if fitted with Gaussian bands indicated emissions centred at 1.71 £ 0.03, 1.95 4 0.02 and 2.85 £ 0.01
eV. Considering that an U-340 filter was used for light detection during the OSL measurements,
only the highest energy emission band (2.85 £+ 0.01 eV) may account for the OSL emission (Section
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Mg Kal_2

(b)

Fig. 9.7. a) CL image of F# 29 and b) XRF mapping of magnesium on the same spot. Electron
beam : 10 keV.

9.5).
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Fig. 9.8. a) CL spectrum of F# 29, wavelength scale and b) CL spectrum of F# 29, energy
scale. Three Gaussians (lines) were fitted to the experimental data (open circles) and the spectrum

intensity has been corrected for the energy scale. Electron beam : 10 keV, grating : 300 lines/nm.
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9.3 IRSL response

The Lynton type of fabric did not exhibit significant response to infra-red stimulation (850 nm)
following § irradiation (Fig. 9.9a). However, when the measurement chamber as evacuated and
the measurement cycle (irradiation and IRSL measurement) was also performed under vacuum,
a dose dependent decay curve was observed, indicating that oxygen acts as a strong quencher of
the luminescence. The decay curve observed under vacuum reaches a background level relatively
slowly, ~10 s after the start of the stimulation (Fig. 9.9b). One or more of the CL bands if present
in the IRSL spectrum could be detected with the optical detection window adopted for the IRSL

measurements under vacuum.
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Fig. 9.9. a) Native IRSL (black squares) and IRSL measured following a 2 Gy /3 dose (red circles)
of F# 29. b) IRSL of F# 29 following a 2 Gy f dose, irradiation and IRSL measurement conducted
in vacuum (black squares), and in air (red circles). Risg reader, detection window : BG-39, sample

temperature during stimulation : 50 °C.
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9.4 TL response

The TL measurements showed a possible native signal, that was strong compared with the weak
TL response (Fig. 9.10a). A possible explanation for this native signal is the occurrence of a photo-
stimulated luminescence process or phototransfer TL induced by the exposure to ambient light. To
test this hypothesis, the TL of an unirradiated sample was measured, to erase the native TL signal.
The sample was then exposed to UV for 2 mins (Mercury lamp, Hanovia Ltd, delivering a power
of ~ 4 mW-cm™2 at the sample position and its emission spectrum contained lines at 307, 364,
403, 434, 544 and 575 nm) at room temperature, and the TL glow curve recorded. This procedure
yielded a TL glow curve that is interpreted to be a photo-stimulated thermoluminescence signal or
phototransfer TL from deeper traps (Fig. 9.10b). The § induced TL glow curve was composed of
two peaks below 200 °C, centred at ca 20 and 80 °C using a heating rate of 0.5 °C.s~!, which is
comparable to the shape of the TL glow curve of crystalline calcium carbonate (see Chapter 10).

The shape of the TL glow curve indicated the presence of charges in deeper traps above 200 °C.
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Fig. 9.10. a) Native TL (black squares) and TL following a 10 Gy [ dose (red circles) of F#
43. Risg reader, detection window : silica window, PMT : Hamamatsu R2949, heating rate : 0.5
°C.s~!. b) Native TL and phototransferred TL signal of F# 29. Risg reader, detection window :

silica window, heating rate : 0.5 °C.s™!.
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9.5 OSL response

9.5.1 Decay curve

Following (3 irradiation, the Lynton fabrics exhibited a decay curve under blue stimulation (470
nm) that increased with dose but had no detectable native signal (Fig. 9.11a). The decay curve
contained an initial component that reached the background level within 1 second (Fig. 9.11a).
The response to 8 radiation doses delivered under vacuum yielded a ca 25 % stronger OSL signal
compared with that measured in air. Comparatively, the IRSL signal measured under vacuum was
~ 6 times stronger than in air. The shape of the OSL decay curves measured under vacuum and

air were similar, whereas the IRSL decay measured under vacuum was different in shape.

Some of the foam coating was removed using a scalpel and deposited on a stainless steel disc.
An OSL measurement following the administration of a 8 dose of the extract yielded an OSL similar

in shape to the fabric, indicating that the radiation sensitive material was contained in the coating.

9.5.2 Dose response

The OSL dose response curve presented in Fig. 9.11b was measured at 50 °C, and was best fitted
with a quadratic function, indicating a slight supra-linearity of the signal for higher doses (> 5 Gy).
The detection limit (defined in Chapter 3) was estimated to be between (110+ 70) and (340 £ 100)
mGy depending on the samples, using a quadratic fit to the data. As explained below, the samples
were found to exhibit a slight sensitisation for higher doses (> 10 Gy) using a sample temperature

of 50 °C, which may account for the supra-linearity.

The intensity of the OSL signal was found to vary from one fabric of the Lynton class to another
for samples of the same size; Fig. 9.12 shows the intensity of the OSL signal for a 10 Gy 3 dose
for all colours of fabric tested. When the OSL was measured with the coating of the fabrics facing
away from the detector, the strongest OSL signal was found for the white and the blue samples. If
we assume that the OSL sensitive component of the fabric is not only at the surface of the fabric,
but distributed throughout the coating, the weaker signal of the darker fabrics may relate to the
optical attenuation of the coating and the fibres. White/blue fibres are more likely to transmit an

UV emission, whilst black or grey fibres (e.g., dove grey) are more likely to attenuate it.
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Fig. 9.11. a) Native OSL (black squares) and OSL following a 2 Gy (3 dose (red circles) of F#
29. b) OSL dose response of F# 29 following absorbed 8 doses 0.5-10 Gy. The OSL signal was
computed as the integral of the first five points of the signal minus a background subtraction. The
red line indicates a parabolic function fitted to the signal. The error in count was calculated to be

< 10 %. Risg system, detection window : U-340, OSL temperature : 50 °C.

9.5.3 Deep traps

To access deeper traps, the OSL was measured at different sample temperatures. At elevated OSL
temperature (> 150 °C), the background of unirradiated samples was found to increase substantially
(Fig. 9.13), indicating that another luminescence process induced at higher temperatures may
be present (e.g., chemiluminescence). However, once the background was subtracted from the g
induced OSL, the dose response was found to be similar for different readout temperatures (room
temperature to 200 °C). The sensitisation, measured by repeating cycles of irradiation and OSL
measurements was found to be more important for samples measured at a readout temperature of

200 °C than for samples measured at 150 °C and lower.
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Fig. 9.12. OSL signal F# 29 (blue print), 40 (dove grey), 43 (mineral), 44 (mint), 45 (smoke) and
46 (steel) following 3 dose (10 Gy). Risg reader, detection window : U-340.
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Fig. 9.13. OSL background of F# 29 at sample temperature 50 °C (black squares) and 200 °C

(red circles). Risg reader, detection window : U-340.
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9.5.4 Sensitisation

Fig. 9.14 shows the sensitisation for OSL sample temperature of 50 and 150 °C. The signal exhibited
sensitisation over repeated cycles of irradiation/OSL measurements for both sample temperatures
50-150 °C, although increasing the sample temperature during OSL measurements also caused the
rate of sensitisation to increase. The OSL signal approaches a plateau in sensitivity after 7 cycles
of B dose - OSL measurements for a sample temperature of 50 °C, but continues to increase after
10 cycles for a sample held at 150 °C during the OSL measurement. The increase in intensity of
the OSL signal followed a quadratic function, which can be fitted to the experimental data points,
such as shown in Fig. 9.14.

The difference in rates of sensitisation with dose can be seen in Fig. 9.15; at 1 Gy no significant
sensitisation was observed, whilst for doses above 5 Gy the increase of the signal over repeated
cycles of measurement followed a quadratic increase. This could indicate that the sensitisation is
caused by a saturation of deeper traps. For dose assessment following the administration of a blind
dose, a SAR protocol or the additive method could be used to correct for sensitisation (see Chapter

5).
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Fig. 9.14. OSL sensitisation of F# 29 for sample temperatures of 50 °C (black squares) and 150
°C (red circles). The lines indicate a quadratic function fitted to the experimental points. The
sensitisation was measured by irradiating the samples with a 10 Gy 8 dose, measuring the OSL and

repeating the cycle 10 times. Risg reader, detection window : U-340.
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Fig. 9.15. OSL sensitisation of F# 29 for different irradiation doses.

Measurement cycle

The sensitisation was

measured by administering a 8 dose of 1 Gy (red circles), 5 Gy (black squares) and 10 Gy (blue

triangles), measuring the OSL and repeating the cycle 10 times. Risg system, detection window :

U-340, measurement temperature : 50 °C.
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9.6 Fading

9.6.1 Storage tests in dark conditions

The extent of fading was tested by irradiating samples with a 8 dose of 10 Gy and storing them
in the dark at ambient temperature until measurement. The fading was tested for sample readout
temperatures of 50 and 150 °C; a readout temperature of 150 °C yielded significantly less fading
for a storage period of less than 7 days compared with a readout temperature of 50 °C (Fig. 9.16).
For longer storage periods, the fading rates with measurements temperatures 50 and 150 °C were
closer. This could be explained by the presence of a component of the OSL signal that is thermally
erased before the measurement of the OSL at a sample temperature of 150 °C. The fading obtained
for a sample temperature of 150 °C was fitted with a single exponential function, whereas using a

measurement temperature of 50 °C, the fading followed a double exponential law, such as :

y(t) = yo + Ay exp <—Tt1> <+A2 exp (—Tt?)) . (9.1)

The coefficients yo, A1, 71, Az, 7 are listed in Table 9.2. In both cases, the presence of a
constant yg might indicate the presence of a stable component, although longer term tests would
be required to confirm this. The stable component was more important for the OSL measured at
150 °C (0.60) than for the OSL measured at 50 °C (0.48), which indicates that the OSL measured
at 150 °C may be more stable.

Table 9.2: Coefficients used to fit the fading behaviour of F# 29 following Eq. 9.1.

OSL 50 °C  OSL 150 °C

Yo 0.48 £0.05 0.60 £ 0.01
Ay 0.34 £0.04 0.37 £0.01
71 (days) | 0.07 £ 0.02 2.5+ 0.3

As 0.19 + 0.04 -

7o (days) 6+ 8 -
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Fig. 9.16. OSL fading of F# 29 for readout temperatures of 50 °C (black squares) and 150 °C (red
circles). For data obtained at sample readout temperatures of 50 °C and 150 °C, the OSL signal
was corrected for sensitisation using a quadratic function. The lines indicate exponential functions

fitted to the experimental data. Risg reader, detection window : U-340.

9.6.2 Optical fading

The optical fading was tested by irradiating the samples with a 8 dose of 10 Gy, exposing them
to white light and measuring the OSL signal. These tests indicated that the signal was bleached
within 1 hour of exposure to white light, although 30% of the signal remained after 0.5 h of storage
in white light.
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9.7 Discussion

The source of luminescence in the “Lynton” class of fire retardant fabrics is likely to be the fillers
embedded in the coating, as the extracted coating yielded the OSL signal. The XRF data indicated
that these fillers were minerals composed of magnesium, calcium, oxygen and silicon. Several fillers
with fire retardancy properties could include these elements, such as wollastonite, sand or dolomite.
The XRD spectrum did not formally correspond to these elements, it is thus possible that a mixture
of mineral fillers are present in the coating. Furthermore, the TL glow curve of F# 43 (Fig. 9.10a)
was similar to the one observed for dolomite or calcium carbonate, but these minerals do not yield
an OSL signal.

The class of upholstery fabrics reviewed in this chapter exhibited several properties making
them suitable for emergency dosimetry. Their response to dose under blue OSL was found to be
sufficiently strong for emergency dosimetry, yielding a detection limit below 500 mGy. Their fading
rate was much slower than the blue polyester examined in the previous chapter, rendering dose
estimate days to week after the accident manageable. Finally, the homogeneity of the dose response
properties amongst samples indicate that if these fabrics are to be found in the scene of a radiological
emergency, it would be possible to map the absorbed dose. The type of mineral filler included in
the foam coating of these fabrics, however, does not appear to be very commonly used amongst fire
retardant fabrics, and more widely used fillers with a luminescence response to dose and less optical

bleaching should be sought for emergency dosimetry.
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Chapter 10

Case study 3: TL response of calcium

carbonate fillers

10.1 Introduction

Calcium carbonate is amongst the most widespread naturally occurring minerals on earth, being
4 % of the earth crust (Wypych, 2016), and natural calcium carbonate is found in biogenic shells,
limestone, or stalagmites to only name a few. The high prevalence of calcium carbonate means that
it can be obtained at a very low cost; hence it soon attracted the attention of industrialists for its
potential as a filler material.

Fillers are powdered minerals, usually carbonates, that are incorporated into polymers during
their manufacture and these fillers fulfil several roles. The primary role being that they offer an
important cost reduction; polymers made with ground calcium carbonate mineral, for example,
can be about 10 times cheaper than common thermoset polymers (DeArmitt and Rothon, 2017).
DeArmitt and Rothon (2017) list additional reasons for which fillers are being used, including the
increase of heat resistance, stiffness, abrasion resistance, moisture resistance, biodegradability, and
processability. They are also used to modify adhesion, change electrical properties, appearance,
opacity, and surface gloss.

Table 10.1 lists the most common fillers used commercially, with their estimated consumption
during the year 1993. Amongst the materials listed in Table 10.1, some of the mineral types have

already investigated for their luminescence dosimetry properties (quartz; Goksu et al. 2006; Bailiff
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Table 10.1: Most common plastic fillers and their world-predicted consumption during the year

1993, in million of kilograms (Katz and Mileski, 1987).

Plastic filler Consumption during the year 1993 (in millions of kg)
Aluminium trihydrate 151
Antimony oxide 4
Gypsum 12
Barite 3
Calcium carbonate 2450
Wollastonite 107
Clay-based 147
Talc and pyrophyllite 92
Quartz and Silica 72
Carbon black 45
Microspheres 35
Synthetic silicates 5
Metal and magnetic 11
Titanium dioxide 142
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1997; Ichikawa et al. 1987, and gypsum; Thompson et al. 2010), but not in the form of fillers.
Although calcium carbonate is well know for its bright thermoluminescence response to dose (Fig.
10.3; Sunta 1984), its potential as a dosimeter material for emergency applications has not yet been

investigated.

The high prevalence of calcium carbonate as a filler is quite striking in Table 10.1, with a
consumption of some 2.5 million of tonnes per year. The market of calcium carbonate fillers seems
to be in constant expansion; in 2016 Wypych (2016) reported that calcium carbonate constituted
2/3 of the fillers market with 7.5 million tonnes produced per year, most of it being destined for
PVC or thermosetting polymers. Calcium carbonate fillers are manufactured from natural calcium
carbonate limestone, which is crushed, washed, and through a process of coarse grinding and sieving
is transformed into filler (Wypych, 2016). Fig. 10.1 shows the steps of the manufacturing process
from calcium carbonate natural limestones to calcium carbonate fillers. The process is designed to
be cost-efficient, and the limestones undergo relatively few transformations to become filler.

A wide range of polymer-based products incorporate calcium carbonates fillers, including plas-
tics, construction materials, papers, paints and coatings, cosmetic and pharmaceuticals, fibres, food,
and prints (Wypych, 2016), the grains selected differing according to application. Fig. 10.2 shows

how limestone can be processed for different applications, beyond their use as fillers.
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Fig. 10.1. Schematic representation of the process of transforming calcium carbonate limestone
to filler material. Reprinted from http://www.calcium-carbonate.org.uk/calcium-carbonate/caco3-

processing.asp.
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Fig. 10.3 compares the TL signal of ground calcium carbonate limestone with that of calcium
carbonate fillers extracted from a handbag polymer (use of calcium carbonate fillers, specifically
in the polymer coating of the handbag), and a similar shape of TL glow curve is obtained. The
TL luminescence characteristics of calcium carbonate limestone has been widely studied for over
50 years as the material produces a bright TL response to ionising radiation (McDougall, 1968),
which has been applied to dating studies (Wintle, 1978; Debenham, 1983; Carmichael et al., 1994).
The ubiquity of the material combined with a high radiation sensitivity makes of calcium carbonate
fillers good candidates to act as a surrogate dosimeters. As naturally occurring calcium carbonate
can also be found, in addition to limestone, as stalactites, stalagmites or shells, there is a significant

literature on the TL properties of calcite.
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Fig. 10.3. TL glow curves of ground limestone (open black squares) and of calcium carbonate filler
extracted from the coating of a handbag polymer fabric (fabric coating, open red circles), following
the administration of 5 doses of 10 and 20 Gy respectively. Risg system, detection window : silica
window, heating rate : 0.5 °C.s~!. The TL intensity of each glow curve is the photon count (per 2s

intervals) normalized by the total photon count.

Calcium carbonate fillers are incorporated in polymers like thermoplastics such as polyurethane

during the manufacturing process. These types of plastics are very commonly found in commonplace
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materials, but the work presented here focused on the coatings of bags, often made of polyurethane
to improve the resistance and waterproof properties of the bags. The dose response of calcium
carbonate fillers in plastics, and more specifically plastic coatings found in accessories such as
handbags and backpacks were investigated as they are likely to be in the possession of members of

the public in the event of a radiological emergency.

10.2 Thermoluminescence properties of calcium carbonate

10.2.1 TL glow curves

The TL glow curve of calcite was reported to be composed of five main peaks, at 82, 152, 179, 254
and 296 °C using a heating rate of ca 0.3 °C.s™! (Kirsh et al., 1987), with the 82 °C peak being
the most sensitive to radiation dose (Fig. 10.4). Some earlier studies (Calderon et al., 1984) have
observed shifts between the position of the maximum intensity of these peaks for different types of
calcites. The TL glow curve of calcium carbonate fillers does not appear to contain the 152 and
178 °C peaks, but the 82, 254 and 296 °C peaks are present (Fig. 10.3); in the following discussion,
the 82 °C peak will be referred to as the “low temperature peak” and the 254 °C as the “high
temperature peak”. Although the 82 °C peak will be used for emergency dosimetry, the deeper
traps might also contribute to the lower temperature peak through charge transfer processes, and
thus also have to be examined in detail.

Calcite is well known to exhibit non-radiation-induced (also referred as “spurious”) luminescence
during TL measurements (Aitken, 1985; Goksu et al., 1988). Some of the spurious luminescence of
calcite is attributed to a decarbonation process occurring at the surface of crushed grains during
heating, and which can be suppressed by performing TL measurements in a CO2 or N9 atmosphere
(Roque et al., 2001). Grinding the sample may also induce triboluminescence, but this can be
reduced by etching the samples with an acid treatment, or by using slices of samples instead of
crushed grains (Wintle, 1975a; Khanlary and Townsend, 1991). Finally, phototransfer may also
induce a TL signal, and will be discussed later in Section 10.2.6. As calcium carbonate fillers
originate from crushed limestone, and are exposed to natural light during the process, some form
of non-radiation-induced luminescence can be expected.

As thermal annealing is generally applied in most dose evaluation procedures, the changes

in both sensitivity and glow curve shape previously observed (Franklin et al., 1990; Medlin, 1968;
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Fig. 10.4. TL glow curve of X-ray irradiated natural calcite crystals (Makhtesh Ramon, Israel).
Detection window : (620 +10) nm, heating rate : 0.33 °C.s~!. The background was subtracted.
Redrawn from Kirsh et al. (1987).

Pagonis and Michael, 1994; Borsi and Fornaca-Rinaldi, 1968) are relevant. These authors found that
the change in sensitivity observed following annealing was related to the temperature at which the
calcite had formed; for calcite formed at low temperature (< 100 °C), the sensitivity increased while
calcite formed at high temperature (> 100 °C) displayed a sensitivity decrease upon annealing at
550 °C. The explanation advanced for this was that heating destroys traps, but also simultaneously
produces additional traps because of the stress resulting from heating and cooling the crystals.
Down et al. (1985) attributed the diminished sensitivity following annealing at high temperatures
(> 700 °C) to the high mobility of Mn?* ion, thus destroying the ion’s complex formed that acts
as a recombination centre. However, annealing at temperatures up to 300 °C appeared to have no
effect on the sensitivity of the lower temperature peak (De Lima et al., 2001), and for emergency
dosimetry purposes, annealing at 200 °C should be sufficient to erase the trapped associated with

the 82 °C peak.
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10.2.2 Luminescence centres and mechanism of luminescence

Early work carried by Medlin (1959) attributed the emission of the low temperature thermolumi-
nescence peak (82 °C) of calcium carbonate to Mn?* impurities, located in substitutional sites of
the lattice of calcite (Hurd et al., 1954). Introducing Mn?? into a calcite sample by forming calcite
crystals in a solution containing Mn ions produced a main TL peak at 77 °C, and minor peaks at
97 and 197 °C, using a heating rate of 0.2 °C.s ! (Medlin, 1959). The luminescence emission is
attributed to a 1G(T1,) — ®S transition of the Mn?* ion (Medlin, 1964; Sommer, 1972). Mn?* is a
very efficient activator, and can produce bright TL for concentrations as low as 10 ppm (Visocekas
et al., 1973), although Medlin (1968) found that the optimal mole fraction of Mn?* in a calcite
sample was of ca 0.002-0.004, after which the intensity of the 197 °C peak decreases. Although
the emission is due to Mn?*, the calcite host lattice acts as the electron trapping centre (Medlin,
1964). Medlin (1964, 1968) assumed that the colour centres in calcite are the Ca™ ions, and that
COj3 has negligible ionic contribution and low mobility compared with the Ca®t ions. COj3 ions
produce hole centres, whereas Ca™ ions act as electron centres, and upon thermal stimulation (e.g.,
TL measurement), electrons transfer energy in a non - radiative manner to Mn?T centres, exciting
Mn?* ions to a 4G state. A relaxation transition brings the electrons from the *G state to the
4G(Tlg) state, where they decay radiatively to the 6S level, producing the light observed during the
TL measurements. Mn acts as a recombination centre in this model (referred to as “ion complex”
in the previous paragraph). Medlin (1968) first proposed a band diagram for the emission of the
Mn?* centre in calcite (Fig. 10.5). In his model, the trapped electron recombines with the trapped
hole, which then recombines in a non-radiative manner to the S level (thermal bleaching) before
being excited to the 4G(T},) level (excitation). Although transitions others than the 4G(T,) — ¢S
appear to be possible, the parabolas of the configuration coordinate diagram associated with the
energy levels intersect each other, indicating a strong probability of non-radiative recombination,
and explaining why the emission *G(T1,) — ©S at 600 nm is dominant. However, more recent
measurements have detected additional emission bands in the blue, and prompting a revision of
this model (Townsend et al. 1994) to account for the blue emission observed in some samples (see
below Section 10.2.3), by showing that transitions others than the ‘G(Ti4) — ¢S can occur, when

including higher energy levels.

In addition to Mn?* ions, Pb, T1, and Ce were also observed to act as co-activators (Medlin,
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Fig. 10.5. Model for thermoluminescence emission in calcite. a) colour centre formation, b) thermal
bleaching of the colour centres and excitation of a Mn?* centre, and c) luminescence emission from

the Mn?* centre. Redrawn from Medlin (1968).

1959; Schulman et al., 1947); these ions may capture charge during irradiation and transfer it
to the Mn?* ions via a non - radiative cascading process. Schulman et al. (1947) compared the
cathode-ray excited emission of calcite samples enriched with the above mentioned activators, and
found the TL emission to be the strongest for a sample containing both Pb and Mn, whereas a
sample containing only Mn impurities exhibited weak luminescence. However, natural calcite rarely
contains Pb (Medlin, 1963), but commonly occurring ions such as Fe3t, Fe?* Co?* or Ni?* were

observed to act as quenchers of luminescence (Medlin, 1963).

10.2.3 Thermoluminescence emission spectroscopy

The TL emission spectrum of calcite is a characteristic orange-red emission, with a main broad peak
centred between ca 600 to 700 nm (Fig. 10.6). If the lower temperature peak of the TL glow curve
was associated with a broad emission peak centred at 630 nm, the spectra of the higher temperature
peaks of the TL glow curve have finer structure, with bands of less than 30 nm wide centred at
560, 600, 640, 705 and 750 nm (Townsend et al., 1994; Down et al., 1985). Fig. 10.6 shows a TL

emission spectrum for a calcite grain, where the occurrence of several emission bands for the higher
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temperature peak can be seen. The emission of the lower temperature peak seems, however, to
be a broad peak. Besides the 630 nm orange emission, Visocekas et al. (1973) observed a narrow

emission peak at 373 nm in artificially grown calcite.

o0
o

-
5.0
4 0
°7]
3.0 o
6.0
2.0+
1.0 o —S.0
0-_] -4.0 %
4.50 r 2
L3.0 @
<

)
)

>
0.:.
)

()
0.0
%

5
&
)
%
o,
5
&
X
5
QRN
e
S
B
IS
A
BSOS
S
QS
N
NS
N
< >

X

)

0’ Q)
XA
O
AR
e o
W,

8
450
5
5
0w
5
55
3
o
5

%
O
()
O
9
)
O
3
0’0
0’0
0‘

)
X
3
5
)
S
0
5
5
&

0O

%

h
X
5

8
%

&
5
5

Fig. 10.6. Thermoluminescence emission spectrum of a calcite crystal following X-ray irradiation.
Reprinted from Down et al. (1985). The spectrum was corrected for instrument response. Heating

rate : 40 °C.min—!.

The emission spectrum was found to be unchanged whether Pb, T, or Ce activators were added
to the calcite samples (Schulman et al., 1947). However, if a luminescence quencher was added to
the sample (e.g., Fe?*), a second minor emission peak was observed in the blue - UV region, with a
peak centred around 400 nm (Medlin, 1963). Similarly, the addition of a co-activator also provoked
a significant change in the emission spectrum, with an additional strong peak at 450 nm, and a
shift of the orange-red emission peak to ca 600 nm.

Sommer (1972) studied the cathodoluminescence (CL) emission spectrum of several carbonates,
and revealed that, for Mg-rich calcite, the emission peak varies with the concentration of magnesium;
as the concentration in magnesium increases, and the Ca?" ions are replaced by Mg?* ions, the
maximum of the emission peak is shifted to higher wavelengths. When there is no magnesium

present in the CaCO3 sample, the peak maximum is around 590 nm, whilst a MgCO3 sample has
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an maximum of emission at 670 nm. This behaviour is predicted by crystal field theory (Sommer,
1972); as the proportion of Mg?* ions increases, the metal-oxygen bond length decreases, and
the crystalline electric field increases. Consequently, the energy levels of the excited states Mn?*

decrease, and the emission occurs at longer wavelengths.

Finally, Calderon et al. (1996) studied the emission spectrum of 28 carbonates samples, and
found that a correlation could be drawn between the Mn concentration and the emission bands.
For samples containing a large concentration of Mn, the emission took the form of a broad peak,

whilst for samples with a low concentration of Mn, the emission was resolved into narrower bands.

10.2.4 Dose response

The peak of the TL glow curve potentially most suitable for emergency dosimetry is the lower
temperature peak (82 °C), as this temperature range would enable the direct measurement of fillers
embedded in the plastic (without prior removal of the fillers), and avoid issue of a native signal
related to the higher temperature region. However, little is said in the literature about the dose
response characteristics of the lower temperature peak. Although Chithambo et al. (2014) studied
the dose response of this peak and found a sub-linear dose dependence in the range of dose 200 -
1400 Gy; and De Lima et al. (2001) found a saturation dose value for the lower temperature peak
of ca 10* Gy, the low dose behaviour of this peak does not appear to have been well characterised
in the low dose region so far. The higher temperature peak was studied for dosimetry purposes,
and was found to exhibit a linear dose response in the range 0.10 mGy-5.40 Gy (Kalita and Wary,
2016).

The energy response to photons of the high temperature peak was studied by Engin and Giiven
(2000) and they found a peak in the energy response for photons below 200 keV. The response
peaked at a photon energy of 140 keV, where the sensitivity was approximatively 8 times higher
than that obtained for energies above 200 keV.

Although no TL emission has been reported following neutron exposure, Silletti et al. (2012)
reported a change in some features of the cathodoluminescence spectra upon neutron irradiation,
producing a shoulder in the CL spectrum at 515 nm, in addition to the main 600 nm peak. The
growth of the feature at 515 nm increased linearly with neutron dose, for a neutron flux in the range

(2.46x1012-2.46x10'3) neutrons/cm?, which prompted the authors to propose calcite as a passive
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dosimeter for forensic detection of nuclear material emitting neutrons.

10.2.5 Fading

The 82 °C peak, has been examined to be unstable with storage time (Singh and Ingotombi, 1995),
and kinetic studies have attributed a lifetime of a few hours at ambient temperature (see Section
10.2.7 below). Visocekas (1979) identified a mechanism of athermal loss of charges associated with
TL peaks by measuring the TL of calcite samples following storage in liquid nitrogen and noticed
a subsequent loss of the signal below 130 °C, which he attributed to the presence of tunnelling of
charge. Section 10.2.7 contains a discussion of a tunnelling model for calcite.

Most of the literature focused on the stability of the 296 °C peak, which showed negligible fading
(Kalita and Wary, 2016). Furthermore, a calculated lifetime of ~ 10% years at room temperature

deemed this peak suitable for dating applications (Debenham, 1983; Wintle, 1977b).

10.2.6 Optical effects

Pure calcite has a fundamental lattice adsorption for wavelengths shorter than 225 nm (Schulman
et al., 1947). Medlin (1964) noted that the *G(Ti,4) — 69 transition of Mn is a forbidden transition,
and consequently cannot be directly directly optically excited, and for CaCOs:Mn samples (con-
taining no co-activators, such as Pb, Tl or Ce), a lack of fluorescence response under ultra-violet
light was observed by Schulman et al. (1947). However, ultra-violet light may be absorbed by a
co-activator centre (Pb, T1, Ce), in the case of Pb, absorption of UV can stimulate the transition
1Py = 1S5 or 3P, — 1Sy (Medlin, 1963), from which energy is transferred directly to the activator,
giving rise to “sensitised” luminescence emission (Dexter, 1953), a process in which an activator
emits light because of the absorption of light in a different centre (sensitizer), and subsequent non
radiative transfer from the sensitizer to the activator.

In the absence of sensitizers, Medlin (1964) noted that the Mn?* colour centres associated with
the TL emission were stable under UV exposure below the sublimation temperature of dry-ice (ca
- 80 °C).

Ugumori and Tkeya (1980) used short wavelength stimulation (337 nm) to produce OSL decay
curves, and found a linear relation between the OSL signal and the distance from the surface of

a natural limestone, indicating that bleaching of the OSL signal by natural light had occurred in
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natural calcite samples. Galloway (2002) used a slightly longer wavelength (370 nm), but found an

OSL signal decreasing with increasing absorbed dose.

The optical bleaching of the TL signal has been investigated by several authors, for its potential
to date the surface exposure of limestone to light. De Lima et al. (2001) studied the decrease of
individual TL peaks of calcite following UV exposure (400 W mercury lamp), and found that the
intensity of the low temperature peak decreased by about 50% within 30 min of exposure to light,
for a previously irradiated sample. The portion of loss attributed to thermal fading in this study
is, however, not clear. Other studies focused on the higher temperature peaks, and made similar
conclusions regarding the decrease of the TL signal following exposure to sunlight (Liritzis et al.,
1996; Bruce et al., 1999; Kim and Hong, 2014). Liritzis et al. (1996) found a loss of signal of the
280 °C peak of 80-90 % after 130 h of solar bleaching.

Finally, Ugumori and Ikeya (1980) found that exposing a previously irradiated sample to a 337
nm illumination reproduced the 80 °C peak, via a phototransfer of charge to the traps responsible
for this peak. They attributed a lifetime of 10 hours to this phototransferred TL (PTTL) peak.
Phototransfer measurements made by Bruce et al. (1999) using a solar simulator emphasised a
competition between phototransfer and bleaching in the region 108-202 °C of the PTTL glow curve.
The signal, taken as the TL integral in this region increases for illumination times 0-4 min, and was

found to decrease for longer times.

10.2.7 Kinetic parameters

Medlin (1961) first assumed that the decay of phosphorescence observed in calcite resulted from
a Gaussian distribution of trapping levels assuming that re-trapping between levels was negligible.
Kirsh et al. (1987) set up an alternative model with a distribution of frequency factors, rather than
energies, and reported a good correlation between their model and experimental results. Further-
more, Medlin (1961, 1964) argued on the basis of thermally stimulated conductivity measurements
that a tunnelling process between holes and trapping centres was involved for the main TL peak
at 80 °C. This was supported by the isothermal decay results obtained by Visocekas et al. (1976),
where it was shown the isothermal decay at low temperature was independent of the temperature
of the measurement, and followed a t~! law (where t is the storage time) which is characteristic

of tunnelling. De Lima et al. (2001) also found a ¢t~! decay law of the the TL signal under UV
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Table 10.2: Value of activation energy and frequency factor found in the literature, with associated

calculated lifetimes at 20 °C and -15 °C.

Reference Activation energy Frequency factor Lifetime at 20 °C Lifetime at -15 °C
(eV) (™) (h) (h)
Medlin (1961) 0.625 1.4x107 1.1 32
Visocekas et al. (1976) 0.62 2x107 0.64 17
Kirsh et al. (1987) 0.73 5x10% 2 100
Pagonis and Michael (1994) 0.72 7x10% 0.96 46
Singh and Ingotombi (1995) 0.85 2.73x10%° 4.2 408
Pagonis et al. (1996) 0.78 (1-7)x 10" 0.1-0.72 6-47
Chithambo et al. (2014) 0.90 4.9x10M 1.71 215
Kim and Hong (2014) 0.75 1.1x10° 2 112
Kalita and Wary (2016) 0.60 (1.17 - 2.47)x10° 0.23 - 0.49 6 - 12

exposure, which he similarly attributed to tunnelling, and proposed a thermally assisted tunnelling
mechanism from the carbonates groups to the Mn ions in calcite. However, the higher temperature
peaks (> 100 °C) seem to originate from delocalised transitions, and follow a kinetic of order higher

than 1, whilst the 80 °C peak was found to be of first order (Kirsh et al., 1987; Pagonis et al., 1996).

Values of activation energy found in the literature are listed in Table 10.2, and they appear
to be relatively consistent with each others with values between 0.60-0.90 eV for the ca 100 °C
peak. These relatively low activation energies at relatively high temperature are explained by a
tunnelling process (Visocekas et al., 1976). Activation energies of 0.92, 1.01, 1.52 and 1.72 eV were
calculated by Kirsh et al. (1987) for the additional peaks (at 152, 179, 254 and 296 °C respectively).
If activation energy estimates appear to be relatively consistent, the value of the frequency factor,
s, for the 100 °C peak varies between authors. Anomalously low values of 107-10%8 s~! have been
reported by Medlin (1961); Visocekas et al. (1976); Kirsh et al. (1987); Pagonis and Michael (1994)
while author authors reported higher values above 1010 s=! (Singh and Ingotombi, 1995; Pagonis
et al., 1996; Chithambo et al., 2014). The lifetime at 20 °C and -15 °C were calculated for each
values of activation energy and frequency factors, and they indicated lifetimes of a few hours at
ambient temperature and 10-400 hours at -15 °C. However, with the possibility of a distribution of
traps, the peak shown in Fig. 10.3 may be associated with traps having longer lifetimes, which is a

crucial issue for emergency dosimetry.
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Kalita and Wary (2014) proposed a band gap model for the TL of calcite (Fig. 10.7), and
although this model does not account for a distribution of trapping levels associated with the low
temperature peak, the transfer of charge by UV illumination and tunnelling are illustrated in this

model.

Fig. 10.7. Band gap diagram of calcite showing trapping levels (A, B and C) and a recombination
centre (R). The open circles indicate holes and the red filled circles electrons. The black arrows
show transitions at the recombination centre; the green arrow represents the charges transferred
to the conduction band by UV stimulation; the blue arrows indicates the transfer of charges by
thermal stimulation (TL); the red arrow accounts for tunnelling. Redrawn from Kalita and Wary

(2014).

As the 82 °C temperature peak results from a continuum of trapping levels, the usual method to
determine the kinetics parameters have to be applied cautiously. Pagonis and Michael (1994) used
various techniques to calculate the kinetic parameters associated with the low temperature peak,
and found some of them to be inconsistent for a peak resulting from a distribution of trapping
levels. Whereas the T5y,q4-T'stop procedure combined with the initial rise method is a good indicator

of the presence of a distribution of F values, it does not always provide reliable information on the
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trap depth. The whole glow peak method, using the total integral of a peak, is not applicable for
overlapping peaks; and for several overlapping peaks, the isothermal decay curves would be the sum
of the linear plots which are nearly impossible to analyse (McKeever, 1988, p. 103). However, a
curve fitting procedure is potentially suitable, if a narrow distribution of energies can be assumed.

Thermal annealing was found to have an effect on the TL kinetic parameters of calcite (Pagonis
et al., 1996; Medlin, 1961). The decay of phosphorescence yielded a significantly longer lifetime, the
width of the Gaussian distribution of energies of the first peak narrowed down following annealing

above 500 °C, explaining why the TL peaks change both in shape and sensitivity.

Whilst the kinetics of the 82 °C peak have been thoroughly examined, there seems to be a lack
of information regarding the dose response and fading characteristics of this peak. This chapter will
therefore aim to both compare the thermoluminescence characteristics of calcium carbonate used as
fillers in coatings with results reported in the literature, and where needed to complete the existing
literature. The issues that will be addressed in this chapter are : 1) how do the thermoluminescence
properties of calcium carbonate fillers found in the coating of bags compare to the properties of the
TL calcite described in the literature? 2) Are these properties suitable for emergency dosimetry
applications, especially in terms of fading and dose response? And finally, 3) what are the optimal

protocols and instrumentation for dose determination using calcium carbonate fillers?
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10.3 Samples and protocol

10.3.1 Samples

The samples used in this chapter comprised a set of nylon fabrics coated with polyurethane (PU),
and of a set of handbags and backpacks. The bags were obtained second hand, and were different
in their fabric composition, colour and structure. In some cases, the fabric of the bag was made
of woven fibres coated with polyurethane that contained calcium carbonate, and in others the
fabric composing the bag was made of a thermoplastic fabric containing the fillers, in the case of a
faux-leather polyurethane sheet. Tables 10.3 and 10.4 list the samples with their colour. Calcium
carbonate fillers were identified using their characteristic TL response and powder X-ray diffraction
(XRD) measurements. Fig. 10.8 shows an example of a red faux leather bag (bag 16), in which
calcium carbonate fillers were identified within the red plastic outer layer, and an internal layer
of padding was also found to contain a similar filler. Fig. 10.9 shows a backpack (bag 11) where
calcium carbonate fillers were found in the coating of the fibres (Fig. 10.9). Swatches of fabric
179, “LED” conference bag, bag 21 (woven fibres coated with thermoplastic) and bags 16 and 19

(thermoplastic faux leather) are provided in Appendix A.

Fig. 10.8. Image of bag 16. This bag was composed of a red faux-leather fabric in which calcium

carbonate fillers were identified.
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Fig. 10.9. Image of bag 11 (upper image) with the coated outer side containing calcium carbonate

fillers indicated (lower image).

Page 269



Chapter 10. Case study 3: TL response of calcium carbonate fillers

Table 10.4: List of bag samples and their colours

Sample Colour Fabric de-
Table 10.3: List of the nylon fabric samples scription
coated with polyurethane and their colours. The LED confer- Black Woven fibres coated
. . . . ence” bag
calcium carbonate fillers were identified in the
“RPW confer- Black Woven fibres coated
polyurethane coating. R
ence” bag
Sample Colour Bag 3 Dark blue Woven fibres coated
F4 179 White Bag 4 Blue Woven fibres coated
F# 201 Light grey Bag 5 Black Woven fibres coated
F# 202 Dark olive Bag 6 Black Woven fibres coated
F# 203 Dark navy Bag 7 Blue Woven fibres coated
F4 204 Black Bag 8 Black Woven fibres coated
F4 205 Emerald Bag 9 Black Woven fibres coated
F# 206 Red Bag 10 Black Woven fibres coated
F4 207 Purple Bag 11 Grey/brown | Woven fibres coated
F# 208 White Bag 12 Grey Woven fibres coated
F4 209 Yellow Bag 13 Blue Woven fibres coated
F4 210 Royal Bag 14 Black Woven fibres coated
F# 211 Orange Bag 15 Blue Woven fibres coated
F# 212 Wine Bag 16 Red Faux leather plastic
F# 213 Pink Bag 17 Green Faux leather plastic
F# 214 Taupe Bag 18 Brown Woven fibres, faux
leather plastic
F# 215 Bowen
Bag 19 White Faux leather plastic
Bag 20 Glossy pink | Thermoplastic
Bag 21 Black Woven fibres coated
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10.3.2 Experimental techniques

For TL and OSL measurements, the samples were cut (ca 5x5 mm) to fit in stainless steel cups, and
placed with the coating facing upward. TL glow curves were measured at a heating rate of 0.5 °C.s™!
to a Tiae of 200 °C. Calcium carbonate fillers were also extracted from the coating and deposited
on stainless steel discs, either manually or using a vacuum pump, and for these measurements a
Trnaz of 350 °C was used. A Tz of 200 °C was necessary when measuring the TL of coatings to
minimise the thermal degradation of the plastic. Unless specified otherwise, times between exposure
and read-out were less than 5 minutes. All TL and OSL measurements were conducted in a Risg
model 12 reader (see Chapter 6 for details of the instrumentation) that incorporated a *Sr/?Y
B source. The dose rate delivered by the source in the reader was determined by placing a few
grains of quartz on top of samples of fabrics cut from bags, and measuring the OSL of the quartz
using a U-340 UV filter in the detection unit. A U-340 filter enables detection of the signal from
the quartz, but not from the calcium carbonate fillers. The dose rate delivered was determined
to be of (0.8640.02) Gy.min~!. Further details on the dose rate delivered to grains of calcium
carbonate in a polyurethane (PU) matrix will be given in Chapter 12. The PMT primarily used for
the detection was an EMI 9635. Another PMT, the Hamamatsu R2949 was also employed in this
chapter, for its enhanced sensitivity in the red. The detection window either comprised the fused
silica window, or an OC 12 filter (550-3000 nm band pass). The measurements of fading and dose
response were repeated on several samples of the same bag or fabric to test for the uniformity of the
response. Each sample of the set (Tables 10.3 and 10.4) was tested for its TL response and fading

characteristics.

The OSL measurements were conducted using the EMI 9635 PMT, and the samples held at
a temperature of 50 °C during measurements. When the blue stimulation (470 nm) LEDs were
employed, the signal was detected through a UV filter (U-340), and when IR stimulation (850 nm)

was used, a broad band filter (BG-39) was employed.

The scanning electron microscope (SEM) and cathodoluminescence (CL) measurements were
conducted using a Hitachi SU-70 field electron gun (FEG) scanning electron microscope, coupled to
a Gatan Mono-CL cathodoluminescence and a Pixis CCD for cathodoluminescence spectroscopy and
imaging. The samples were cut into square and deposited on carbon patches for the SEM and CL

analysis. Additional measurements were conducted on calcium carbonate fillers extracted from the
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fabrics using a vacuum pump, and deposited on carbon patches. The SEM and CL measurements
were conducted at a beam voltage of 10 kV (44 mA). The CL spectroscopy measurements were
collected using a single photon counting mode and a monochromator 1200 lines/mm diffraction
grating with entrance and exit slits set to 5 mm (30 nm FWHM).

Mapping and point X-ray fluorescence (XRF') measurements (Oxford Instruments EDX system,
X-MaxN 50 Silicon Drift Detector) were conducted on calcium carbonate fillers extracted from the
fabrics. The X-ray diffraction pattern was obtained using a Bruker AXS D8 Advance equipped
with a Lynxeye Soller PSD Detector. The source of X-ray was a copper tube producing a mixture
of Cu-K,1 and Cu-K,9 at a wavelength of 1.5406 A. XRD measurements were carried out on cut

samples of fabrics.

10.4 Material characterisation

An optical microscope observation of the coating of the fabrics forming the bags revealed the
presence of numerous crystal - like inclusions, likely to be calcium carbonate fillers. They appear as
white dots in Fig. 10.10, and they were visible at the surface of the coating, but were more readily
identified once the surface of the coating had been scraped using a scalpel blade. They were loosely

bonded to the PU matrix and easily removable.

10.4.1 Scanning electron microscope imaging

SEM images produced further details of the fillers embedded in the polyurethane coating or the
plastic fabric of the bags (Fig. 10.11a). To better observe the shape and size of the fillers found in
the coatings, the grains were extracted from the PU matrix using vacuum tweezers and deposited
onto a carbon patch, suitable for SEM analysis (Fig. 10.11b). The size of the fillers was found to
vary from tens of microns to a few microns, and the shape of the grains was also observed to be

very variable with sharp edges, characteristic of poorly sorted recently crushed material.
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Fig. 10.10. Optical microscope image of the PU coating of the “LED conference bag”, showing

the calcium carbonate fillers included in the PU coating (circled in red). Magnification x 6.
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Fig. 10.11. a) SEM image (secondary electrons) of the fabric of bag 19, sample coated with 10
nm of platinum. The red circles identify some calcium carbonate fillers. b) Image of inclusions

extracted from the PU matrix of F# 204 (uncoated samples). Electron beam 10 kV in both cases.
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10.4.2 Elemental analysis
X-ray fluorescence

Point X-ray fluorescence (XRF) spectrum obtained with grains extracted from the PU coating are
consistent with a carbonate composition (Fig. 10.12) and spatially resolved measurements indicated
a homogeneous composition across the samples tested. The presence of magnesium was found in

some samples (Fig. 10.12b) suggesting that the source of some fillers was a magnesium limestone.
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Fig. 10.12. XRF spectrum of fillers grains extracted from the PU coating of a) bag 16 and b) bag
21 fabrics.

X-ray diffraction

Fig. 10.13d shows the X-ray diffraction pattern of F# 179 (white nylon fabric coated with PU).
The many narrow peaks in the diffraction spectrum indicate the high crystallinity and the pattern
corresponds to that of calcite (Fig. 10.13 a). Additional lines of unidentified minerals were also
present that could correspond to minerals found in quarries (dolomite, sand or chert; Folk 1962).
Other samples (e.g., bag 16, Fig. 10.13b) were dominated by calcite. The broad peaks observed

in some samples at low angles (Fig. 10.13c) are likely to correspond to the plastic (polyurethane
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or others) in which the calcium carbonate fillers are embedded . Although some variations were
observed in the XRD pattern of the samples tested, the peaks corresponding to calcite were found

in all the samples producing TL.
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Fig. 10.13. XRD pattern a) calcite, b) bag 16, ¢) bag 21 and d) F# 179. The broad peaks likely
to correspond to the polymer are indicated by a square in (¢). The broken lines indicate position

of the characteristic peaks of calcite.

The XRF and XRD spectra confirmed the nature of the inclusions found, most likely to be

ground limestone.
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10.4.3 Cathodoluminescence
Cathodoluminescence imaging

Cathodoluminescence (CL) imaging, performed on the PU coating of a bag (the “LED conference”
bag) revealed that the fillers exhibited strong CL (Fig. 10.14), whereas the PU matrix, in compar-
ison, was relatively dim. To obtain a better image, the surface of the coating was lightly scraped

with a scalpel blade and the sample coated with 10 nm of platinum to avoid charging.

Fig. 10.14. CL image of the “LED conference bag”’, sample coated with 10 nm of platinum,

electron beam 10 kV. The red circles indicate some calcium carbonate fillers.

Cathodoluminescence spectroscopy

The CL spectrum of the fillers was very broad, extending over the range of the spectrometer
with several emission bands above 500 nm (Fig. 10.15) and a dominant peak around 630 nm,
characteristic of the orange-red emission of calcite (Down et al., 1985). A second peak in the blue

(400 nm) was also indicated. The spectrum, when deconvoluted using Gaussian functions, contains
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peaks with energies of 1.85 eV, 1.92 eV and 2.95 eV (Fig. 10.15b). This is consistent with TL
emission spectra of calcium carbonate reported, with a main emission in the red centred around
620 nm (2 eV; Sunta 1984). Based on the data obtained by Sommer (1972), a peak maximum ~
650 nm for the “LED conference bag” corresponds to an high Mg content sample (ca 60-70 % mole

content).
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Fig. 10.15. a) “LED conference bag” CL spectrum, wavelength scale and b) energy scale showing
Gaussian functions fitted to the spectrum, centred at 1.85, 1.92 and 2.95 eV. The spectrum was
corrected for instrument response and the spectrum intensity has been corrected for the energy

scale.
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10.5 OSL and IRSL response

The OSL (blue stimulation, 470 nm) signal of an unirradiated sample of F# 179 (white nylon fabric
coated with PU) was significantly above background (ca 200 photon counts per 0.02 s, see Fig.
10.16a) that increased with the illumination time (to ca 500 photons counts per 0.02 s). Repeated
measurements showed the same level of response, indicating that this sample is subject to a photo
- stimulated process. Following a 10 Gy 8 dose, the signal read straight after the irradiation (< 5
min) with a sample temperature of 50 °C decreased slightly. However, the photo-stimulated lumi-
nescence was only observed in white samples, indicating that it may be associated with a dye or
bleaching process of the plastic, and not associated with the calcium carbonate filler. Although no
significant response to § radiation was observed under OSL, the UV emission detected is consistent

with the weak UV emission band in the UV region in the CL spectrum (Fig 10.15a).

The IRSL response of F# 179 (white nylon fabric coated with PU) exhibited a signal that was
dependent to dose (Fig. 10.16b), although the form of the signal did not follow a conventional
decay curve, remaining constant to one second of stimulation and slowly decreasing thereafter. The
likely explanation for the form of this signal is a thermally assisted release of charge from shallow
traps, induced by holding the sample at a temperature of 50 °C. The temperature of 50 °C was
initially chosen to block the shallowest traps during the IRSL measurement. For higher samples
temperature during the IRSL measurements, the intensity of the signal increased but the shape of

the signal remained similar to samples temperatures of 150 °C.
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Fig. 10.16. a) OSL response of F# 179, and b) IRSL response of F# 179. Open squares : native
signal; open circles : signal following 10 Gy § dose; open triangle : subsequent residual signal. Risg

system, detection filters : U-340 (OSL) and BG-39 (IRSL), sample temperature : 50 °C.
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10.6 TL response

10.6.1 Detection window

The CL measurements indicated a strong luminescence emission around 630 nm (Fig. 10.15a).
To optimise the measurement of the TL emission of the 82 °C peak, the TL was measured using
different detection windows, by inserting various sharp cut filters (HC11, HC15, OC12, KC11, KC15
and KC19) in the detection system. Fig. 10.17a and 10.17b shows the transmission of the filters

used.
oJHC1T - —\, ST — B —
60| L 1 ! 1 T ) | J -
— 40 — 40 + : '
L 2 = | |
< HC15 S <
c — —
= 80 1 /_ ¥ g 80 KC15| \
N 60 B 60
un { k 7]
40 t 1 — 40 ! 4 1
E 20 yi g .
c
E 50 0C12 — g . KC19
40 40
: ) L o =
300 400

500 600 700 800 1000 1500 3000 300 400 500 600 700 800 1000 1500 3000

Wavelength (nm) Wavelength (nm)

(a) (b)

Fig. 10.17. Transmission of the sharp-cut optical filters used. a) HC11, HC15 and OC12, b) KC11,
KC15 and KC19.

The TL signals were recorded with a sample of bag 16 (red faux leather handbag) following (3
irradiation 1 Gy using the different filters (Fig. 10.17a and 10.17b). The TL signal (integral 140-160
°C) for each filter was normalised to the signal obtained using the fused silica window only (> 175
nm) and plotted in Fig. 10.18 against the wavelength of the sharp-cut (lower range). As can be seen
on Fig. 10.18, the TL signal was only significantly reduced when filters transmitting wavelengths
longer than ca 600 nm were used. This indicates that the blue emission is minor in this sample,
and that the emission around 600 nm is predominant for the 100 °C TL peak. Furthermore, the
TL signal measured using the filter KC 19 (> 700 nm) is still of ca 16% of the signal measured
using filter HC 11 (> 400 nm), indicating the presence of emission above 700 nm. These results are

consistent with the broad emission bands observed by Medlin (1959).
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Fig. 10.18. TL integral in the region 140-160 °C of bag 16 following f irradiation (1 Gy) using
different sharp-cut filters. The x axis indicates the wavelength above which the transmission of the
filter is at 50% (A50%). The TL signals have been normalised to the intensity of the signal detected
through a silica window (detection above 175 nm). PMT : Hamamatsu R2949. Filters : HC11 (>

400 nm), HC17 (> 500 nm), OC12 (> 550 nm), KC11 (> 600 nm), KC 15 (> 650 nm) and KC 19
(> 700 nm).
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10.6.2 TL glow curve

All the samples tested (Tables 10.3 and 10.4), except bags 3 and 8, were found to produce a TL sig-
nal following the administration of a radiation dose. The fibres composing the fabric (woven fibres)
of bag 8 were uncoated and bag 3 was coated with a thermoplastic that did not contain calcium
carbonate fillers. Bag 8 presented an interesting case, where calcite was detected in the sample by
the means of XRD, but no TL signal was detected. However, additional EPR measurements did not
detect the presence of the Mn?* radical, indicating that the type of calcite included in the sample

did not contain manganese, thus preventing the emission of light (see Section 10.2.2).

Following exposure to ionising radiation, the remaining samples exhibited a TL glow curve of
similar shape when using a heating rate of 0.5 °C.s™!, with two relatively broad peaks located
below 200 °C, centred at ca 25 and 100 °C (Fig. 10.19a), except for some samples where the peak
positions were shifted (Fig. 10.19b). A native signal was also observed in some unirradiated samples,
as shown in Fig. 10.19a. The native glow curve is different in shape to the g induced TL glow curve
with the TL signal increasing steadily with temperature above 125 °C. The possible origin of this
native signal is discussed further below. In some samples, a high background signal was observed
at temperatures above 100 °C (Fig. 10.20). This background signal was independent of dose and
was also observed with unirradiated samples. It was found to be reproducible, indicating that it
was not associated with residual trapped charges, but was possibly induced by a chemiluminescence
process, or other form of luminescence occurring at high temperatures.

The brightness of the TL signal was found to vary from one sample to another, which is reflected

in the variability of the values of the estimated detection limit of the samples (see Section 10.6.5).
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Fig. 10.19. a) Native TL and TL following a 1 Gy /3 dose administered to a sample of bag 5. b)
TL following a 10 Gy (3 dose to samples taken from bags 19 (open black squares), 4 (open inverted
green triangles) and F# 179 (golden horizontal bars). The glow curves were normalised by the total
number of photon counts. Detection window : fused silica window, heating rate : 0.5 °C.s™!, no

preheat.
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Fig. 10.20. Background TL signal of the faux leather the coated woven fibres bag 16 (black
squares) and bag 4 (red circles). PMT: Hamamatsu R2949, detection window : OC 12, heating rate
: 0.5 °Cs7L.
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The glow curve observed from the extracted fillers grains showed a shape similar to the TL of
the bags and fabrics, although the 80 °C peak appeared to be narrower (Fig. 10.21), and likely to
be due to reduced thermal lag. Extraction of the filler grains from the fabric coating also enabled
TL measurements to be carried out to a higher temperature. Fig. 10.22 shows the native signal
and the TL signal induced by a dose of 10 Gy to filler grains extracted from the coating of the
LED conference bag. A strong native signal with a main peak around 300 °C, and possibly a minor
overlapping peak around 250 °C was observed with the extracted filler grains, and in comparison,
the B induced signal was very weak. Measurements conducted in a nitrogen atmosphere did not
reduce this native signal. Due to the stability of the TL signal in the region ~ 300 °C (see Section

10.2.5), a likely explanation for the origin of this signal is a residual geological signal.

— 0.010 +

0.008 -

0.006 -

0.004

0.002 ~

TL intensity (photon counts

0.000 A

0 50 100 150 200
Temperature (°C)

Fig. 10.21. TL of the PU coating of a sample from the “LED conference” bag (black squares) and
of filler grains extracted from the coating (red circles) following a 10 Gy  dose. The TL glow curves
were normalised by the total number of photon counts. Detection window : fused silica window,

heating rate : 0.5 °C.s7L.

The p-induced TL signal of the filler grains measured to 300 °C showed an additional TL peak
centred at ~ 250 °C, possibly associated to the native signal (Fig. 10.23). However, this peak
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Fig. 10.22. Native TL (black squares) and TL following a § irradiation (10 Gy, red circles) of filler
grains extracted from the PU coating of the LED conference bag. Detection window : fused silica

window, heating rate : 0.5 °C.s~%.

cannot be used for emergency dosimetry due to the strength of the native signal, and might have a

potential influence on the lower temperature peaks used for short term dosimetry.
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Fig. 10.23. TL following f irradiation (2 Gy, black squares; and 5 Gy, red circles) of filler grains

extracted from the PU coating of the LED conference bag. Detection window : fused silica window,

heating rate : 0.5 °C.s™ L.
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10.6.3 Blue vs red sensitive PMT

A similar orange-red emission to that of calcite is expected for calcium carbonate fillers and was
confirmed by CL measurements (see Section 10.4.3); therefore the detection system used for TL
measurements must be able to detect wavelengths of above 600 nm. TL measurements were per-
formed both with an EMI 9235QA and a Hamamatsu R2949 detectors. The red sensitivity of the
R2949 tube made it more suitable for the detection of red emission from calcium carbonates, as

discussed in Section 10.2. Fig. 10.24 compares the quantum efficiency of these two photomultipliers.

10 -

Quantum efficiency (%)

0.1 5

0 200 400 600 800 1000
Wavelength (nm)

Fig. 10.24. Quantum efficiency of the Hamamtsu R2949 (red dots) and EMI 9235A (black con-

tinuous line) PMTs. Data extracted from the manufacturers’ manual.

Measurement of the TL signal performed with the same sample with the EMI 9235 PMT and the
Hamamatsu R2949 confirmed that the signal recorded was stronger with the Hamamatsu R2949.
Optimally, the signal was 50% stronger with a filter OC12 (> 550 nm) and a Hamamatsu R2949
compared to the EMI 9235 (Fig. 10.25).

Further comparative measurements made with the EMI 9235 and the Hamamatsu R2949 indi-

cated that using the red sensitive R2949 tube reduced the intensity of the native signal compared
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Fig. 10.25. TL glow curves measured with samples taken from bag 7 following § irradiation (10
Gy). Detection window : OC 12; PMT : EMI 9235 (open black squares) and Hamamatsu R2949

(open red circles).

relative to the # induced signal. Figs. 10.26a and 10.26b compare the native signal and the 1 Gy
f induced signal for samples cut from bag 7 (dark woven fibres coated with a thermoplastic), and
although the measurements were conducted on different samples (taken from the same location of
the bag) there is a significant reduction in the intensity of the native signal when the red sensitive
PMT is used. This may result from a native signal with a predominantly blue or green emission,
contrasting the red emission of the § induced signal. Additional measurements made using an OC
12 filter (> 550 nm) to suppress the blue and green emission also yielded a reduction of the native
signal relative to the 8 induced signal. For example, Fig. 10.26¢ compares the native and 1 Gy
induced TL glow curves of a sample of bag 7, measured using an OC 12 filter and the Hamamatsu
R2949 PMT, where the native signal is close to background levels. The dose equivalence of the
native signal in the region 140-160 °C (calculated by constructing the dose response curve using
the integral in the region 140-160 °C of the § induced signal, and comparing it to the signal of

the native in the same region) for four different configurations of PMTs and detection windows is
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listed in Table 10.5, and as can be seen, although the dose equivalence of the native signal is 2.6 Gy
using an EMI 9235 and fused silica window, the value decreases to 0.05 Gy using the Hamamatsu
R2949 and OC 12 filter. Hence this last configuration should be favoured when making dose assess-
ment using calcium carbonate fillers, to minimise the effect of the presence of the native signal, on

determination of a dose arising from a contemporary radiological accident.

Table 10.5: Dose equivalence of the native signal of bag 7 (black woven fibres coated with a thermo-
plastic) in the region 140-160 °C using the PMTs EMI 9235QA or Hamamatsu R2949. The signal
was detected either through the fused silica window or a filter OC 12 (> 550 nm).

Detection/filter Dose equivalence (140-160 °C) of the TL native signal (mGy)
EMI 9235 / fused silica window 2661 + 36
EMI 9235 / OC 12 403 £ 10
Hamamatsu R2949 / fused silica window 145 £+4
Hamamatsu R2949 / OC 12 54 + 3
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Fig. 10.26. Native (black circles) and 1 Gy S induced TL (red circles) of bag 7. The TL glow
curves were detected using a) an EMI 9235QA PMT, detection window : fused silica (F'S) window;
b) a Hamamatsu R2949 PMT, detection window : fused silica window; ¢) a Hamamatsu R2949
PMT, detection window : OC 12 filter.
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10.6.4 Dose response

The TL response of calcium carbonate fillers to 5 doses was measured by administering radiation
doses to samples cut from the fabrics and bags doses in the range of interest for emergency dosimetry
(0.1-10 Gy) and recording the TL response as the integral in different regions of the 100 °C peak
(105-135 °C, 140-160 °C, 160-175 °C). Fig. 10.27 shows the TL response of bag 21 (black backpack,
woven fibres coated with thermoplastic) in these regions as a function of dose. The three integration
regions followed a linear increase in intensity with increasing 8 dose, in the range of doses of interest.

The dose response curves were fitted with a linear function forced through the origin, such as :

f(D)=ax D, (10.1)

where D is the administered dose and a the slope of the dose response. All the fabric and bag
samples tested exhibited a similar response to 8 doses, apart from bags 3 and 8, that did not show

a response to dose.
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Fig. 10.27. TL dose response characteristics (5 doses; 0.1-10 Gy) for a sample of bag 21 (black
backpack, woven fibres coated with thermoplastics), for three integration regions : 105-135 °C (open
black squares), 140-160 °C (open red circles) and 160-175 °C (open blue triangles). A linear function
was fitted to the data sets as indicated by the solid lines.
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A plateau test, consisting of verifying whether the dose estimates formed a plateau as a function
of the region of integration, was applied, to examine the dose response characteristics for each data
point of the glow curve, is shown in Fig. 10.28 for bag 16 (red faux leather thermoplastic). The
“accident dose” was of 1 Gy in this case, and this value was recovered to within 5% when adopting
a dose recovery procedure that used single data channels in the region of 50-175 °CC. Below 30 °C,
the value uncertainty in the value of D, is likely to be due to the fading of the 30 °C peak at room

temperature.
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Fig. 10.28. Plateau test performed with a sample cut from bag 16 (red faux leather thermoplastic)
where 1 channel = 1 °C. The value of Dg.. (=1 Gy) was calculated as I7/m, where I is the signal
recorded in the interval T' (2 channels) divided by the gradient m of the dose response curve. D,

was calculated from the dose response data using an integration channel of 1 °C.
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10.6.5 Detection limit

The detection limit was calculated as the dose for which the signal was equal to the background
plus three times its standard deviation, as explained in Chapter 3. The detection limit was found
to vary from sample to sample, depending on sample brightness. However, for all samples, the
detection limit was considered to be sufficiently low for emergency dosimetry purposes (below 0.5
Gy) as shown in Table 10.6. For the brightest samples (e.g., bag 16, bag 19), the detection limit
was found to be a few mGy in the region 140-160 °C of the glow curve. The dimmest samples (bag
10) had a detection limit below 400 mGy.
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Table 10.6: Detection limit in the TL region 140-160 °C for samples of ca 5x5 mm?. The detection
limit was calculated as the dose for which the signal is equal to the background plus three times its

standard deviation. The values of this table were obtained using a Hamamatsu R2949 PMT and
an OC 12 filter.

Sample Detection limit (mGy)
“RPW conference” bag 7T+1
“LED conference” bag 62+ 6
Bag 4 35 +2
Bag 5 69 £ 7
Bag 6 1.1 £ 0.3
Bag 7 26 £ 2
Bag 9 97 £ 6
Bag 10 368 + 22
Bag 11 26 + 3
Bag 12 22.1 £0.3
Bag 13 3.5£0.1
Bag 14 46 + 11
Bag 16 2.44 £ 0.08
Bag 17 45 + 4
Bag 18 60 £ 3
Bag 19 1.21 £ 0.07
Bag 20 245 + 67
Bag 21 1.9+ 0.7
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10.6.6 Sensitivity changes

Repeated cycles of 3 irradiation (10 Gy) and TL measurement were found to give rise to a reduction
of the TL signal (Fig. 10.29, bag 21) though the shape of the glow curve remained unchanged.
However, further investigation indicated that this was the result of the condensation on the first
detection window of vapour released from the sample during heating, causing optical opacity. This
effect required regular cleaning of the window. The use of a nitrogen purge during measurements,
and cleaning of the samples with distilled water, acetone, industrial methylated spirit, white spirit or
dichloromethane before measurement were unsuccessful in removing this effect. Frequent cleaning

of the window was necessary during measurement protocols to minimise this effect.
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Fig. 10.29. Response of the TL signal measured with a sample of Bag 21 (black backpack, woven
fibres coated with thermoplastic) with repeated cycles of § irradiation and TL measurement. The
signal corresponds to the integral of the TL glow curve in the region 140-160 °C and was normalised
by the first signal of the cycle. Detection window : OC 12, PMT: Hamamatsu R2949, heating rate
: 0.5 °Cs™

Mass spectrometry measurement coupled with thermal gravimetric analysis for samples of bags

Page 298



Chapter 10. Case study 3: TL response of calcium carbonate fillers

16 and 21 detected the emission of nitrogen, oxygen, water, silicon, sulfur and calcium for a sample
heated to 200 °C at a heating rate of 0.5 °C.s~!. Fig. 10.30 shows the spectrum obtained for bag
21, but bag 16 had a similar spectrum. Furthermore, the thermal gravimetric analysis determined

that a loss of 4% in mass for bag 21 after heating the sample to 200 °C (3% for bag 16).
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Fig. 10.30. Mass spectrometry spectrum for a sample of bag 21 (black backpack, woven fibres
coated with thermoplastic) for a sample heated to 200 °C. Heating rate : 0.5 °C.s™!, spectrometer
: HAL IV RC RGA.

10.6.7 Discussion

The position of the second TL peak was higher than obtained for calcite (Kirsh et al., 1987), and
this maybe explained by a thermal lag caused by the thickness of the fabric in which the calcium
carbonate filler was distributed. A thermal lag may also account for the variability observed in the
peak position between samples. Furthermore, the potential causes for the variation in intensity of
the TL signal may be related to 1) the colour of the sample, 2) the thickness of the coating, 3)
the density of fillers in the coatings and 4) calcium carbonate fillers of different origins. The TL

signal was found to be strongest for white and red samples, which correlates with the red emission
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spectrum (Fig. 10.15). The correlation between the thickness of the sample and the concentration
of the fillers and the strength of the TL can be explained by the amount of calcium carbonate
present in the sample; thicker coatings would have a higher quantities of calcium carbonate filer.
However, if a self calibration step is included in the procedure, these variations should not matter
for dose assessment.

The position of the extracted filler grains native signal corresponds to the higher temperature
peaks 250-300 °C observed in calcite (Kirsh et al., 1987) and is attributed to the natural geological
dose as this peak was not observed to fade significantly over time (Kalita and Wary, 2016), and as in
the manufacturing process of the fillers (Fig. 10.1) the crushing and sieving operations are unlikely
to thermally erase the TL signal above 200 °C. In addition, the blue/green emission of the native
signal correlates with the spectroscopic measurement of the TL emission of the higher temperature

peak, that indicated emission bands at 560 nm (Townsend et al., 1994; Down et al., 1985).
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10.7 Phototransfer effects

10.7.1 Observations

Measurements performed exposing unirradiated samples to a blue light source (470 nm) and mea-
suring the TL produced a strong native signal (Fig. 10.31 a) decreasing with repeated cycles of
measurements, and with a shape different from the 5 induced TL (Fig. 10.31 b). The narrower
shape of the main peak might be explained by the bleaching of the shallower traps during the blue
illumination. A secondary minor peak located around 180 °C also indicates the presence of an
additional trap in this region. The PTTL glow curve measured following the administration of a 3
dose (10 Gy) on the same sample is similar in shape, and slightly stronger in intensity compared
with the native signal. The PTTL was measured by irradiating samples with a § dose, preheating
t0 Tinaz 200 °C (and concurrent TL measurement) and exposing the samples to a light source (470
nm : 13 mW.cm ™2, 850 nm : 83 mW.cm~2 and white light : ~ 50 £W.cm?) between a few minutes
to hours prior to the PTTL measurements (75,4, 200 °C).

Although PTTL measurement are not likely to be used for dose assessment in emergency dosime-
try due to the strength of the “zero dose” signal, PTTL procedures are of interest to test the sample
susceptibility to light exposure before and after irradiation. The PTTL was therefore also tested by
exposing the sample to white light before TL measurement. A prolonged exposure to white light
(laboratory light, 11.5 hours) produced a native signal from manufactured unirradiated samples
(Fig. 10.32). The PTTL signal produced by exposing the sample for 11.5 hours to white light was
however relatively weak compared to the signal produced under blue (470 nm) illumination, but

the shape of the signal was similar.

10.7.2 Discussion

The native TL signal might originate from the transfer of charges from the deeper traps above 200
°C. Fig. 10.22 emphasised the presence of a very strong native TL signal above 200 °C, from which
charges may be transferred to shallower traps using a PTTL procedure.

Furthermore, the PTTL signal was found to fade as expected when the samples were stored in
the dark. Fig. 10.33 shows the PTTL measured shortly after exposure to white light for one hour,
and compares it with the PTTL measured 72 hours (storage in the dark) after the end of the 1

h white light illumination. The latter signal approximatively matches in shape the native signal
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Fig. 10.31. a) Native PTTL measured with a sample of F# 179 (open blue triangles), b) TL
following f irradiation ( 10 Gy, open black squares) and ¢) PTTL following § irradiation (10 Gy),
TL measurement, 2 min blue illumination (470 nm) at 50 °C and subsequent PTTL measurement

(open red circles). Detection window : fused silica window, heating rate : 0.5 °C.s™!.

observed on the same sample.

The dose equivalence of the native signal was measured in different locations of bag 11 (brown
backpack, woven fibres coated with thermoplastic), some of them being directly exposed to daylight,
others being shielded from light (e.g., pockets). The dose equivalence of the native signal in the
region 140-160 °C was found to be (470 £ 13) mGy for a sample taken in a location shielded from
light, whereas it was (2650 + 40) mGy for a sample taken from the front of the bag, that had been
exposed to daylight. Bag 21, bought new, exhibited a very weak native TL signal (less than a few
mGy).

Part of the g PTTL signal could be caused by remaining charges from the native signal - not
exhausted by the first measurement of the native PTTL signal. This hypothesis was confirmed by
measuring successively twice the native PTTL on the same sample (TL, blue illumination, PTTL

measurement on a fresh unirradiated sample). The measurement procedure yielded a similar signal
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Fig. 10.32. a) Native TL (open black squares) measured with a sample of F# 179 (white woven
nylon PU coated fabric), b) native PTTL using 2 min blue light illumination (470 nm; open red
circles) and ¢) 11.5 h exposure to white light (open blue triangles). Detection window : fused silica

window, heating rate : 0.5 °C.s™!.

for the first and the second readout, indicating that the native PTTL reservoir of charge was not
exhausted by the first measurement. Another explanation for the native signal could also be that

it originates from a photo-stimulated TL (PSTL) process not depending on dose.
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Fig. 10.33. Native TL measured with a sample of F# 179 (black squares), PTTL following 1 h
white light illumination measured shortly after the end of the illumination (red circles) and PTTL
measured following white light illumination 1 h and storage in the dark 72 h. Detection window :

fused silica window, heating rate : 0.5 °C.s~!.
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10.8 Fading

10.8.1 Ambient temperature fading

The fading behaviour of the TL was tested by irradiating the samples with a g dose (10 Gy),
storing them in the dark at ambient temperature, and measuring the TL following storage. Fig.
10.34 shows the TL glow curves of bag 16 (red faux leather) measured immediately after the
irradiation, and after storage periods of 0.5 and 24 h. In addition to the decrease in intensity of
the TL, the peak maximum shifts to higher temperature with increasing storage time, reflecting
a continuum of trapping levels. The fading rate is therefore critically dependent on the region of

integration, and for more precise results, narrow integration intervals (2 °C) were preferred.
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Fig. 10.34. TL glow curves measured with a sample of bag 19 (white faux leather) following g
irradiation (10 Gy) and storage in the dark at room temperature 0 h (open blue triangles), 0.5 h
(open black squares) and 24 h (open red circles). PMT : Hamamatsu R2949, detection window :
OC 12, heating rate: 0.5 °C.s™ 1.

Fig. 10.35 shows the remaining TL signal of F# 179 (white woven fibres of nylon coated with
PU) in the regions 140-142 °C and 158-160 °C after storage in the dark at ambient temperature
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for storage periods 0.5 - 744 h. The interval of the TL glow curve that was found most suited
for emergency dosimetry was between 140-160 °C as it combined a greater stability of the signal,
a lower native signal and intensity sufficiently high in this region. The intervals 140-142 °C and
158-160 °C were thus chosen on Fig. 10.35 as the extremity of the TL glow curve temperature
interval. The fading behaviour appears to be complex for this sample (F# 179), as 1) for periods
of storage up to ca 5 h, the fading rate in the 140-142 °C integral region is slightly less than in
the integral region 158-160 °C, and 2) for storage periods longer than 5 h, the fading rate for the

integration region 158-160 °C is lower.
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Fig. 10.35. TL signal remaining following § irradiation and storage in the dark at room temper-
ature 0.5-744 h of F# 179 (white nylon woven fibres coated with PU). The remaining signal was
calculated as the integral in the region 140-142 °C (open black squares) and 158-160 °C (open red
circles) and normalised to the signal measured immediately after the irradiation (< 5 min). The
solid lines indicate function 10.2 fitted to the experimental data. The broken lines, and Ay, As and
A3 are the components of the fading in the 140-142 °C region. Detection window : fused silica

window, heating rate : 0.5 °C.s~ L.

However, the fading in both cases was fitted with a combination of exponential functions, such
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as :

t t t
y(t) =yo + Arexp (—T> + Az exp (—T> + Az exp (—) : (10.2)
2

1 73
The coefficients g, A1, t1, As, ta, As, t3 are listed in Table 10.7 for the integration regions
140-142 and 158-160 °C. The coefficients indicate the presence of a stable component for the region
158-160 °C (yo = 0.20 £ 0.01) for storage times up to 744 h, whilst for the region 140-142 °C, the
value of the stable component appears to tend toward zero. Furthermore, if the first two components
(component 1 and component 2) seem to have a similar lifetime (73 and 75 respectively) for both
integration regions, component 3 has a significantly longer lifetime for an integration region 158-160

°C (13 = 301 £ 62 h) compared with the region 140-142 °C (73 = 126 + 6 h).

Table 10.7: Fading coefficient of F# 179 calculated by fitting function Eq. 10.2 to the experimental
data, calculating the remaining TL signal as the ratio of the signal in the regions 140-142 °C and

158-160 °C, for storage periods 0.5-744 h, to the signal measured immediately after [ irradiation.

Integral 140-142 °C | Integral 158-160 °C
Y0 0.066 + 0.003 0.20 £ 0.01
Ay 0.116 £+ 0.005 0.206 = 0.007
71 (h) 0.25 £ 0.04 0.21 £ 0.03
As 0.43 £ 0.01 0.28 £ 0.02
72 (h) 11.3 £ 0.6 14 £2
As 0.38 £ 0.01 0.31 £ 0.01
73 (h) 126 £ 6 301 £ 62

However, variability in the fading rates was observed between samples (Fig. 10.36) as indicated
by the TL fading rate (integral in the region 158-160 °C) of bags 11 (brown backpack woven fibres
coated with a thermoplastic), 19 (white faux leather fabric) and 21 (black woven fibres coated with
a thermoplastic) and F# 179 (white woven nylon fibres coated with PU). The TL faded by 34 %
and 70% after 24 h of storage in the dark for bags 19 and 21 respectively. This suggests that the

use of common fading correction would be inappropriate, although all the samples tested appeared

Page 307



Chapter 10. Case study 3: TL response of calcium carbonate fillers

to follow an exponential decay.
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Fig. 10.36. TL signal remaining following irradiation and storage in the dark at room temperature
0.5-24 h of bag 19 (white faux leather, open black squares), bag 21 (black backpack, woven fibres
coated with a thermoplastic, open red circles), bag 11 (brown backpack, woven fibres coated with
a thermoplastic, open blue triangles) and F# 179 (white woven nylon fibres coated with PU, open
inverted green triangles). The remaining signal was computed as the integral in the region 158-160
°C and normalised to the signal measured immediately after the irradiation (0 h). Risg system,

detection window : OC 12, PMT : Hamamatsu R2949, heating rate : 0.5 °C.s~!.

The higher temperature peak (ca 250 °C), observed in the filler extracted from bags or fabrics
exhibited negligible fading compared to the lower temperature peaks (Fig. 10.37), consistent with
expectation (Kalita and Wary, 2016). However, due to the strength of the native signal in this

region, this peak cannot be used for emergency dosimetry.

10.8.2 Low temperature storage

An efficient way to reduce the fading rate is to store the sample at a lower temperature, and tests

were conducted by storing the samples at -15 °C in a freezer. The fading was measured with
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Fig. 10.37. TL glow curves of calcium carbonate filler grains extracted from a sample taken from
the “LED conference” bag, measured immediately after 8 irradiation (10 Gy, open black squares)
and after 5 h storage in the dark at ambient temperature following /3 irradiation (10 Gy, open red

circles). Detection window : fused silica window, heating rate : 0.5 °C.s~ .

multiple samples, but reproducibility was tested with samples of the same bag or fabric. Fig. 10.38
shows the fading of the TL signal in integration regions 140-142 °C and 158-160 °C of F# 179,
after irradiation and storage in the dark at -15 °C for periods of storage 0.125-183 days. Compared
with the fading at room temperature, for which only ca 6% of the signal in the region 140-142
°C remained after 30 days of storage, the loss in TL signal for the sample stored at -15 °C is
significantly less. After 30 days of storage at -15 °C, the region 140-142 °C retained 75 % of initial
signal and in the region 158-160 °C, 89 % remained, and after two days of storage, no significant
fading was detected. The significant reduction in fading for samples stored at -15 °C indicates that
the dominant mechanism of fading is a thermal loss of the charges. Measurements conducted on
other samples indicate negligible fading for the integration region 158-160 °C when tested for up
to two days of storage at -15 °C. However, for longer storage periods where the fading was not

negligible, the fading rate was also found to be sample dependent, where the samples that exhibited
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the highest rate of fading at ambient temperature were also found to have the fastest fading rate
at -15 °C (e.g., 43 % of remaining signal for F 179 vs 13 % of remaining signal for bag 16 after 183
days of storage at -15 °C).
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Fig. 10.38. TL signal remaining following § irradiation 10 Gy and storage in the dark at -15 °C for
storage periods 0.125-183 days of F# 179 (white woven nylon fibres coated with PU). The remaining
signal was calculated as the integral in the region 140-142 °C (open black squares) and 158-160 °C
(open red circles) and normalised to the TL signal measured immediately after the irradiation (< 5
min). The horizontal line indicates the absence of fading (y=1) and the curves exponential functions

fitted to the experimental data. Detection window : fused silica window, heating rate : 0.5 °C.s™!.

10.8.3 Storage at 35 °C

The dependence of the fading rate on the storage temperature and the dominant thermal nature
of the fading was confirmed by comparing the fading for samples stored at room temperature (20
°C) with samples stored at 35 °C. The fading rate in the latter case showed a loss of the signal
significantly quicker for storage 0.5-24 h long (Fig. 10.39). Interestingly, the fading rate showed less

variability between samples of different bags for samples stored at 35 °C compared with samples
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stored at ambient temperature.
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Fig. 10.39. TL signal remaining following g irradiation 1 Gy and storage in the dark for storage
periods 0.5-24 h. 1) Storage at room temperature, bag 21 (black fibres coated with thermoplastic
backpack); 2) Storage at room temperature, bag 16 (red faux leather handbag); 3) Storage at 35
°C, bag 16; 4) Storage at 35 °C, bag 21. The remaining signal was calculated as the integral in the
region 158-160 °C (open red circles) and normalised to the TL signal measured immediately after
the irradiation (< 5 min). The lines indicate exponential functions fitted to the experimental data.

PMT : Hamamatsu R2949, detection window : OC 12, heating rate : 0.5 °C.s™ 1.

10.8.4 Optical effects

As discussed above exposure to white light may cause the transfer of charges from traps associated
with the higher temperature TL peaks (> 200 °C) to traps associated with TL peaks below 200 °C,
and prolonged exposure to white light produced a peak at ~ 120 °C with an unirradiated sample.
Although samples can be obtained in parts of bags protected from light (e.g., pockets, or in seams),
testing the influence of the exposure to white light on the radiation induced signal is also important,

as bags are likely to be exposed to white light. Samples were here irradiated with a § dose (10 Gy)
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and exposed to white light for 1-5 hours, and the TL signal recorded. Fig. 10.40 shows the TL
signal of bag 11 after irradiation and a) a 1 h storage under white light and b) in the dark, both
at ambient temperature. As can be seen, the TL glow curves are similar, indicating the absence of

optical bleaching.
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Fig. 10.40. TL glow curves fro a sample taken from bag 11 (brown backpack, woven fibres coated
with a thermoplastic) after 5 irradiation (10 Gy) and after 1 h storage under white light (open black
squares) and in the dark (open red circles) at ambient temperature. Detection window : fused silica

window, heating rate : 0.5 °C.s~ L.

10.8.5 Discussion

Based on the fading measurements, the part of the glow curve usable for short term dosimetry
is between ca 140-170 °C. Below this interval, the fading is likely to be too fast to enable dose
assessment within the time range required for emergency dosimetry. Fig. 10.41 shows the remaining
signal after 24 h of storage at ambient temperature of a sample of F# 179 (white woven nylon fibres
coated with PU) for 2 °C integration intervals in the range 50-200 °C. In the region of the glow curve

below 140 °C, there is less than 50 % of remaining signal after 24 h, and this value decreases with
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lower temperature of the TL glow curve. Integration intervals above 140 °C will be thus preferred

for short term dosimetry to minimise the loss of the signal at ambient temperature.
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Fig. 10.41. TL signal remaining following § irradiation 10 Gy and storage in the dark at ambient
temperature for 24 h of F# 179 (white woven nylon fibres coated with PU) as a function of the
temperature at which the integration was made. The remaining signal was calculated as the integral
in 2 °C intervals in the region 50-200 °C and normalised to the TL signal measured immediately
after the irradiation (< 5 min). The horizontal line indicate 50% of remaining signal. Detection

window : fused silica window, heating rate : 0.5 °C.s7.

Several explanations could be advanced for the difference in fading rate of the samples. The
first one being the difference in thermal lag of the sample, leading to a shift in the peak position,
and meaning that a certain region of the glow curve would not be associated to the same traps
in all samples. The other possible explanation is that calcium carbonate fillers of different origins
do not have the same fading rate. The XRF data already indicated that some samples are rich in
magnesium, whilst in others the presence of magnesium was not detected. Furthermore, the XRD
measurement indicated the presence of additional minerals beside calcite, such as dolomite that

could also contribute to the luminescence signal in some samples. For example, F# 179 and bag
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21 both contained dolomites and had the slowest fading rates amongst the sample measured. The
fading measurements also suggested that the main mechanism of fading was thermal, although the
existing literature emphasised the presence of tunnelling for the traps from which this peak originate
(Medlin, 1964). The next section will explore further the kinetics, and emphasise the presence of
tunnelling or hopping of the charges from their traps. The kinetic studies listed in Tables 10.2
predicted lifetimes of the order of a few hours at room temperature to a few hundreds of hours at
-15 °C. The data collected in this section indicated much longer lifetime that suggested that the
region 140-160 °C used in this fading study is associated to traps with a greater stability. The fading
of the glow curve in the region 105-135 °C showed however a rate of fading in closer agreement with
the predicted lifetimes, with, for example a 50% loss of the signal in 5 hours for F 179.

Although the fading of the 100 °C peak has not been studied extensively in the literature, more
studies exist about the fading behaviour of the 250 °C peak, and they proved negligible fading for
this peak. This is consistent with the behaviour of the 250 °C TL peak of calcium carbonate fillers.
However, the stability of this peak means that the charges induced by the natural radioactivity

accumulate in the traps responsible for this peak, giving rise to a native signal.
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10.9 Trap depth

10.9.1  Thao-Torop

The Trnaz-Tstop method was applied by administering a § dose (10 Gy) to a sample of F# 179
(white woven nylon fibres coated with PU), preheating (cut-heat) to temperatures 50-170 °C and
recording the subsequent TL glow curve. The procedure was then repeated increasing the preheat
temperature by 10 °C for Ty, in the range 20-180 °C. The set of TL glow curves obtained following
this procedure is shown in Fig. 10.42. The intensity of the 100 °C peak decreases for preheat
temperatures above 80 °C, and the peak maximum shifts to higher temperatures with increasing
preheat temperatures. If this might indicate the presence of a non first-order kinetic process, this
hypothesis was discarded here as the peak position was found to be constant for various level of
doses, within the uncertainties associated to the thermal lag (Fig. 10.43). Thus, it was more likely
that the shift in peak position with increasing preheat temperature was an indicator that the 100
°C TL peak originates from a continuum of traps and multiple competition processes (Coleman and
Yukihara, 2018), as discussed earlier.

Following Mckeever’s method (McKeever, 1988, p. 80) to identify overlapping peaks in a TL glow
curve, the position of the peak maximum was recorded as a function of the preheat temperature
in the range 20-180 °C (Fig. 10.44a). The graph obtained shows that the position of the main
TL peak (ca 100 °C) is stable for preheat temperatures in the range 20-100 °C, when the preheat
temperature applied is below the peak maximum. For preheat temperature above 100 °C, the peak
position steadily increases, as expected for a continuum of trapping levels. Although it had been
acknowledged that the initial rise method does not always give reliable results for a continuum
of trapping levels, this method was applied to the T},4.-Tstop set of glow curves, and the values
of activation energies for the TL glow curve calculated using different preheat temperatures (Fig.
10.44b). The value of activation energy also steadily increases between 0.42 eV and ca 0.65 eV for
preheats from 20 to 130 °C. A value of 0.65 €V is consistent with the values previously found in the
literature (Kim and Hong, 2014; Pagonis et al., 1996; Medlin, 1964; Pagonis and Michael, 1994).
If these values are correct, the region of the glow curve between 140-160 °C should be privileged
when performing dose assessment, as the values of activation energy where similar ad highest in

this region (10.44b).
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Fig. 10.42. Glow curves obtained by applying the T,q,-Tstop method to a sample of F# 179 (white
woven nylon fibres coated with PU), where the following treatments were applied : no preheat (open
black squares); 80 °C (open blue triangles); 110 °C (open orange polygons); 150 °C (red stars) and
170 °C (green lines). Preheat : cut-heat, detection window : fused silica window, heating rate : 0.5

°C.s~ L

Page 316



Chapter 10. Case study 3: TL response of calcium carbonate fillers

—_ —_ —_
—_ —_ N
o (6} o

1 L 1 L 1
)
p—

)

A

1 1

—
o
(&)
1
1

—
o
o
1
1

Position peak maximum (°
[{e]
(&) ]

(o]

o
L
1

0.1 1 10
Dose (Gy)

Fig. 10.43. Maximum TL peak position measured following the administration of various level of
B doses (0.1-10 Gy) with samples taken from bag 16 (red faux leather). The uncertainties indicated
are associated with the effect of the thermal lag (see Chapter 12). No preheat, PMT : Hamamatsu
R2949, detection window : OC12, heating rate : 0.5 °C.s™!.
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Fig. 10.44. a) Position of the main TL peak (ca 100 °C) of the TL glow curve of a sample of F#
179 (white woven nylon fibres coated with PU) following (3 irradiation (1 Gy) and preheat in the
range 20-180 °C. b) Activation energies calculated applying the initial rise method to a sample of
F# 179 following 8 (1 Gy) irradiation and preheat in the range 20-180 °C.
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10.9.2 Irradiation at various temperatures

Van den Eeckhout et al. (2013) developed a method to probe trap depth distribution and resolve the
shape of the distribution by combining TL measurements for various irradiation temperatures with
the initial rise method to estimate the trap depth for each irradiation temperatures tested. The
method differs from the T,4.-T'stop method by the assumption that when the sample is irradiated
at high temperature, the shallowest traps are immediately bleached, whereas using the Ty,q00-Tstop
method, the traps are allowed to be filled then depleted by the preheat. A set of TL glow curves
obtained using different irradiation temperatures is shown in Fig. 10.45. If compared with the
glow curves obtained using the T,q,-Tstop method (Fig. 10.42), some differences can be observed.
Firstly, changes in the intensity and shape of the 100 °C TL peak are observed for relatively low
irradiation temperatures; between irradiations at 20°C and 30 °C, the intensity of the whole TL
glow curve decreases, although the shape of the peak remains similar. A preheat of 80 °C was
necessary to observe changes in the 7},,4.-T'stop procedure. Furthermore, the TL signal was bleached
for irradiation temperatures above 125 °C, whereas a preheat of 180 °C was necessary to suppress
the signal in the T},,45-Tst0p procedure. These observations might be related to a transfer a charges
and interactions between traps that might be blocked by the quick bleaching of the shallow traps
for samples irradiated at high temperatures. However, for irradiations carried out 50-60 °C, the 30
°C peak was not bleached, indicating that there is a charge transfer process from deeper traps to

the traps giving rise to this peak.

An initial rise analysis was conducted on the set of glow curves obtained with a sample of bag 16
irradiated at various temperatures. However, for irradiation temperatures below 60 °C, the values
of activation energy obtained using the initial rise method have to be taken very cautiously, as the
30 °C peak overlapped with the 100 °C, hiding the initial part of this peak. The graph of the
activation energy as a function of the irradiation temperature (Fig. 10.46a) showed a progressive
increase in the activation energy, although steps were identified at ca 0.32, 0.48 and 0.54 eV. This
set of data also contrast with that obtained using the T},,4:-Tst0p method, where a steady increase
in activation energy was observed. The area of the 100 °C peak was however found to decrease

linearly with increasing irradiation temperature (Fig. 10.46b).
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Fig. 10.45. TL glow curves of a sample taken from bag 16 (red faux leather fabric) irradiated

with a 8 dose (0.8 Gy) at various sample temperatures in the range 20-100 °C. No preheat, PMT :
Hamamatsu R2949, detection window : OC12, heating rate : 0.5 °C.s .
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Fig. 10.46. a) Activation energy calculated using the initial rise method as a function of the sample
temperature during irradiation for samples taken from bag 16 (red faux leather) and b) integral of

the TL peak in the region 50-200 °C as a function of the irradiation temperature.
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10.9.3 Isothermal decay

As the procedure or outcome for materials with a continuum of trapping levels suggested by Pag-
onis and Michael (1994), isothermal decay measurements did not yield a simple exponential decay
curve from which kinetic parameters could be extracted. The isothermal decay was measured by
irradiating the samples with a 8 dose (10 Gy) and maintaining them at an elevated temperature in
the range 30-180 °C while recording the photon counts. Two different regimes of isothermal decay
could be differentiated. For temperature 30-90 °C, the signal slowly increased with time to reach
a peak maximum (reached after 30-5 s of thermal excitation), then decreased (Fig. 10.47a). This
indicates a complex process, unlikely to originate from a single trap, possibly from at least two
spatially closely related traps interacting with each other. The peak position shifting to shorter
stimulation time with increasing temperature might indicate that the charge transfer equilibrium is
reached quicker.

For the isothermal TL measurements above 90 °C (Fig. 10.47b), the increase was much weaker,
and the signal decayed, but only after the first second of the measurement. It did not follow a
simple exponential form although it could be approximated using several exponentials, indicating
that the process was also complex. Above 150 °C, no increase of the signal was observed. None of

the isothermal decay curves could be fitted using an expression such as :

I(t) = I <bb+t>m (10.3)

where Iy, b and m are constant, as used by Medlin (1961) to describe the phosphorescence decay of

calcite.
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Fig. 10.47. Isothermal TL decay curves for samples of F# 179, measured in the range 30-90 °C

(a) and 90-150 °C (b). Detection window : fused silica window.
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10.10 Calcium carbonate fillers as dosimeters

Calcium carbonate fillers present several properties that makes them potentially suitable as dosime-
ters. Firstly, the high sensitivity of their TL response to radiation dose, yields a detection limit
from a few mGy to a few hundreds of mGy, well below the 2 Gy required for emergency dosime-
try. Furthermore, the linearity of the dose response in the range of doses of interest for emergency
dosimetry (ca 0.1-10 Gy) potentially indicates that only one calibration dose could be used, if time
is critical, as a linear function forced through the origin was successfully fitted to the dose response
experimental data. This type of function also reduces the uncertainties in dose assessment, as
only one coefficient (the slope) needs to be determined. Finally, calcium carbonate fillers are good
potential dosimeters as they are widely used in thermoplastics, which are found in items such as
bags and are therefore likely to located near members of the public in the event of a radiological
emergency. If procedure A below is applied using one calibration dose, the measurement time for
one sample should be of ca 15 min using a heating rate of 0.5 °C.s~!, depending on the dose rate
of the source. Additionally, the preparation of the samples is minimal and requires no more than
a few minutes, even for an untrained operator, as the samples are simply cut from the bag and
placed into stainless steel cups for measurement. The processing time is thus fast enough to enable
laboratories to process quickly a large number of samples in the case of an emergency.

A proposed protocol for dose determination using the TL signal of calcium carbonate fillers is

as follow (procedure A):

e Step 1: TL measurement of the “accident” (initial) signal, T},q, = 200 °C

Step 2: Repeat step 1 (TL background)

Step 3: Calibration, known [ dose

Step 4: Measurement of the TL response, Ty,q = 200 °C

Step 5: Repeat step 4 (TL background)

Step 6: Repeat steps 3-5 for another known dose, if necessary

A low heating rate should be preferred when performing TL, as it minimises the thermal lag

induced by the thickness of the fabric. By following Procedure A, the “accident dose” is evaluated
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by 1) integrating the TL within a selected interval, 2) calculating the gradient of the dose response
curve for this interval, and 3) dividing the accident signal for the same interval by the slope of the
dose response curve. A fading correction is required. The value of the accidental dose is thus given

by the relation :

Dgee = —— ) 10.4
. x f (10.4)

where Dg.. is the accident dose, L. the accident signal, a the gradient, and f the fading

correction. Lge., a and f are interval specific.

The interval 140-160 °C was preferred for its strong intensity (< 160 °C) that provided a plateau
for dose assessment procedures, its greater stability (more than 50 % of remaining signal above 140
°C for F 179) and a relatively low native signal. As was explained above, due to the presence of
a continuum of traps, narrow intervals of integration are preferred (e.g. intervals of 2 °C). If the
fading corrections and the calculations are correct, the values of dose obtained for each integration
interval should be similar. This is tested by a plateau test, where the dose values for each 2 °C
interval are plotted. The plateau test for a blind dose of bag 19 is shown in Fig. 10.48. In this

figure, a plateau is present, indicating that the dose evaluation might be accurate, within 10%.

The main issues identified here for the use of calcium carbonate fillers are 1) the relatively fast
fading rate at ambient temperature, 2) the absence of an universal fading correction, and 3) the
presence of a native signal. The first of this issue could be circumvented by placing the samples in
freezers as soon as possible on the site of the event before processing by the laboratories, thus the
samples would be held at ambient temperature only for a few hours. Once placed into a freezer, the
samples could be measured up to months following the accident. The absence of an universal fading
curve is, however, problematic and if individual fading correction are required would slow down the
processing of the results. However, if the fading of the samples once placed at low temperature is
negligible or identical, the individual fading correction would only have to be measured for the time
the sample was held at room temperature (supposedly less than a day). Finally, the native signal
is circumvented by either using a red sensitive PMT partially cutting the blue or green emission,
or by sampling in parts of the bags protected from light (e.g., inside of pockets) and, consequently,

it could be neglected.
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Fig. 10.48. Plateau test for samples taken from bag 19. The blind dose was reconstructed for each

2 °C intervals in the range 140-160 °C by applying fading corrections specific to each intervals.

10.11 Summary

The strength of the TL response of calcium carbonate fillers coupled with the apparent ubiquity
of the material in thermoplastics and others polymer-based materials makes of calcium carbonate

fillers a strong candidate for a surrogate dosimeter in radiological emergencies.

The TL measurements obtained with calcium carbonate fillers are generally consistent with those
of calcite. The CL spectroscopy and TL measurements conducting using different filters indicated
luminescence emission centred in the red (ca 600-620 nm), and the shape of the glow curve of
calcium carbonate fillers extracted from the fabrics is similar to those reported in the literature
with a TL peak with maximum between 80-100 °C following ( irradiation. This peak is associated
with a continuum of traps of low activation energy (ca between ~ 0.4 ¢V and ~ 0.62 eV). However,
the fading rate observed with filler grains (ca 50% loss in 24 h in the region (140-142) °C) is slower
than that calculated for the 80°C peak (of the order of a few hours at room temperature, Kirsh

et al. 1987), but this is critically dependent on the integration integral selected. Storing samples at
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low temperature in freezers could provide means for longer term dosimetry (up to months after the
accident).

The effect of the presence native signal, which could be a potential disadvantage for short-term
dosimetry by leading to an over-estimation of the “accident” dose was found to be circumvented by
detecting the TL emission above 500 nm, indicating that the components of the native signal are
emitting at lower wavelengths (blue/green emission), and are associated with the higher temperature
peaks, arising from traps filled by natural radioactivity.

However, further work is needed to address some issues raised in this Chapter. By employing
various combination of optical filter, it was assumed that the emission of the native TL signal of
calcium carbonate fillers caused by the geological signal was predominantly in the blue / green
whereas the  induced emission was predominantly in the red. This assumption could be verified
by measuring the TL emission spectrum using a spectrometer to fully characterise the emission
spectrum of the native and the § induced TL signal. Obtaining a spatial resolution of the TL
emission of fabrics containing calcium carbonate fillers in the samples might also be useful in order
to determine which exact part of the sample emits the most signal, or if the luminescence emission
is completely uniform (e.g., whether all the fillers are equally bright, or if only the TL emission
of the fillers at the surface is detectable). Further work is also needed to address the variability
in fading rate observed between samples. It had been emphasised in that many other materials
than the fabric of bags contain calcium carbonate fillers (Fig. 10.2), cement, paints, paper or food
supplements). Some of these materials have been tested in during the material survey (Chapter 7)
such as paper and shoe sole, and indeed yielded a TL signal similar to that of the calcium carbonate
fillers observed in bags. Further testing is necessary to fully assess the potential of these materials,
but it indicates that the study presented here could have a much broader range of application for
emergency dosimetry. Although calcium carbonates are the most commonly employed fillers in
the industry (Introduction of this chapter), other fillers employed (e.g., wollastonite) could also be

investigated.

The tests conducted in this Chapter indicate that calcium carbonate fillers may be suitable
for dosimetry with appropriate measurement procedures. To test this potential, an experiment
replicating a radiological emergency by administering a “blind dose” was performed using a phantom

and bags and is described in Chapter 12.
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Chapter 11

Dosimetry in the long term :
application of phototransferred TL
(PTTL) properties of alumina

substrates

11.1 Introduction

This chapter will focus on a relatively well-characterised material for short term dosimetry, that
is the alumina substrate resistors such as found in electronic devices (e.g., mobile phones). They
have been so far the favoured material for short term dosimetry using luminescence techniques, as
was mentioned in Chapter 3 (Inrig et al., 2008b; Ekendahl and Judas, 2011; Bassinet et al., 2014;
Kouroukla, 2015), for their common availability in mobile devices used by members of the public
combined with their favourable OSL and TL properties. As a polycrystalline form of aluminium
oxide, the alumina substrates exhibit bright OSL and TL signals in response to exposure to ionising
radiation (Inrig et al., 2008b). The dose response was found to be linear (Bassinet et al., 2010) in
the range of dose of interest for short term dosimetry (0.1-10 Gy), with a detection limit below 100
mGy for OSL and TL measurements (Mesterhazy et al., 2012). Dose reconstruction of irradiated
mobile phones using alumina substrate resistors extracted from the main circuit boards of mobile

phones demonstrated the potential of this technique on irradiated mobile phones (Bassinet et al.,
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2010; Ekendahl and Judas, 2011; Mrozik et al., 2014a).

However, although the components of the OSL/TL signal associated with charges in shallow
traps that are subject to thermal fading can be removed by employing preheat treatments (Woda
et al., 2010; Kouroukla, 2015), the signal of alumina substrate was found to exhibit anomalous
fading. The rate of fading was not negligible, for the time scale considered for emergency dosimetry
(hours to weeks). Following a preheat at 120 °C (10 s) and an OSL measurement with a sample
temperature of 100 °C, 50% of the signal remained after 23 h in the dark, at ambient temperature
(Kouroukla, 2015, p. 250). Besides a loss of the signal, that could lead to a higher detection limit and
a complete loss of the signal months after the irradiation, the fading correction was thus necessary to
proceed to dose assessment with an accompanying increase in uncertainty. Furthermore, the fading
factor was found to depend on dose (Sholom and McKeever, 2017), and discrepancies exist between
the fading correction reported in the literature, perhaps due to differences between resistors (Inrig
et al., 2010a; Ekendahl and Judas, 2011; Kouroukla, 2015; Geber-Bergstrand et al., 2018). Hence
reducing the rate of fading is of potential interest to strengthen the use of luminescence dosimetry

with alumina substrate components.

The measurement of phototransferred thermoluminescence (PTTL) is a well-established proce-
dure used as a means to access charges in deep traps in luminescent minerals and phosphors (Bailiff
et al., 1977). This is achieved by moving a proportion of charge stored in deep traps to previously
thermally cleaned shallower traps, typically by using short wavelength optical stimulation. Prompt
measurement of the resultant PTTL glow curve enables an indirect measurement of the population
of charge in the deep traps. PTTL procedures have been developed for variety of materials, includ-
ing lithium fluoride (Kharita et al. 1994; Charles 1983), quartz (Bailiff et al., 1977) and aluminium
oxide (Akselrod and Gorelova 1993; Colyott et al. 1996; Bulur and Goksu 1999; Polymeris and Kitis
2012; Nyirenda et al. 2016; Chithambo et al. 2017). The primary advantage of using this procedure
is to avoid the effects of interfering black-body radiation and thermal quenching where the ther-
moluminescence (TL) peaks associated with the deep traps are measured directly (i.e., > 500 °C).
Also, the PTTL may potentially provide a means of circumventing the effects of anomalous fading
(Bailiff 1976; McKeever et al. 2017). Thus, this chapter will aim to investigate the PTTL emission

of alumina substrate resistors, and to assess whether this can be used to reduce the rate of fading.
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11.2 Materials and protocol

All OSL and TL measurements were performed with a Risg model 12 reader (DTU Nutech, Den-
mark, see Chapter 6 for details of the instrumentation) that incorporates a Sr?°/Y% 3 source
irradiator delivering an estimated dose rate to alumina substrates of 0.74 Gy-min~—! (see Chapter
12 for details of the calibration procedure). A UV (250-350 nm; Schott U-340 filter) and broad
band (360 - 580 nm; Schott BG-39 filter) detection windows were used when measuring blue (470
nm) stimulated OSL and TL. Two illumination sources were employed to transfer charge from deep
traps for the PTTL measurements, comprising either the 470 nm LEDs in the Risg reader, deliv-
ering a power of 14 mW.cm™2 at the sample position, or UV radiation from an unfiltered medium
- pressure mercury lamp. The mercury lamp (Hanovia Ltd) delivered a power of ~ 4 mW-cm™?2
at the sample position and its emission spectrum contained lines at 307, 364, 403, 434, 544 and
575 nm. The abbreviated terms PTTL[UV] and PTTL[470 nm] are used to distinguish the type of
illumination source used to obtain the PTTL. For each set of measurements, five alumina substrate
surface-mount resistors of type 1206 (RS pro, ~ 5.2 mm?), were placed in a stainless steel cup
with the alumina substrate layer facing up, and each test was repeated at least twice to test for
reproducibility. The TL peak temperatures were calculated by applying a curve fitting procedure
to the measured glow curve data (using Origin 2017 software) and hence the values obtained reflect
the precision of the fitting procedure only. Independent thermocouple measurements of the heater
plate temperature indicated that the temperatures displayed by the Viewer software (DTU Nutech)
are within 6 °C of the measured value and that, when taking into account thermal lag introduced by
the samples and the stainless steel pans, the overall uncertainty in the average resistor temperature

is likely to be the order of + 8 °C. The PTTL (470 nm) measurement procedure (A) followed is

summarised in Table 11.1.
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Table 11.1: PTTL measurement procedures A and B

Step Measurement

1 TL to Tstop 450 °C (procedure A) or 500 °C (procedure
B); 5°C.s!
2 Repeat step 1 (background); subtraction of the background
from the TL glow curve (step 1)
3 Phototransfer illumination, 470 nm LEDs, 120 s at sample
temp. of 150 °C; concurrent measurement of OSL

4 PTTL to Tstop (500 °C); 0.5 °C.s™!

5 Repeat step 4 (background); subtraction of the background
from the PTTL glow curve (step 4)

6 Anneal to 700 °C in a furnace, in air, 20 min
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11.3 PTTL characteristics

11.3.1 Detection window

Measurements performed using the BG-39 detection filter yielded a PTTL[470 nm]| signal about
three times stronger (Fig. 11.1) than with a U-340 filter, indicating that the PTTL emission
spectrum is not confined to the UV region. This is consistent with radioluminescence (RL) spectra
measured with alumina substrates by Kouroukla (2015, p. 132) and Lee et al. (2017) which indicated
complex emission that included UV, blue and red bands. It was also observed that the intensity of
the shorter wavelength emissions was thermally quenched, giving rise to predominantly red emission
at higher temperatures (Kouroukla, 2015, p. 132). However, recording the red TL emission above
400 °C using the BG-39 filter gave rise to a strong thermal background signal, making the detection

of weak signals associated with low dose difficult to resolve above the thermal background signal.

20000 T T T T T T T T T s T

15000 -

10000 -

5000 -

TL intensity (photon counts)

o
1

0 100 200 300 400 500
Temperature (°C)
Fig. 11.1. PTTL[470 nm| glow curves measured with alumina substrate chips following /3 irradia-

tion (10 Gy). Detection window: U-340 (black open squares) and BG-39 (red open circles); heating

rate 0.5 °C-s~ 1. The thermal background signal was subtracted.
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11.3.2 Variation of PTTL with 470 nm illumination parameters

The PTTL (470 nm) glow curve was recorded following a 2 min 470 nm exposure (concurrently
measuring the OSL) at a sample temperature selected in the range 50-400 °C (Fig. 11.2). The
shape of the PTTL glow curve changes with the sample temperature during illumination and, as
the temperature increases, a more efficient transfer of charge to shallower traps gives rise to relatively
stronger lower temperature PTTL peaks. Above 200 °C the transfer process competes with thermal
bleaching of the PTTL traps during illumination, leading to a progressive decrease of the PTTL
signal. A similar measurement procedure was applied by varying the illumination time (30-300 s)
for a fixed sample temperature. A plot of the integral of the PTTL glow curve (150-500 °C) vs
both sample temperature and duration of illumination, shown in the form of a contour plot in Fig.
11.3, indicates that the maximum PTTL intensity was obtained for an illumination of 2 mins with
a sample temperature of 150 °C, and these measurement conditions were adopted using procedure

A (Table 1).

11.3.3 Dose response

The PTTL (470 nm) glow curve contains several overlapping peaks (Fig. 11.4a), positioned at
190, 240, 335 and 465 °C. The presence of a native signal was tested by measuring a fresh set
of unirradiated resistors, but found to be negligible using 470 nm illumination (Fig. 11.4a). Fig.
11.4b shows the growth of the PTTL peaks (integrated TL, 150 -500 °C) with absorbed g dose,
measured with the same aliquot, which exhibits a supralinear dose dependence (Fig. 11.4b) that
was also observed for each peak analysed individually. Two preheat temperatures were tested : 450
°C (procedure A) and 500 °C (procedure B), using a heating rate of 0.5 °C.s™!. An additional
TL background measured after step 2 in procedure B indicated that some residual TL remained
after this step above 300 °C (Procedure A) or 350 °C (Procedure B). The integration region of the
PTTL glow curve was between 150-300 °C to avoid this residual TL. The glow curves measured
using procedures A and B contained similar peaks but the signal was weaker using procedure B,
although the dose response appeared to be more linear. Interestingly, similar analysis performed
using an integration range of 300-500 °C produced similar outcomes.

The reproducibility of the PTTL signal, tested by repeating procedure A five times for a given

dose, exhibited similar values of integrated photon counts (within 10 %). Using procedure A, and
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Fig. 11.2. Phototransferred TL glow curves of alumina substrate measured following a 3 irradiation
(10 Gy), a 2 mins 470 nm illumination at a sample temperature selected in the range 50-350 °C,
three examples of which (50, 200 and 350 °C) are shown. Detection filter: U-340; heating rate 0.5
°C.s~ L

a quadratic function fitted to the dose response data, the detection limit (calculated as the dose for
which the PTTL signal is equal to the background signal plus three times its standard deviation)
was estimated to be ~ 100 mGy. The final annealing step (6) was applied to minimise sensitization
effects by thermally cleaning the deep electron traps. If this step is omitted, a non-linear increase
in sensitivity is observed over repeated cycles of measurements. During 470 nm illumination at
elevated sample temperatures (Step 3), the OSL signal was also recorded (Fig. 11.5a) and its
slow evolution and subsequent decay reflect a thermally-assisted process (TA-OSL), similar to that
observed with Al;O3:C (Polymeris et al., 2010), together a supralinear dependence with dose (Fig.
11.5Db).
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Fig. 11.3. PTTL intensity vs the illumination parameters (duration and temperature). The PTTL

intensity corresponds to the integral of the signal recorded between 150 and 500 °C.
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Fig. 11.4. a) Native (open circle) and S-induced (10 Gy; black squares) PTTL glow curves
measured with five alumina substrate chips, measured following the PTTL procedure (Table 11.1).
b) Integral of the PTTL signal (150-300 °C) vs administered 5 dose, where the solid line represents
a quadratic function fitted to the experimental data. Type A error in counts < 1 %. Detection

window: U-340; heating rate 0.5 °C.s~!.

Page 337



Chapter 11. Dosimetry in the long term : application of phototransferred TL (PTTL) properties
of alumina substrates

—_ T T T u-g T T T T T
w 1600 S — S 16 .
(%) { $'eyl;
<1400 - %)
§ § 1.4 B
1200 -

° 8 124 1
2 1000 pL
2 S 1.0 |
S 8004 o
= 2 081 .
2 600+ =
c = i i
g 400 g0°
= c
7 2004 - o 0.4+ 7
o 0 . . . O 02 : T T . T

1 10 100 0 2 4 6 8 10

Time (s) Dose (Gy)
(a) (b)

Fig. 11.5. a) 470 nm stimulated OSL recorded following /3 irradiation and 450 °C preheat (Step
3, Table 11.1). Detection window : U-340. b) Integral of the OSL signal vs administered 8 dose,
where the solid line represents a quadratic curve fitted to the experimental data. Type A error in

counts < 1 %. Detection window: U-340; sample temperature : 150 °C.
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11.4 UV illumination

As the supralinear dose response of the PTTL[470 nm] is a potential disadvantage for absorbed
dose determinations below ca 0.5 Gy, optimisation of the PTTL response was explored using shorter
wavelength illumination. In contrast to the PTTL[470 nm]| results, fresh unirradiated samples, when
illuminated (2 mins) with UV produced a “native” glow curve containing two peaks (Fig. 11.6a).
The native signal measured after UV illumination is interpreted as a non-radiation-induced UV-
stimulated signal, which is observed, for example, with Aly03:Si,Ti, and applied in UV dosimetry
(referred to as photo-stimulated TL, PSTL; Mehta and Sengupta 1977, 1978). A PSTL contribution,
if present, needs to be accounted for when applying PTTL to perform dosimetry measurements with
a UV light source. The PTTL (UV) glow curve recorded following a 5 dose of 10 Gy and a 2 min
illumination at RT, contains three main peaks (Fig. 11.6a) at ca 190, 315 and 460 °C, and the
PTTL (470 nm) glow curve is shown for comparison. Under the particular illumination conditions
used in these experiments, UV transfers significantly more charge into the PTTL traps compared
with 470 nm illumination (the integrated PTTL is ~ 4 times greater for a 10 Gy S dose). By
annealing the samples at 900 °C for 30 mins and repeating the PTTL measurement procedure, the
glow curve measured was similar in shape and intensity to the “native” PSTL signal. The latter
indicates that this annealing procedure effectively thermally cleaned the deep traps associated with
the PTTL signal. The dose response curve obtained with UV illumination is linear (Fig. 11.6b), and

the estimated detection limit of 200 mGy is higher than that obtained with 470 nm illumination.
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Fig. 11.6. a) Upper : “native” PSTL (black circles) and PSTL measured after a cycle of PTTL[UV]
measurements and annealing at 900 °C (red crosses) of alumina substrate chips following UV illu-
mination for 2 minutes at room temperature. Lower : PTTL[UV] following /3 irradiation 10 Gy and
5 Gy (open black squares and open blue triangles respectively), and PTTL[470 nm], 10 Gy [ dose
(open red cirles). All illuminations were carried out at room temperature and the samples were
exposed to the light source for 2 minutes. b) Integral of the PTTL (UV) signal (100-500 °C) vs
administered § dose (0.5-10 Gy). The solid line represents a linear curve fitted to the experimental
data; the horizontal line indicate the PSTL signal. Type A error in counts < 1 %. Detection filter
: U-340, heating rate : 0.5 °C.s~!, Risg reader.
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11.5 Fading

Fading tests were performed by administering a § dose of 7.4 Gy to samples, storage in the dark at
ambient temperature for periods ranging from 6 h to 224 days and measuring the PTTL (470 nm)
following procedures A and B and using a integration interval of 150-300 °C. The resistors used in
the fading experiments were obtained from the same manufacturer (RS Pro, UK), but they were
obtained from two reels, referred to as batches 1 and 2. Measurements using four sets of 5 resistors
from Batch 1 were initially conducted with single aliquots for storage periods of 0.125, 2 and ca 100
days, and the tests were repeated using aliquots that contained resistors from both batches (1 and
2), for storage periods up to 2 days and for various storage periods between 2 and 244 days. The
results obtained from the fading tests shown in Fig. 11.7 include: a) the integrated PTTL (150-300
°C) recorded using procedures A (open diamonds) and B (open triangles) b) the integrated TL
recorded in two temperature regions (filled circles, 150-200 °C and filled squares, 200-300 °C).

It can be seen that using the Batch 1 resistors, the extent of long-term fading over 100 days is
less than ca 15%, using either of procedures A and B. Analysing the results using an integration
range of 300-500 °C in the PTTL glow curve produced a similar outcome, and suggests that the
inclusion of remnant TL in the higher temperature region of the PTTL glow curve does not appear
to significantly affect the rate of fading. Although the repeated tests performed with resistors
from the combined batches show similar behaviour for storage periods up to 2 days, a greater
degree of fading for longer periods of storage is evident in these subsequent tests. Assuming that
the measurement procedures were applied correctly, these results provide an alert to the possible
variability of fading characteristics between batches of resistors, and this requires more detailed
investigation. Nevertheless, the loss observed in these tests at ca 200 days remains some 30% less
for PTTL than that obtained with conventional TL, as measured with resistors from the same
batches (Fig. 11.7, filled circles and filled squares), and also obtained in previous studies (Ademola
and Woda 2017; Kouroukla 2015).

The fading behaviour of the TA-OSL signal was also found to be similar to that of the PTTL. In
her study of the long-term fading of OSL of alumina substrate, Geber-Bergstrand et al. (2018) also
found the existence of a long-lived OSL component of the decay curve, where the average period
after which the signal halved was (790 + 210) days; she estimated that a 0.5 Gy dose could be

measured after a period of 2 years, after applying a fading correction.
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Fig. 11.7. Remaining PTTL signal (integral, 150-300 °C; purple diamonds: procedure A; blue
triangles: procedure B) following storage (0.125- 224 d) in the dark at ambient temperature, com-
pared with the TL signal remaining (integral, 150-200 °C, black squares; integral 200-300 °C, red
circles). The horizontal line indicates the absence of fading (y = 1). The box (broken line) groups

the results obtained with resistors drawn from combined batches 1 and 2.
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11.6 Kinetics

A pulse-annealing stage was added to procedure A to examine the thermal stability of the traps
that provide a reservoir of charge for the PTTL signal. The samples were heated to a temperature
selected in the range 450 to 600 °C before the 470 nm illumination in Step 3 and subsequent
recording of the PTTL to 500 °C. During the pulse-annealing sequence, the 480 °C PTTL peak
exhibited the strongest reduction (Fig. 11.8a and 11.8b) in intensity following a preheat to 600
°C, indicating that charges in deep traps accessed by 470 nm illumination are thermally emptied
by annealing in the region 450-600 °C. Similar results were obtained testing a second set of chips.
Attempts to determine the thermal activation energies of the traps acting as the reservoir of charge
were unsuccessful. An assessment of the Arrhenius plots obtained with data produced from a
pulse annealing PTTL (470 nm) measurement procedure indicated that the nature of these traps is
complex, likely to comprise a distribution of traps associated with TL peaks between 500 and 600

°C.
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Fig. 11.8. a) PTTL [470 nm]| glow curves of alumina substrate measured following /3 irradiation (10
Gy) and annealing at the indicated temperatures in the range 450-600 °C . b) PTTL vs annealing
temperature: Peak 1 (integrated TL 150-223 °C, black filled squares), Peak 2 (223-284 °C, filled
circles), Peak 3 (283-377 °C, blue filled triangles), and peak 4 (377-500 °C, green inverted filled

triangles). Detection window: U-340. Heating rate: 0.5 °C-s~!.
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11.7 Discussion

The results of the pulse annealing and phototransfer experiments confirm the presence of deep traps
that provide a reservoir of charge probed by the PTTL measurement procedure. If we examine for
parallels between the PTTL behaviour of alumina substrates and crystalline AlsOs, amongst the
earlier work on the latter, Akselrod and Gorelova (1993) proposed three types of traps that, in
addition to type I traps producing the main dosimetry TL peak at 190 °C, included deep type
IT and type III traps associated with TL peaks at 550 °C and ca 900 °C respectively. Colyott
et al. (1997) studied three PTTL peaks located at -8, 37 and 177 °C measured following preheat
treatments ranging from RT to 900 °C, and they found the PTTL to be most efficiently produced
when induced by 300 nm illumination. Later work has linked the PTTL with one or more traps
associated with TL peaks above 500 °C (Bulur and Goksu, 1999) and above 600 °C (Chithambo
et al., 2017). Although the nature of the traps providing the reservoir of charge for PTTL in AlsO3
has not been identified, these studies point to the type II and IIT traps proposed by Akselrod and
Gorelova as providing the most likely reservoirs of charge. The results obtained with our alumina
substrate samples using 470 nm illumination indicate that the reservoir of charge may originate
mainly from traps of similar depth to the type II traps, and under UV illumination (> 300 nm)
they are likely to be associated with both type II and type III traps, given that annealing at ca 900
°C was required to erase the PTTL (UV) signal. As found with alumina substrate, sensitization
effects were reported in monocrystalline AloO3 by Yukihara et al. (2003), and explained by the

presence of deeper traps.

In addition to characterisation of the deep traps, the nature of the traps into which the charge
is transferred associated with the PTTL is also of interest. Again, seeking parallels with crystalline
aluminium oxide, Chithambo et al. (2017) found that the peaks in the PTTL and TL glow curves
were similar, suggesting that similar traps participate in both modes of measurement. We have
made broadly similar observations with the alumina substrate tested, although the distribution of
charge in the traps participating in the PTTL and TL processes differ (Fig. 11.9), with the lower
temperature peak more prominent in the glow curve. In the higher temperature region, the 314 and
480 °C TL peaks are reproduced in the PTTL[470 nm| and PTTL[UV] glow curves and the 260 °C
TL peak is also present in the PTTL[470 nm] glow curve. However, the 197 °C peak observed in
the PSTL and the PTTL[470 nm; UV] glow curves differs in position relative to the main TL peak
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Fig. 11.9. Alumina substrate glow curves of 1) TL, 5 dose 10 Gy (open black squares), 2) PTTL
induced by a 2 min UV illumination at room temperature, § dose 10 Gy (open red circles), 3)
photo-stimulated signal induced by a 2 min UV exposure at room temperature (no dose, open blue
triangles), and 4) PTTL induced by blue illumination 2 min at 150 °C, 8 dose 10 Gy (open green
diamonds). Some of the peak positions (197, 260, 314, and 480 °C) are indicated by a vertical line.
The glow curves were normalised to the total integral of the signal. Risg system, U-340, detection

window : U-340, heating rate : 0.5 °C-s~L.

(165 °C).

11.8 Blind test

11.8.1 Conventional OSL procedure

Three additional 1206 surface mount alumina substrate resistors were glued to the circuit board of
a mobile phone irradiated with a blind dose (reference dose: 4.1 Gy, %°Co source, irradiation carried
out by Celine Bassinet, at the IRSN, France in the scope of a EURADOS working group 10 inter-

laboratories comparison). A LiF TLD was placed inside the phone and indicated an absorbed dose
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of 3.9 £+ 0.2 Gy. Following irradiation, the sample was stored at ambient temperature and measured
12 days after the irradiation. The absorbed dose to the resistors extracted from the circuit board
was determined using an OSL procedure following the conventional “full mode” protocol (Bassinet

et al., 2014), as follows :

1. Preheat to 120 °C, 2 °C.s™%, 10 s

2. Measure OSL (470 nm) at sample temperature 100 °C, 30 s (accident signal)
3. Administering calibration dose (3, 5 Gy)

4. Preheat to 120 °C, 2 °C.s™!, 10 s

5. Measure OSL (470 nm) at sample 100 °C, 30 s (accident signal)

The equivalent dose, D., administered was calculated by dividing the “blind” OSL signal (step
2) by the OSL response to the 5 Gy dose (step 5). The OSL signal was corrected for fading using a
sample-specific fading correction, determined by irradiating the sample with a known dose, storing
it for 12 days, measuring the OSL signal and comparing it with the signal measured less than 5
min following irradiation. After 12 days of storage in the dark at ambient temperature, and for
this sample, the percentage of remaining signal was estimated of (38.2 £0.3) %. A value of (4.03
+ 0.04) Gy was obtained for D, using the OSL signal from the resistors extracted from the circuit
board.

11.8.2 TL and PTTL protocols

The TL and PTTL of the additional resistors glued to the circuit board were measured following
the procedure A described in Table 11.1. Three levels of dose were used (3, 4 and 5 Gy) to construct
the TL and PTTL dose response curve. The equivalent dose was determined using the TL integral
in the region 200-300 °C of the glow curve and fitting a linear function to the TL dose response
curve, and applying the fading correction determined in Section 11.5 for a similar type of resistor
(resistors 1206, RS pro, see Fig. 11.7, 60 +0.06 % of remaining signal in the region 200-300 °C after
12 days of storage in the dark at ambient temperature); yielding a dose of 3.82 £+ 0.09 Gy.

The blind dose was determined using PTTL procedure A (Table 11.1); a quadratic function

fitted to the PTTL dose response curve and a fading correction was also applied, such a determined
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in Section 11.5 for a similar type of resistor (resistors 1206, RS pro, see Fig. 11.7). For a 12 days
storage in the dark at room temperature, the percentage of PTTL remaining signal was determined
of 87 +0.2 %. The dose determined using PTTL was of 3.79+0.2 Gy.

Table 11.2 summarises the equivalent dose determinations obtained using the three methods

(OSL, TL and PTTL); they agree with the applied “blind” reference dose of 4.1 Gy within 10%.

Table 11.2: Estimation of applied dose obtained using OSL, TL and PTTL measurement procedures
applied to resistors following a blind irradiation (IRSN). The correction factor, f indicated here is
defined as D.(corrected) = D.(uncorrected) x f. The error indicated in the fading correction were

propagated to the values of blind dose.

Method Value of blind dose (Gy) | Fading correction applied, f
OSL (full mode) 4.03 £ 0.04 2.640.2
TL (integral 200-300 °C) 3.82 £0.09 1.7 4+ 0.1
PTTL 3.79 + 0.2 1.1440.02
LiF TLD inside phone 3.9 +0.2
Reference dose 4.1

11.9 Summary

The results obtained indicate that a PTTL measurement procedures can be applied to polycrys-
talline Al;O3 substrates for dose determination using blue and shorter wavelength illumination. For
the substrates tested, and using blue illumination, the dose response was found to be supralinear,
with a detection limit of ca 100 mGy for a resistor surface area of 22.5 mm?. By employing UV
illumination (> 300 nm) the dose response obtained was linear, although with a higher detection
limit of ca 200 mGy, partly arising from the presence of a photo-stimulated thermoluminescence
(PSTL) signal. The trapped charge transferred in the PTTL procedure originates from deep traps
and although their depths could not be determined using blue illumination, we conclude that 1)
the trapped charge associated with the PTTL signal originates from a range of deep traps that are
thermally erased in the region 450-600 °C and 2) UV illumination enables access to charge in deeper

traps that are thermally erased by heating to 900 °C. Significantly, we found that in laboratory
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fading tests in the dark at room temperature the measured loss of PTTL was less than 30 % for
storage periods of up to 224 days. This is to be compared with a typical loss of 47 % in 50 days
using conventional TL (Ademola and Woda 2017; Kouroukla 2015). A blind test was successful in
reconstructing the administered dose after a storage of 12 days using PTTL on alumina substrate
resistors attached to the circuit board of a mobile phone, and indicating that the correction fac-
tor applied to account for fading was lower using PTTL compared with OSL and TL. The PTTL
procedure has sufficient sensitivity for dosimetry measurements following radiological emergencies,
although further optimisation of the procedure would be required to address the issue of the trend
of the decreasing size of surface mount resistors. Although the physical mechanisms associated
with the deep traps in the alumina substrate probed by the PTTL measurements require further
clarification, the possibility of reducing the extent of the significant fading observed in conventional
TL or OSL measurements introduces a potentially valuable tool in the use of this material for short

and long term retrospective dosimetry.
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Chapter 12

Dosimetry using calcium carbonate

fillers

12.1 Introduction

Chapter 10 demonstrated the great potential of calcium carbonate fillers such as found in the coating
of bags, to act as surrogate dosimeters. However, the tests described in Chapter 10 were carried
out under very controlled conditions, and do not reflect an actual emergency situation. Their
applicability in radiological emergency scenarios have not yet been tested. This chapter describes
the testing of this technique with a blind test simulating a radiological “accident”. The setup for the
blind test comprised bags with calcium carbonate fillers, a mobile phone and a tube test of blood
positioned on a anthropomorphic phantom, irradiated using a ®°Co source. This blind test aimed to
answer the questions of 1) whether bags containing calcium carbonate fillers could be used for dose
reconstruction? 2) How can the protocol be optimised? 3) How does the TL of calcium carbonate
fillers perform compared with other methods of short term dosimetry (i.e., OSL of surface mount
alumina substrate resistors, TL of glass display, dicentric chromosome assay)? 4) What are the
advantages and disadvantages of each technique? MCNP simulations have also been carried out in
order to characterise the absorbed dose in calcium carbonate fillers embedded in polyurethane, as a
function of source energy, position, and depth of the fillers. The issue of dose conversion coefficient

from absorbed dose to fillers to organ dose will also be addressed.
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12.2 Radiation transport simulation

The Monte Carlo N-Particle Transport version 6 (MCNPG6) code developed by Los Alamos National
Laboratory was used to simulate the transport and interactions of particles using repeated random
processes. The behaviour of each particle is simulated and recorded in specific volumes (cells). The
main particle of interest was photon, but electrons were also used as they are the particles used
in the Risg reader source. MCNP can calculate a surface current or fluence (F1 and F2 tallies
respectively), a cell fluence (F4 tally), the energy deposition in a cell (F6 tally) or the pulse height
in a cell times the energy deposited (*F8). To calculate the absorbed dose in a volume, the F6
tally was used when charge particle equilibrium was assumed and the *F8 tally otherwise. The
F6 tally indeed produces electrons into photons that are locally deposited into matter (photons
only mode, operating under the kerma approximation), whereas the *F8 tally takes into account all
the interactions between particles and matter (i.e., photoelectric effect, Compton scattering, pair
production), except elastic scattering (i.e., photons interact with matter, they change direction but
their energy is not reduced).

MCNP6 was used here to 1) simulate the absorbed dose in various materials in the Risg reader
configuration, for calibration purpose, 2) to simulate the absorbed dose effect at a scale that could
not be tested experimentally (e.g. looking at the behaviour of single grains of calcite in a PU matrix),
3) to study the behaviour of the dosimeters investigated in a radiological emergency scenario and

4) to convert the dose absorbed in the dosimeter to the organ doses.

12.2.1 Dose deposited in calcium carbonate fillers using the Risg reader j source

A radiation transport model was set up using MCNP 6 (Goorley et al., 2012) for the /3 source in the
Risg reader in order to estimate the dose absorbed in calcium carbonate fillers compared with quartz
grains. Calcium carbonate fillers were modelled as spheres of 100 pm of diameter (CaCOs, density
: 2.71 g.cm™3) separated each by a distance of 100 ym and distributed in a matrix of polyurethane
(PU, Co.3300.62Ho.04, density : 1.10 g.cm™3) using a repeated structure (Fig. 12.1). The matrix
containing the calcium carbonate fillers was placed in air on a stainless steel disc positioned 6.5 mm
away from the 9°Sr/?0Y source, modelled as a plan parallel source. The primary 3 particle energy
spectrum was obtained from the MIRD database. For calibration purposes, the dose absorbed in

the fillers was compared with the dose in quartz grains (100 pum of diameter, SiO9, density : 2.6
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g.cm—3) placed on the stainless steel disc, since the 3 source was primarily calibrated to quartz.
Different thicknesses of fabric were considered (400 pm, 1000 pm and 1200 pm) which corresponded
to the measured thickness of bags 21, 19 and 16 respectively (see Chapter 10 for list of the samples).
These bags were later used in the blind test (Section 12.3). The absorbed dose was calculated for
grains positioned at the surface of the fabric and at different thicknesses in the PU (centred at

100-1100 pm from the surface depending on the thickness).
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0.0625 cm

0.18 cm

(b)

Fig. 12.1. MCNP model used to calculated the dose absorbed in calcium carbonate fillers dis-
tributed in a PU matrix in the 8 source. The dose absorbed in calcium carbonate fillers was
compared to that of quartz grains. The PU matrix containing the calcium carbonate fillers, and
the grains of quartz were placed on a stainless steel disc, positioned 6.5 mm from the § source.
@ Quartz grain, @ PU matrix, @ calcium carbonate filler, @ stainless steel disc, @ 908y /90y
source (plan parallel), (6) air. Thickness of the fabric : 400 pm.
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The absorbed dose in the calcium carbonate fillers was normalised to the absorbed dose to quartz
grains positioned at the same radial position (i.e. modelled at x=0.0625-0.24 cm from the centre
of the disc, Fig. 12.1a). Fig. 12.2 shows the absorbed dose in calcium carbonate filler grains at
position 0.0625 and 0.18 cm from the centre at various depths in the PU (Fig. 12.1a), normalised
to the absorbed dose in quartz grains at a similar distance from the centre position on the stainless
steel disc. The dose given to the grains of calcium carbonate (100 um of diameter) positioned on
the surface of the fabric (depth : 0 pm) was lower than the value of dose to quartz deposited on a
stainless steel disc by ~10-15 % (depending upon the position of the CaCOj3 grain), even though
the calcium carbonate was closer to the source. This may due to 1) the lack of build up, that is
the absence of charge particle equilibrium in thin detectors closer to the source, or 2) the reduction
in backscatter from the stainless steel disc for a grain placed at the surface of the sample of fabric.
The value of absorbed dose increases as the grains are further from the surface in the PU. A plateau
is reached at a depth of ~500 pum, probably when the charge particle equilibrium is reached in the
medium. When the plateau is reached, the value in absorbed dose in calcium carbonate fillers in
PU was about 10-20 % higher compared with grains of quartz on a stainless steel disc. Grains
located in the centre of the fabric (0.18 cm from the centre, Fig. 12.2) also registered a higher dose
compared with grains at the edge (0.0625cm from the centre, Fig. 12.2).

Fig. 12.3 shows the profile of absorbed dose to calcium carbonate filler grains in PU fabric at
different depths (400-1200 pm in the fabric) placed on a stainless steel disc. Interestingly, the value
of absorbed dose for grains at the surface of the fabric is the same for all thickness (~ 10% lower
compared with the absorbed dose to grains of quartz on the surface of the disc). The thinnest fabric
(400 pum) showed a steeper increase in dose, where the difference between a grain on the surface of
the fabric and a grain at a depth of 300um (near the stainless steel disc) was of about 30%. The
difference in the absorbed dose to a grain on the surface and a grain at a depth where the plateau

was reached was between 25-30 %.

A calibration experimental procedure was adopted using a few grains of quartz (three samples,
each given doses of 1 and 3 Gy when irradiated with a = source) placed upon samples of fabrics
cut from bags 21 (fig. 12.4), 19 and 16, with OSL used to assess the dose. The samples of bags
were of different thickness (bag 21 : (400 £+ 100) pm; bag 19 : (1050 £+ 100) pm; bag 16 : (1200

+ 100) pum) and thus the surface was at a different distance from the source and the stainless steel
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cup. The distance between the bottom of the stainless steel cup and the source was of 7.5 mm.
The OSL signal was measured using a UV filter (U340), to select the emission from the quartz only.
The measurements were repeated three times for each bag, and yielded similar values for the three
bags. The dose rate of the /3 source for quartz (100-250 um of diameter) on samples of bags placed
in cups was thus estimated to be of (0.86 + 0.01) Gy.min~!, which compares to the dose rate to
quartz grains on stainless steel cups, of (0.79 £ 0.02) Gy.min~!.

This measurement also enabled an estimation of the thermal lag in TL measurements. The TL
of the quartz was measured at a heating rate of 0.5 °C.s~! and detected through the U-340 filter,
and the position of the ~100 °C peak compared with that measured with quartz grains deposited
directly in a stainless steel cup. The difference in position of the TL peak yielded an estimate of

thermal lag of ~5 °C for a fabric of thickness 300 ym and ~10 °C for fabrics 1000-1200 pm thick.
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Fig. 12.2. Calculated absorbed dose to calcium carbonate filler grains (100 ym or diameter) in a
PU matrix positioned at 0.0625 (open black squares) and 0.18 cm (open red circles) from the centre
as a function of the depth from the surface of the PU matrix (1000 pm thick in total). The values
of absorbed dose to calcium carbonate filler grains were normalised to the absorbed dose in quartz
grains at the same distance from the centre positioned on the stainless steel disc. The points at a
depth of 0 um indicate grains deposited on the surface of the fabric. The fabric samples were placed
on a stainless steel disc and exposed to the [ source in the Risp reader (distance source-disc :6.5

mm). The doses were calculated using a radiation transport code (MCNPG).
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Fig. 12.3. Calculated absorbed dose to calcium carbonate filler grains (100 pum of diameter) in a
PU matrix positioned at 0.125 cm from the centre of the disc as a function of the distance from
the surface of the PU matrix for different thickness of PU fabric (open black squares : 1200 um;
open red circles : 1000 pm; open blue triangles : 400 pm). The values of absorbed dose in calcium
carbonate filler grains were normalised to the absorbed dose in quartz grains (100 pm of diameter)
at a similar distance from the centre of the stainless steel disc. The points at a depth of 0 pym
indicate grains deposited on the surface of the fabric. The fabric samples were placed on a stainless
steel disc and exposed to the [ source in the Risg reader (distance source-disc :6.5 mm). The doses
were calculated using a radiation transport code (MCNP6). The inset graph shows partially the

geometry for a fabric 400 pum thick.
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Fig. 12.4. Image of a sample of bag 21 in a stainless steel cup, with grains of quartz placed on the

surface of the fabric for 5 calibration purposes. Some of the grains of quartz are circled in red.
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12.2.2 Energy response

The energy response in terms of absorbed dose per source fluence of calcium carbonate filler grains
to photon sources of energy 0.01-2 MeV was calculated using an MCNP model of grains of calcium
carbonate embedded in PU (similar to Fig. 12.1). The volume of PU containing calcium carbonate
filler grains of 100 pum diameter was placed free in air, and at a sufficient distance (3 m for source
of energy < 1 MeV; 9 m for 2 MeV source) from the source to allow sufficient build-up. The source
of photons in this model was specified as a mono-energetic (0.01-2 MeV) plane parallel source. The
absorbed dose was calculated for grains at difference depths in the PU (50-850 um) to observe
attenuation effects. The results of the simulations indicated that the energy response of calcium
carbonate filler grains was dependent on the depth of the calcium carbonate fillers in the fabric. At
low energies (< 0.02 MeV), the absorption that occurs within a thickness of PU of 800 pym leads to
a significant reduction in the absorbed dose to calcium carbonate filler grains with increasing depth
(Fig. 12.5a). For 0.01 MeV photons, the absorbed dose decreases by a factor of ~5.6 between a
depth of 50 pm and 850 pum from the surface, whereas for energy above 1 MeV, the absorbed dose
increases with the depth, reflecting the build up effect (Fig. 12.5b). For a photon energy of 1 MeV,
the build up region is reached at a depth of 650 pm, for a source place 3 m away from the sample.

Fig. 12.6a shows the calculated energy response of calcium carbonate filler grains at a depth of
50 and 850 pum in PU. As described above, the behaviour varies depending on the depth of the filler
grains. This has to be compared with previous work on the TL energy response of calcite measured
by Engin and Giiven (2000) that indicated a peak in the energy response at 140 keV, and a flat
energy response between 200 keV and 1.25 MeV. Fig. 12.6a can be compared with the X-ray mass
attenuation coefficient for calcium (Fig. 12.6b) that indicates a rising edge for energies below 0.1
MeV. The sudden drop in energy response for the fillers in Fig. 12.6a could be attributed by the

strong attenuation induced by the PU at low energies.

These simulations indicate that in order to approach the air kerma dose at the location:

1. If the sample is irradiated with a low energy source (< 0.05 MeV), sampling should be per-

formed as close as possible to the surface.

2. If the sample is irradiated with a high energy source > 100 keV), measurements should be

performed using, as much as is practicably possible, a sample taken as far as possible from the
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Fig. 12.5. Calculated absorbed dose in calcium carbonate filler grains embedded in a PU matrix
as a function of depth of the filler grain in the PU (50-850 pm). The fluence was calculated for the
source area. The source was specified as a plane parallel field of 0.01 MeV (a, left hand side graph)
and 1 MeV (b, right hand side graph), positioned at 3 m from the sample. The sample was placed

free in air in the model geometry.

surface to allow sufficient built-up. This could be done by scraping the surface of the fabric

with a scalpel blade.
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Fig. 12.6. a) Energy response of calcium carbonate fillers, modelled using MCNP6 as spheres
of calcite of 100 um of diameter embedded in a PU matrix. The black continuous line and open
squares represent the calculated energy response of a grain of calcium carbonate 50 pym from the
surface; the red broken line and the open circle a grain located 850 pm from the surface; to be
compared with b) X-Ray mass attenuation coefficient of calcium. Taken from the National institute

of standards and technology database (https://www.nist.gov/)
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12.2.3 Dose deposited in carbonate minerals at various locations on a phantom

In realistic scenarios, it is unlikely that the calcium carbonate fillers will be placed free in air facing a
plane parallel source. If the calcium carbonate filler grains are embedded in the coating of bags, they
are more likely to be located near the body, either on its back or side. The consequences of this could
be twofold : 1) the calcium carbonate filler grains might be partially shielded by the body, and 2)
the backscattered radiation from the body should be taken into account. Furthermore, by sampling
different parts of the bag, partial mapping of the dose at the surface of the bags may be possible.
To investigate these issues, an MCNP model was constructed comprising four cubes (1x1x1 cm?)
of calcite distributed at different locations where a bag might be placed on an individual on a voxel

phantom corresponding to the ICRP reference male (ICRP, 2009), i.e., at :

1. The right hand side of the phantom (centred at z = —17.2 cm, y = 0 cm, and z = 27.5 cm

from the central axis, see Fig. 12.7a)

2. The left hand side of the phantom (centred at x = 15.8 cm, y = 0 cm, and z = 27.5 cm from

the central axis, see Fig. 12.7a)

3. The lower back of the phantom (centred at x = 0 cm, y = 11.5 cm, and z = 26.5 cm from the

central axis, see Fig. 12.7b)

4. The upper back of the phantom (centred at x = 0 cm, y = 11.5 cm, and z = 55.5 cm from
the central axis, see Fig. 12.7b)

Cubes of calcite were used in this model rather than the model of fabric containing calcium
carbonate fillers used in Section 12.2.2 to save computational time and achieve reasonable precision.
Although this model does not reflect precisely the dosimetry of calcium carbonate fillers, it evaluates
whether there is sufficient variation in the doses deposited in crystalline calcium carbonate to
attempt mapping of body doses, if sufficient material is present around the body. All of the cubes

were placed less than 1 ¢cm away from the phantom. Six exposure geometries were considered :

1. AP : anterior-posterior; plane parallel source in front of the phantom
2. PA : posterior-anterior; plane parallel source in the back of the phantom

3. LLAT : left-lateral; plane parallel source on the left hand side of the phantom
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Fig. 12.7. Representation of the voxellised phantom, with the positions of the calcium carbonate

cubes indicated.

4. RLAT : right-lateral; plane parallel source on the right hand side of the phantom
5. ISO : isotropic; sphere source surrounding the phantom

6. FLOOR : plan parallel source below the phantom

Three types of sources were also considered : ©°Co (E=1.1732 and 1.3325 MeV), 137Cs (E=0.6617
MeV) and 100 keV mono-energetic photons. These sources correspond to the most commonly found
isotopes, thought the most likely to occur in a radiological emergency.

Tables 12.1, 12.2 and 12.3 show the value of absorbed dose per fluence for cubes of calcite at
different positions for each of the source geometry (AP, PA, LLAT, RLAT, ISO and FLOOR) and
energy (°Co (E=1.1732 and 1.3325 MeV), 37Cs (E=0.6617 MeV) and 100 keV mono-energetic
photons) stated above. The fluence was calculated as the source area. Although the geometry was
simplified in this model, these simulations show what relative variation in dose can be expected in
calcite at different positions on the body. They also indicate that determining the geometry of the

irradiation may be possible where sampling at different positions is possible. For example, for a left
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lateral irradiation, the dose to calcite on the right hand side of the body is 76% lower compared
with dose to the left hand side of the body for a cobalt source (86% lower for a 137Cs source; 97.5%

lower for a 100 keV mono-energetic photon source).

Table 12.1: Calculated dose per fluence (pGy.cm?) for calcite cubes (volume : 1 cm3) placed at

different locations of the phantom, for different source configurations. Source : °Co.

Source configuration | Right hand side Left hand side Lower back Upper back

AP 5.56 &£ 0.03 5.57 £0.04 276 +0.02 2.69 =+ 0.02
PA 6.04 =+ 0.04 5.88 +£0.04 557 £004 544 £0.04
LLAT 1.32 £+ 0.01 5,52 £0.03 463 =+0.02 532 =£0.03
RLAT 5.51 =+ 0.03 1.33 £0.01 448 +£0.02 525 =+ 0.03
ISO 16.28 + 0.16 16.31 +0.16 15.88 +0.16 16.62 =+ 0.16
FLOOR 4.02 £ 0.05 398 £005 380 £0.05 315 =+0.05

Table 12.2: Calculated dose per fluence (pGy.cm?) for calcite cubes (volume : 1 cm?) placed at

different locations of the phantom, for different source configurations. Source : 37Cs.

Source configuration | Right hand side Left hand side  Lower back Upper back
AP 342 4+ 0.02 345 4+0.02 137 +£0.01 1.31 =+ 0.01
PA 3.74 4+ 0.02 3.59 £ 0.02 3.46 4+ 0.02 3.34 4+ 0.02
LLAT 0.50 £+ 0.006 3.39 +0.02 0.00 +£0.01 3.04 =+0.01
RLAT 3.38 £+ 0.02 0.50 4+ 0.005 2.43 +0.01 3.00 =+ 0.01
ISO 9.37 £+ 0.07 940 4+£0.08 9.10 +0.07 9.49 =+ 0.07
FLOOR 2.26 + 0.02 227 +£0.02 213 +£0.02 1.82 +£0.02

Page 365



Chapter 12. Dosimetry using calcium carbonate fillers

Table 12.3: Calculated dose per fluence (pGy.cm?) for calcite cubes (volume : 1 cm?) placed at

different locations of the phantom, for different source configurations. Source : 100 keV.

Source configuration | Right hand side Left hand side Lower back Upper back

AP 1.121 £ 0.003 1.151 =+ 0.007 0.255 =+ 0.003 0.227 = 0.003
PA 1.044 £ 0.006 1.004 =+ 0.006 1.266 =+ 0.007 1.168 = 0.007
LLAT 0.041 +£0.001 1.168 =+ 0.005 0.463 = 0.003 0.625 = 0.003
RLAT 1.149 £ 0.049 0.042 +0.001 0.407 =+ 0.003 0.603 = 0.003
ISO 2.63 =£0.03 2.64 4 0.03 2.45 4+ 0.02 2.52 £ 0.03

FLOOR 0.579 £ 0.007 0.607 =+ 0.007 0.543 =+ 0.007 0.458 = 0.006
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12.2.4 Dose conversion factors : calcium carbonate to organ doses

The dose of interest for medical treatment is the dose to individuals and more specifically the dose
to some critical organs (e.g., red bone marrow, stomach and small intestine). Tables 12.4, 12.5,
12.6 give the conversion coefficients from dose to calcite to whole body dose for calcite detectors
placed at different location of the body (same positions as section above), for different irradiation
geometry and source energy. The whole body dose was calculated as the average of all the organ
doses. The conversion coefficients to certain organ doses are given in Appendix B.

Although this procedure requires knowledge of the exposure conditions and of the position of
the dosimeter during the irradiation, in the case of bags, organ dose assessment should be more
precise if sampling can be done in several locations of the bag, allowing partial mapping of the dose

if it provides sufficient spatial extension.

Table 12.4: Conversion factor from dose to calcite at different position to whole-body dose for

various exposure geometries. Source : %°Co.

Calcite right hand side Calcite left hand side Calcite lower back Calcite upper back
AP 0.92 £ 0.01 0.92 £ 0.01 1.86 £+ 0.02 1.90 &+ 0.02
PA 0.77 £ 0.01 0.79 £ 0.01 0.84 £+ 0.01 0.86 = 0.01
LLAT 2.99 £ 0.03 0.72 £ 0.01 0.85 £+ 0.01 0.74 £ 0.01
RLAT 0.70 £ 0.01 2.90 £+ 0.03 0.87 £ 0.01 0.74 £ 0.01
ISO 0.99 £+ 0.01 0.99 £+ 0.01 1.02 £ 0.01 0.98 £ 0.01
FLOOR 0.81 £ 0.01 0.81 £ 0.01 0.85 £ 0.01 1.03 £ 0.02
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Table 12.5: Conversion factors from dose to calcite at different position to whole-body dose for

various exposure geometries. Source : 37Cs.

Calcite right hand side Calcite left hand side Calcite lower back Calcite upper back
AP 0.88 £+ 0.01 0.87 £+ 0.01 2.19 £ 0.02 2.28 £ 0.02
PA 0.71 + 0.01 0.74 + 0.01 0.77 £ 0.01 0.79 £ 0.01
LLAT 4.31 £+ 0.05 0.63 £+ 0.01 0.84 + 0.01 0.71 £ 0.01
RLAT 0.62 £+ 0.01 4.14 + 0.05 0.86 4+ 0.01 0.70 £ 0.01
ISO 0.95 £ 0.01 0.95 + 0.01 0.98 £+ 0.01 0.94 + 0.01
FLOOR 0.76 + 0.01 0.75 + 0.01 0.81 4+ 0.01 0.95 + 0.01

Table 12.6: Conversion factors from dose to calcite at different position to whole-body for various

exposure geometries. Source : 100 keV mono-energetic photons.

Calcite right hand side Calcite left hand side Calcite lower back Calcite upper back
AP 0.43 £ 0.01 0.42 £+ 0.01 1.89 + 0.03 2.11 £ 0.03
PA 0.36 + 0.01 0.37 £ 0.01 0.30 £ 0.01 0.33 £ 0.01
LLAT 6.9 £ 0.2 0.24 £ 0.01 0.60 £ 0.01 0.44 £ 0.01
RLAT 0.23 £ 0.01 6.4 + 0.2 0.66 £+ 0.01 0.44 £+ 0.01
1SO 0.46 £ 0.01 0.46 £ 0.01 0.49 £ 0.01 0.48 £ 0.01
FLOOR 0.38 £ 0.01 0.36 £ 0.01 0.40 £+ 0.01 0.47 £ 0.01
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12.3 Blind test

12.3.1 Design

Chapter 10 described the properties of calcium carbonate fillers, and identified their potential as
surrogate dosimeters. Their strong TL response following exposure to ionising radiation, the linear-
ity of their dose response and their apparent ubiquity in bags indicate their suitability. Although
the fading of the TL signal at room temperature was relatively fast, this could be slowed down
by placing the samples in a freezer (-15 °C). Chapter 10 also described a protocol used for dose
assessment using calcium carbonate fillers. The blind test described in this chapter aimed to answer
several additional questions : 1) whether calcium carbonate fillers are suitable for dose assessment
in emergency dosimetry; 2) assess where and how the protocol using the TL signal of calcium car-
bonate fillers could be improved; 3) to assess whether accurate estimate of dose can be obtained
using calcium carbonate fillers; and 4) compare different materials and techniques of emergency
dosimetry, and identify the strengths of each method. Furthermore, and as identified by McKeever
and Sholom (2016), few studies directly compared results obtained using physical and biological
dosimetry within the same test.

The surrogate dosimeters selected for this test were :
1. Bag 16 (Fig. 12.8a)

2. Bag 19 (Fig. 12.8b)

3. Bag 21 (Fig. 12.8c¢)

4. Mobile phone Nokia Lumia 520

5. One tube of human blood

Swatches of bags 16, 19 and 21 are provided in Appendix A. Conventional LiF:Mg,Cu,P TLDs
were attached on the bags at various positions, or taped on the phantom at various locations (Fig.
12.8).

The samples were placed on a whole body Rando - Alderson (RA) anthropomorphic phantom
(synthetic isocyanate rubber) as follows (Fig. 12.9):

1. Bag 16 : right hand side of the phantom
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(=) (b)

(c)

Fig. 12.8. Pictures of a) bag 16, b) bag 19 and ¢) bag 21.

2. Bag 19 : left hand side of the phantom
3. Bag 21 : back of the phantom
4. Mobile phone: inside of bag 19

5. Blood tube : inside of bag 19

The blind test was carried out at the Medical Research Centre (MRC) facility on Harwell campus
(Didcot), using a Cobalt 60 v source (Reviss, RSL2010). The source was composed of four ®°Co
pellets in copper tubes separated by 7.5 cm each, with a total activity of 3.216x10'® Bq at the date

of measurement (July 19 2018). The source was located 35.5 cm from the floor below the phantom,
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thus resulting in a divergent radiation field. Two positions were calibrated for air kerma, shelf
(D at (0.2840.01) Gy.min~" (75.5 cm from the source) and shelf (2) at (0.064= 0.004) Gy.min~"
(indicated in Fig. 12.9b). The exposure lasted 9 min, giving a dose of (2.52+ 0.09) Gy at position (1)
and (0.58+0.04) Gy at position @ The dose given was unknown at time of the measurements and
analysis, thus the analysis was “blind”. The phantom was placed on a Poly(methyl methacrylate)
(PMMA) shelf (thickness 0.6 cm) 81 cm from the floor (45.5 cm away from the source). The
distances are indicated on the schematic representation of the setup (Fig. 12.10).

Following the exposure, the bags were stored at ambient temperature in daylight for exactly 6
hours before being stored in a freezer at -15 °C until the measurements were performed. The mobile
phone was kept at ambient temperature until the alumina substrate surface mounts resistors and

the glass display were extracted and measured.
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(b)

Fig. 12.9. Experimental set-up used for the blind test (MRC %°Co irradiation facility); phantom
front view (a) and side view (b). The bags, as indicated, were placed on the anthropomorphic
phantom, and a mobile phone and a sample of human blood were placed inside bag 19. @ indicates
the position of the shelf calibrated at (0.2840.01) Gy.min~' and (2) the shelf calibrated at (0.0644

0.004) Gy.min~! (air kerma doses).
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163 cm

111 cm

Floor

Fig. 12.10. Schematic representation of the experimental set-up for the blind test (MRC %°Co
irradiation facility). (1) Shelf calibrated at (0.2840.01) Gy.min—'; (2) shelf calibrated at (0.064=+
0.004) Gy.min~}; @ brass tubes in which the sources (°°Co pellets) are positioned during the

irradiation; @ bag 16; @ bag 21. The distances are indicative, graph not to scale.
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12.3.2 Results
Conventional dosimetry : LiF:Mg,Cu,P TLDs

The PHE conventional LiF:Mg,Cu,P TL dosimeters (Gilvin et al., 2007) were used to obtain control
values of absorbed dose to air. The TLDs were placed at various locations on the phantom and
the bags. Some of the TLDs were placed facing the source (parallel to the source), and others were
orthogonal to the source. The TLDs measurements produced values of Hp(0.07) and Hp(10); where
the TLDs were placed parallel to the source a conversion coefficient was supplied to translate the
Hp(10) dose preferred for high energy radiation (ICRU, 1993) to air kerma dose (ICRU 1997, Table
A.24), and where the dosimeters faces were orthogonal to the source, a MCNP model (Eakins et al.,
2007) was used to calculate a conversion coefficient between the absorbed dose in the LiF chip for a
source placed below the dosimeter (90 °) and a source placed facing the dosimeter (0 °). However,
this model was quite approximative as the exact angle of the TLDs relative to the source was not
known (e.g., 85 ° or 95 °), and this could induce further variations in the estimate of doses. Table
12.7 summarises the dose values obtained for the dosimeters, in the form of of Hp(10), Hp(0.07)
and air kerma, and Fig. 12.11, 12.12, 12.13 and 12.14 shows the spatial repartition of the values of
dose on the samples and experimental setup. The values of dose showed a strong gradient, between
0.09 Gy at the top of the phantom and 8.67 Gy under his base (Fig. 12.11). The dose estimates
were not provided with an uncertainty, but for approved conventional dosimetry, the error should

be below 5%, for doses superior to 100 mGy.
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Fig. 12.11. Experimental set up used for the blind test (MRC ®°Co irradiation facility). Phantom
front view with the values of dose provided by the TLDs shown in boxes. The values are given as
air kerma doses (units: Gy). @ indicates the position where the dose is calibrated at 2.52+ 0.09
Gy and (2) the position calibrated at 0.5840.04 Gy (air kerma doses).
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bags during the blind test.

Table 12.7: Values of the doses registered by the conventional LiF:Mg,Cu,P TLDs placed at various location of the phantom and

Position Vertical distance  Angle 0 from the Hp(10) Hp(0.07) Air kerma dose

from the source source (°) (Sv) (Sv) converted from Hp(10)
(cm) (Gy)
Bag 21 sample 2 (Fig. 12.12a) 84 ~90 4.56 4.52 4.53
Bag 21 sample 1 (Fig. 12.12a) 93 ~90 1.63 1.60 1.62
Bag 21 sample 4 (Fig. 12.12a) 65 ~90 4.15 4.22 4.11
Bag 21 sample 9 (Fig. 12.12b) 75 ~90 4.35 4.85 4.31
Bag 16 sample 1 (Fig 12.13a) 75 ~90 3.61 4.26 3.58
Bag 16 sample 4 (Fig 12.13a) 75 ~90 3.37 3.29 3.34
Bag 16 sample 5 (Fig 12.13b) 75 ~90 4.14 4.67 4.10
Bag 16 sample 8 (Fig 12.13b) 75 ~90 4.46 4.37 4.42
Bag 16 top (Fig 12.13a) 87 0 2.51 2.78 2.21
Bag 19 sample 1 (Fig 12.14a) 75 ~90 3.10 3.66 3.08
Bag 19 sample 4 (Fig 12.14a) 75 ~90 2.41 2.67 2.39
Bag 19 sample 7 (Fig 12.14b) 75 ~90 3.56 3.81 3.53
Under phantom (Fig. 12.11) 45 0 9.87 13.77 8.67
Top of phantom (Fig. 12.11) 127 0 0.10 0.13 0.09
Under chin of phantom (Fig. 12.11) 100 0 0.30 0.63 0.27

‘g1 103dey))
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(a) (b)

Fig. 12.12. Picture of bag 21 with dose estimates indicated (in Gy), measured using conventional
LiF TLDs. The values are given as air kerma dose (units: Gy). The broken line indicates the

position for which the air kerma dose was of 2.52+ 0.09 Gy. a) Back of the bag; b) front of the bag.
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() (b)

Fig. 12.13. Picture of bag 16 with dose estimates at positions indicated (in Gy), measured using
conventional LiF TLDs. The values are given as air kerma dose (units: Gy). The broken line
indicates the position for which the air kerma dose was of 2.52+ 0.09 Gy. a) Back of the bag (side

against phantom during blind test); b) front of the bag.

(a) (b)

Fig. 12.14. Picture of bag 19 with dose estimates at positions indicated (in Gy), measured using
conventional LiF TLDs. The values are given as air kerma dose (units: Gy). The broken line
indicates the position for which the air kerma dose was of 2.52+ 0.09 Gy. a) Back of the bag (side

against phantom during blind test); b) front of the bag.
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Dose evaluation using bags fabric

Fig. 12.15 shows the positions of bags 16, 19 and 21 on the phantom. A number of samples were cut

from different locations of the bags (12 samples from bag 21, 8 samples from bag 16 and 8 samples

Fig. 12.15. Schematic representation of the positions of bag 16, 19 and 21 on the phantom.

from bag 19).

Experimental set up used for the blind test (MRC %°Co irradiation facility). Bag 21 was placed on
the back of the phantom.

The samples were cut to fit in stainless steel pans (5x5 mm?) with the coating facing up for TL

measurements. The dose rate of the Risg reader 3 source was determined to be 0.8640.02 Gy.min~!

(see Section 12.2.1). All the samples were measured using the procedure (Procedure A) :

e Step 1 : TL measurement to T},q: = 200 °C, heating rate 0.5 °C.s~!; measurement of the

signal associated with the “blind” v exposure
e Step 2 : Administered 3 dose (0.43 + 0.01 Gy)

e Step 3 : TL measurement to T}uq: = 200 °C, heating rate 0.5 °C.s~!; measurement of the

dose response calibration signal 1, measured less than 5 minutes following dose

e Step 4 : Administered 5 dose (1.72 £+ 0.04 Gy)
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e Step 5 : TL measurement to T},q; = 200 °C, heating rate 0.5 °C.s~'; measurement of the

dose response calibration signal 2, measured less than 5 minutes following dose
e Step 6 : Administered 5 dose (4.3 £+ 0.1 Gy)

e Step 7 : TL measurement to T},q: = 200 °C, heating rate 0.5 °C.s™!; measurement of the

dose response calibration signal 3, measured less than 5 minutes following dose
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Fig. 12.16. TL signal for sample 1 bag 21 a) blind v dose (black squares) measured 1 day after
the irradiation (6 h at ambient temperature, 18 h in a freezer at -15 °C), b) calibration dose 0.43
Gy (red circles), ¢) 1.72 Gy (blue triangles) and d) 4.3 Gy (green triangles) measured following
Procedure A. Risg system, detection window : OC12, PMT : Hamamatsu R2949, heating rate : 0.5
°C.s~ L

The set of glow curves obtained for sample 1 taken from bag 21 following procedure A is shown
in Fig. 12.16. The three calibration 5 response curves in Procedure A were used to build a dose
response curve, by integrating the TL signal for intervals of 2 °C between 140 and 160 °C. The dose
response curve obtained for bag 21 sample 1 (Fig. 12.17) was obtained by fitting a linear function
passing through the origin to the experimental data. The blind v dose signal was corrected for
fading by applying fading correction specific to the bag for the relevant integration interval (i.e.,

140-142 °C; 158-160 °C); and the corrected signal was then divided by the slope of the dose response
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curve obtained for this interval, such as :

D= % X fg, (12.1)
where D is the calculated dose (Gy), S, the signal for the interval g, a the slope of the dose
response for the signal g and f,; the fading correction for the interval g. Thus, for each sample 10
dose estimates (one for each integration interval between 140-160 °C) were obtained.

The errors associated with photon counts, fading correction and fitting of the dose response curve
were propagated using a Monte-Carlo routine implemented in R (metRology package, https://cran.r-
project.org/web/packages/metRologyl). Where the fading corrections and dose estimates were cor-
rect, a plateau between the dose estimates in the region 140-160 °C was observed (Fig. 12.18),
within the uncertainties. Fig. 12.18 shows the dose to calcium carbonate fillers obtained for bag 21
sample 1, for each 2 °C intervals in the region 140-160 °C. The mean value of the 10 dose estimates
in the region 140-160 °C was 1.61 Gy, with a standard deviation of 0.06 Gy, and the mean value was
within the errors of each dose estimate, indicating that the fading correction was correctly applied
for this sample. The estimated dose for the last interval (158-160 °C) showed a significant increase
in uncertainties (1.7 + 0.7 Gy), likely due to a lower intensity of the TL signal in this region,
reaching the end of the TL peak. The final absorbed dose value was calculated as the integral in
the region 140-160 °C, for which a specific fading correction was applied (see Chapter 10). For bag
21 sample 1, the absorbed dose estimate was therefore of 1.7 + 0.1 Gy.

Additional measurements were made 5 months and 8 days (161 days) after the irradiation for
bags stored in a freezer at -15 °C. The samples measured were bag 21 sample 3, bag 19 sample 3
and bag 16 sample 3. For this extended period of storage at -15 °C, fading correction accounting of
the loss of the signal at -15 °C had to be applied (see Chapter 10). However, a fading correction for
samples stored at -15 °C for periods of up to 5 months was only available for bag 16. For bags 19 and
16, the fading correction calculated for another bag was applied and was chosen according to the
agreement of the fading rate at room temperature. For example, the fading at room temperature of
bag 21 was similar to that of F 179, thus the fading correction of F 179 for 5 months of storage at
-15 °C (see Chapter 10) was applied to bag 21. The fading of bags 19 and 16 was also comparable
at room temperature, and the correction accounting for the loss of signal at -15 °C calculated for

bag 16 (see Chapter 10) was applied to both bag. The dose estimates after 5 months of storage at
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-15 °C gave results of 3.0 £0.3 Gy for bag 21 sample 3 (versus 2.9 £+ 0.2 Gy for a sample measured
after 2 days at -15 °C); 2.4 £ 0.1 Gy for bag 19 sample 3 (versus 1.8 + 0.1 Gy) and 3.4 £+ 0.2 Gy
for bag 16 sample 2 (versus 2.10 & 0.07 Gy). The results of dose measured 5 months after the blind

test thus appeared to be in agreement for bags 21 and 19 but overestimated the dose for bag 16.
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Fig. 12.17. TL dose response curve of sample 1 taken from bag 21. The dose response curve was
constructed by integrating the TL signal in the region 140-142 °C following the administration of
B doses of 0.43, 1.72 and 4.3 Gy. The broken red line represents a linear function passing through
the origin fitted to the experimental data. The error bars shown are the Poisson errors in recorded

counts.

The dose results for bag 21 are summarised in Table 12.8, the results for bag 19 in Table 12.9
and the results for bag 16 in Table 12.10.

Page 382



Chapter 12. Dosimetry using calcium carbonate fillers

Table 12.8: Estimated absorbed dose for samples of bag 21 (see Fig. 12.19 for locations), calculated
as the integral in the region 140-160 °C, and corrected for fading. Positions 1-8 were against the

back of the phantom.

Sample | Dose (Gy) Dose measured 5 Distance from the source (cm)
months later (Gy)
1 1.7+ 0.1 93
2 1.8 £0.1 84
3 29+£0.2 3.0£03 75
4 3.4+£02 65
5 2.6 £0.2 75
6 2.3£0.1 75
7 23 +0.1 84
8 1.7 £0.1 84
9 3.2£0.2 75
10 3.5+0.2 74
11 1.32 + 0.07 102
12 5.0£ 0.3 o8
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Table 12.9: Estimated absorbed dose for samples of bag 19 (see Fig. 12.20 for locations), calculated
as the integral in the region 140-160 °C, and corrected for fading. Positions 1-6 were on the side

placed against the side of the phantom.

Sample | Dose (Gy) Dose measured 5 Distance from the source (cm)
months later (Gy)
1 2.04 £ 0.09 75
2 2.0=£0.1 75
3 1.8 £ 0.1 2.4 4+ 0.1 75
4 1.65 + 0.08 75
5 0.90 £ 0.05 87
6 34+04 68
7 24 £0.1 75
8 2.40 £ 0.09 75

Table 12.10: Estimated absorbed dose for samples of bag 16 (see Fig. 12.21 for locations), calculated
as the integral in the region 140-160 °C, and corrected for fading. Positions 1-4 were on the side

placed against the side of the phantom.

Sample | Dose (Gy) Dose measured 5 Distance from the source (cm)
months later (Gy)
1 2.74 £ 0.09 75
2 2.15 £ 0.07 75
3 2.11 £ 0.07 3.4 +0.2 75
4 1.88 £+ 0.06 75
5 2.75 £ 0.09 75
6 2.51 £ 0.08 75
7 2.50 £ 0.08 75
8 3.3£0.1 75
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Fig. 12.18. Blind exposure dose estimates obtained using sample 1 of bag 21 obtained using
Procedure A and evaluated for each 2 °C intervals in the region 140-160 °C. The dose calculated in
the region 140-160 °C is also shown (red filled circle). The dose estimates were corrected for fading,

with a fading correction specific for each integration interval. The straight line indicates the mean

value of the 10 dose estimates (1.61 £+ 0.06 Gy).
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Fig. 12.19. Picture of bag 21 with dose estimates indicated (in Gy), calculated using the TL

response of calcium carbonate fillers. The encircled numbers (@ —@) indicate the positions of the

samples cut from the bag. Sample @ was located on the outside fabric of the pocket, and sample

inside of the pocket. The broken line indicates the position at which the air kerma dose was

2.524+ 0.09 Gy. a) Back of the bag; b) front of the bag.
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Fig. 12.20. Picture of bag 19 with dose estimates at the positions indicated (in Gy), calculated
using the TL response of calcium carbonate fillers. The encircled numbers (@ —) indicate the
positions of the samples cut from the bag. The broken line indicates the position at which the air
kerma dose was 2.52+ 0.09 Gy. a) Back of the bag (side against phantom during blind test); b)
front of the bag.
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Fig. 12.21. Picture of bag 16 with dose estimates at the positions indicated (in Gy), calculated
using the TT response of calcium carbonate fillers. The encircled numbers ((1) -(8)) indicate the
positions of the samples cut from the bag. The broken line indicates the position at which the air
kerma dose was 2.52+ 0.09 Gy. a) Back of the bag(side against phantom during blind test); b) front
of the bag.
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Mobile phone Gorilla glass

Samples of glass display were extracted from the mobile phone Nokia Lumia 520 following the
method developed by Discher and Woda (2013) and cut in squares (5x5 mm) to fit into the stainless
steel cup. The samples were washed in ethanol following extraction and etched with 40% hydrofluoric
acid for 4 min to reduce the background signal by suppressing the protective layer on the glass
(Discher et al., 2013). The samples were measured 6 days after the irradiation, following the

procedure of Discher and Woda (2013), as followed (Procedure B) :

e Step 1 : 500 s illumination, blue LEDs (470 nm)

Step 2 : Record TL glow curve to T},q: = 450 °C, heating rate 2 °C.s~!; measurement of the

blind ~y exposure signal

Step 3 : Administer 3 dose (5 Gy)

Step 4 : 500 s illumination, blue LEDs (470 nm)

Step 5 : TL measurement to Tyae = 450 °C, heating rate 2 °C.s™!; measurement of the 3

response (illumination and TL measurement performed less than 5 min following s dose)

The dose rate of the Risg reader 3 source to glass display placed in cups was calibrated using glass
irradiated with a %9Co source (1 Gy exposure dose, irradiated at IRSN), and measured following
procedure B. The TL signal was calculated in the region of the glow curve 300-400 °C to minimise
loss of the signal, and corrected for fading, using a fading correction specific for that interval. The
Risg reader source dose rate obtained was of (0.77 £ 0.02) Gy.min~! to display glass on stainless
steel discs, which compares to the dose rate to quartz grains deposited in stainless steel cups ((0.79
+ 0.02) Gy.min™1).

The absorbed dose in Gorilla glass in a configuration similar to that of the Risg reader for a
08r /%Y 3 source 6.5 mm away from the sample was modelled using MCNP6. The Gorilla glass
was modelled as a rectangular parallelepiped (0.5x0.25 cm, thickness varying 0.002-0.004 cm?) with
a composition and density similar to that of described by Discher et al. (2015). In this model, the
glass was mounted on a stainless steel disc and exposed to the 8 source . The simulations indicated
that glass of thickness 200-400 pm had less than 2% difference in absorbed dose using the 3 source

and that the dose absorbed in Gorilla glass was 14% higher compared with that of grains of quartz

Page 389



Chapter 12. Dosimetry using calcium carbonate fillers

of 100 pm of diameter in the same configuration (e.g., on a stainless steel disc).

10 glass samples were measured following Procedure B. An example of the glow curves measured
using Procedure B Step 2 (blind 7 dose signal) and Step 5 (5 Gy dose response signal) is shown in
Fig. 12.22. The signal was calculated as the integral in the region 100-250 °C, in order to avoid
the region where a native signal occurs and where the thermal stability of the signal is sufficient
(Discher and Woda, 2013); a plateau test was performed and indicated that a plateau was present
in this region, which was thus deemed as the most suitable for dose assessment. The blind dose
signal in this region was divided by the calibration signal, and an universal fading correction was
applied (Discher and Woda, 2013) to assess the accident dose. The dose results for each of the 10
samples are shown in Fig. 12.23; the mean value obtained was (3.6 &+ 0.5) Gy.

A model of mobile phone was set up in MCNP to convert the dose to the resistors to the air
kerma dose. In this model, the phone was placed orthogonal to a %°Co plan parallel source. The
phone was free in air and the distance between the phone and the source was of 4 m to allow
sufficient build up. The absorbed dose was calculated to the glass display and was compared with
the absorbed dose in a small volume of air (0.5x0.5x0.5 cm?) placed at the position of the phone
(with the phone removed from the model). The ratio of the absorbed dose to the glass display to
air kerma dose was such as :

D .
Zglass display 1 99 4 (3 g9 (12.2)

Dair kerma

Thus, if the dose to the glass display is converted to the air kerma doses at the phone’s position,

the air kerma doses estimated using the TL signal of the glass display is of 2.9 +0.4 Gy.
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Fig. 12.22. TL blind 7 dose test signal (blind test dose, black squares) measured 6 days after
the v irradiation, following Procedure B of sample 1 Gorilla glass extracted from the mobile phone
Nokia Lumia 520 and the TL glow curve measured following the administration of 5 dose (5 Gy;
red circles, Procedure B). Risg system, detection window : U-340, PMT : EMI9235, heating rate :
2°C.s™ L.
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Fig. 12.23. Estimated absorbed dose for 10 samples of glass display extracted from a Nokia Lumia
520 mobile phone, obtained following the procedure described by Discher and Woda (2013). “Blind
test” irradiation ®°Co, estimated dose at the position of the phone: 2.52+ 0.09 Gy (air kerma). The
straight line indicates the mean value of the results : 3.6 = 0.5 Gy. The error bars represents the

95% confidence intervals, calculated using a Monte-Carlo procedure implemented in Excel.

Page 392



Chapter 12. Dosimetry using calcium carbonate fillers

Mobile phone alumina substrate resistors

The alumina substrate surface mount resistors were extracted from the mobile phone (Nokia Lumia
520), and enough resistors were collected to fill two stainless steel measurement cups, each with ca
20 resistors of small and medium sizes. The resistors were washed in ethanol before measurement
to eliminate residual glue. Similarly to previous inter-comparisons (Bassinet et al., 2014), each
cup was measured with a different procedure; namely the “full mode” protocol and the “fast mode”
protocol. Table 12.11 summarises the steps of the measurement procedure following the “full mode”
protocol (Procedure C) and the “fast mode” protocol (Procedure D). Fig. 12.25 shows the OSL
decay curves obtained with Step 2, Procedure C (blind 7 dose signal) and Step 5, Procedure C
(dose response signal, 5 Gy).

Table 12.11: Measurements procedures C and D : “full mode” protocol and “fast mode” protocol

(Bassinet et al., 2014) for alumina substrate resistors.

Full mode protocol (Procedure C) Fast mode protocol (Procedure D)

Step 1 Preheat to 120 °C, 2 °C.s™1, 10 s OSL (470 nm) at ambient temperature,

30 s (accident signal)

Step 2 | OSL (470 nm) at 100 °C, 30 s (accident B irradiation 5 Gy
signal)
Step 3 B irradiation 5 Gy Pause 600 s
Step 4 Preheat 120 °C, 2 °C.s™1, 10 s OSL (470 nm) at ambient temperature,

30 s (calibration signal)

Step 5 OSL (470 nm) at 100 °C, 30 s

(calibration signal)

The /3 source was calibrated for alumina substrate resistors using chips (310 pm thick) irradiated
with a 5°Co source (6 Gy). The dose was evaluated using a single aliquot regenerative procedure
(SAR protocol), and corrected for fading using the fading correction calculated by (Kouroukla,
2015). The calculated dose rate was (0.77 £ 0.03) Gy.min~! for 310 pum thick alumina substrate
resistors placed in stainless steel cups, which compares to the dose rate calculated for quartz in

stainless steel cups ((0.79 &+ 0.02) Gy/min).

Page 393



Chapter 12. Dosimetry using calcium carbonate fillers

To account for the difference in thickness of the resistors measured, the dose absorbed in the
alumina susbtrate resistors was modelled using MCNP6 for resistors of thickness 310, 400 and
550 pum, employing the model for alumina substrate resistors developed by Eakins and Kouroukla
(2015) to assess to what extent the difference in size of the resistors influences the values of dose
rate. These thicknesses correspond to measured values of various resistors thicknesses. The resistors
were irradiated on a stainless steel disc in the reader 5 source configuration (6.5 mm between the
source and the stainless steel disc), and compared with the calculated dose delivered to grains of
quartz (100 pm of diameter) in a similar configuration (i.e. grains on a stainless steel disc). The
absorbed dose was either calculated in the total volume of the resistor, or in a layer 100 pm from
the surface. The last configuration was prompted by the fact that during an OSL measurement,
the light only penetrates through in thin layer of an opaque material. Thus, the value of dose given
by OSL only reflects the dose in a superficial layer in the material, and not throughout the volume.

The simulations indicated that :

1. If the total volume of alumina substrate is considered, the dose rate delivered to resistors of

thickness 400 pym and 550 pum are respectively 11% and 22% lower than the 310 pum.

2. If a 100 pm thick layer below the surface of the resistor is considered (optically active layer,
see Fig. 12.24), the dose in the layer is 6% lower for 400 pum thick resistors (2% for 550 pum

resistors) compared with 310 pm resistors.

3. The absorbed dose in the 100um surface layer of the resistors was 6.5% higher for a resistor of
thickness 310 pum (1% for a thickness of 400 pum, 3.5 % for a thickness of 550 pum) compared

with that of a grain of quartz at the same position (i.e., centre of the disc).

4. The position of the resistor on the stainless steel disc also induces small variations in the dose
rate of the 3 source : a resistor placed at 0.24 cm from the centre results in a decrease in the

absorbed dose of 6% compared to a resistor placed at the centre.

A sample specific fading correction was used to correct the dose for fading. Each cup of extracted
resistors was irradiated with a 5 dose (5 Gy) and stored in the dark at ambient temperature for a
period similar to the delay between the blind v dose and the extraction and measurement of the
resistors (6 days). Once corrected for fading, the results gave values of absorbed dose to the resistors

of :
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100 pym

5 100 um
ai- Optically active layer
o

Fig. 12.24. Thickness of resistors used in the MCNP modelling (550, 400 and 310 pm). The red

550 pm

Stainless steel disc

layer indicates a 100 pm-thick active layer beneath the surface of each resistor.

- Full mode protocol : (3.76 + 0.04) Gy
- Fast mode protocol : (4.26 £+ 0.07) Gy

However, the >10% difference in the 2 dose estimates might imply that the <2% uncertainty
estimates are not very accurate.

A model of mobile phone was set up in MCNP to convert the dose to the resistors to the air
kerma dose. In this model, the phone was placed orthogonal to a %°Co plan parallel source. The
phone was free in air and the distance between the phone and the source was of 4 m to allow
sufficient build up. The absorbed dose was calculated in resistors of the circuit board and was
compared with the absorbed dose in a small volume of air (0.5x0.5x0.5 cm?®) placed at the position
of the phone (with the phone removed from the model). The ratio of the absorbed dose to a resistor

to air kerma dose was such as :

Dresis or
JXesStor _ 151 40.04 (12.3)

D air kerma

Thus, if the doses to the resistors are converted to the air kerma doses at the phone’s position,
the air kerma doses estimated using the OSL signal of the resistors contained in the mobile phone

are :

- Full mode protocol : (2.49 + 0.07) Gy

- Fast mode protocol : (2.82 £+ 0.09) Gy

Page 395



Chapter 12. Dosimetry using calcium carbonate fillers

14000 T

12000

10000 -

8000

6000 -

4000 -

OSL intensity (photon counts)

Time (s)

Fig. 12.25. OSL decay curves measured with resistors extracted from the mobile phone Nokia
Lumia 520, following the full mode protocol (Procedure C, Table 12.11). Blind test dose : black

square; calibration dose 5 Gy : red circles. Risg system, detection window : U-340.

Dicentric chromosome assay (processed and measured by Public Health England Cy-

togenetics group)

The blood sample was taken by venipuncture at PHE from a healthy volunteer with informed
consent in accordance with local ethical approval for PHE’s radiation dosimetry research programme
(Berkshire REC 09/H0505/87). Following the irradiation, the blood was prepared and the dicentric
chromosomes manually scored following standards methods (International Atomic Energy Agency,
2011) by the Public Health England Cytogenetics group. The results yielded 99 dicentrics in 231
cells scored, and the result extrapolated using the Public Health England calibration curve (Lloyd
et al., 1986), such as :

Y (D) = 0.0005(%0.0005) + 0.0142(40.0044) D + 0.0759(40.0027) D?, (12.4)

where D is the absorbed dose, and Y the number of dicentrics. The result obtained using a dose
estimate software (Ainsbury and Lloyd, 2010) gave whole body dose of 2.3 £+ 0.1 Gy, with an upper
confidence interval of 2.471 Gy and a lower confidence interval of 2.095 Gy. Applying a conversion

factor from dose to blood to air kerma dose (International Atomic Energy Agency, 2011), this dose
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is equivalent to an air kerma dose of (2.09 + 0.09) Gy.
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Radiation transport simulations

The dosimetry of the ~ irradiation chamber (MRC, Harwell campus) was modelled using MCNP6
following a simplified geometry shown in Fig. 12.10. The source was comprised of four ®°Co pellets
positioned within stainless steel tubes housed in brass tubes (Fig. 12.26). The four tubes are
separated by a distance of 7.5 cm from each other, and are placed 35.5 cm from the floor (45 cm
from the PMMA plate on which the phantom was set). The total activity was 3.216x10'3 Bq at the
date of measurement (July 19 2018). The errors indicated in this section are just MCNP statistical
uncertainties, and the true uncertainties would be much larger. A voxellised phantom (implemented
in MCNP by Dr. Jansen, Public Health England) corresponding to the ICRP reference phantom
(ICRP, 2009) was used to render the Rando - Alderson (RA) anthropomorphic phantom.

Cm [

I—Brass tube

Stainless steel tube
Cobalt pellets

()

(b)

Fig. 12.26. Schematic representation of the design of the MRC  source model (a). Four similar

tubes separated by 7.5 cm containing the %°Co pellets constitute the source (b).

Simulations were carried out without the voxellised phantom in the irradiation chamber to better

characterise the radiation field. The position that was calibrated at (2.52+ 0.09) Gy, the calculated
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doses was (2.43+0.01) Gy. As the four tubes composing the source were spread over 22.5 cm in
total, a radial dependence on the calculated values of dose was found (Fig. 12.27a). 30 cm from
the central axis, the value of dose 75.5 cm away from the source dropped to (2.11 £ 0.01) Gy,
versus (2.43 £0.01) Gy at the central axis. The calculated values of dose varies as a function of the

distance z from the source following an 1/2? law (Fig. 12.27b).
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Fig. 12.27. a) Calculated air kerma doses in the v irradiation chamber (MRC, Harwell campus)
75.5 cm away from the source for a 9 min irradiation, as a function of distance from the central axis
of the source. The dose measured 75.5 cm from the source was (2.52+ 0.09) Gy, along the central
axis of the source (r = 0 cm). b) Calculated air kerma dose in the v irradiation chamber (MRC,
Harwell campus) for a 9 min irradiation a function of the distance z from the source. The curve

indicates a 1/2% function fitted to the calculated dose values.

Table 12.12 lists the blind test air kerma doses calculated using MCNP at different position
relative to the phantom. The positions at 75.5 cm from the source were calibrated at 2.52+ 0.09
Gy, without the phantom. A strong dependence on the distance between the dosimeter material
and the edge of the phantom was found; the air kerma dose calculated 75.5 cm away from the source
at the back of the phantom was 0.826+0.005 Gy 0.5 cm from the phantom and 2.4294+0.009 Gy 10
cm away from the phantom (Fig. 12.28).
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Fig. 12.28. Blind test calculated air kerma dose 75.5 cm from the source at the left hand side of
the phantom (LHS, open black squares), right hand side (RHS, open red circles) and back (open
blue triangles). The positions relative to the phantom are shown in Fig. 12.29. The values of air
kerma dose are plotted as a function of the distance from the phantom. The measured calibrated

dose was 2.52+ 0.09 Gy measured using an ionisation chamber (without the phantom).
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(b)

Fig. 12.29. a) Front view of the MCNP model of the anthropomorphic phantom setup in the MRC
facility and b) side view. “RHS” and “LHS” indicate respectively the right hand side and the left
hand side of the phantom. The white squares are the position at which the air kerma doses of Fig.
12.28 were calculated relative to the phantom (right and side, left and side and back) and 0, 5 and
10 indicate the distance, in cm, from the phantom. The position used to calculate the air kerma

dose was 75.5 ¢cm from the source.
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Table 12.12: Blind test air kerma dose values calculated using MCNP, positioned at 75.5 cm from the source, as represented in Fig.

12.29.

Location relative to

the phantom

Distance
from the

source (cm)

Air kerma dose 0.5 cm from

phantom (Gy)

Air kerma dose 5 cm from

phantom (Gy)

Air kerma dose 10 cm from

phantom (Gy)

‘g1 103dey))

SIO[[ 93RUOG.IRD WNIO[RD SUISN AIJOUIISO(T

Left hand side 66 0.764 £ 0.005 2.20712 £ 0.0085

Left hand side 75.5 1.232 £+ 0.006 1.502 + 0.007 1.866 £ 0.008
Left hand side 85 0.546 £ 0.004 1.067 £ 0.006

Right hand side 75.5 0.696 £ 0.004 1.142 4 0.006 1.679 £ 0.007
Back 57 2.817 £ 0.009 4.24 + 0.01

Back 75.5 0.827 £ 0.005 1.604 £ 0.007 2.429 £ 0.009
Back 85 0.639 £ 0.004 1.195 £ 0.006

Back 98 0.121 £ 0.002 0.592 £ 0.004

Back 92 0.341 £ 0.003 0.933 £ 0.005

Above PMMA 46 5.872 £ 0.007

Above phantom 127 0.0146 + 0.0006
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The MCNP model provided the values of organ doses for the phantom. Due to the non-
uniformity of the radiation field, the absorbed dose in different organs varies within the phantom
(Table 12.13). Some of the critical organ doses are listed in Table 12.13, and show that while some
organs were given a dose inferior to the 2 Gy threshold (e.g. stomach : 0.70 Gy), other critical
organs registered a significant dose (e.g., bone marrow : 1.67 Gy; colon : 2.19 Gy). The whole body
dose (calculated as the average of all the organ dose) was of 0.768 + 0.002 Gy for this case, which
is significantly lower than the value of dose of some critical organs. Thus, this test illustrates a case

where the whole body dose might not be an appropriate quantity.

Table 12.13: Values of organ dose for a phantom irradiated in the MRC source configuration for a

9 min irradiation, obtained using MCNP transport code.

Tissue or organ Organ dose (Gy) Error

Bone marrow (red) 1.6655 0.0003
Colon 2.1880 0.0002
Lung 0.3123 0.0001

Stomach 0.7022 0.0002
Bladder 0.8591 0.0004
Breast 0.7022 0.0002
Liver 0.6505 0.0001
Oesophagus 0.2709 0.0002
Thyroid 0.1254 0.0002
Skin 0.5768 0.0001
Bone surface 0.5893 0.0001
Remainders 0.9388 0.0003
Salvary glands 0.0751 0.0001
Brain 0.0347 0.0000
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12.3.3 Comparison of the results and discussion

Table 12.14 compares the dose estimates obtained using the different materials and methods of
dosimetry employed in this test. Furthermore, the fabric sample containing calcium carbonate
fillers, the blood sample and the mobile phone can be compared as the phone was associated with
bag 19. Fig. 12.30 shows the position of these samples in bag 19, with their respective estimates of

dose.

(5) 0.90+0.05
MCNP: 1.067+0.006

Mobile phone
Glass : 2.910.4 ;
Resistors : 2.49 + 0.07 / ' (&) 3.4:0.4
MCNP: 2.207+0.009

Fig. 12.30. Blind test dose estimated using different dosimetry materials, showing where the
samples were positioned in the bag during the blind test. The white rectangles show the position
of the fabric samples, the dose values highlighted in yellow are the TLDs dose estimates. The red
rectangle (DCA) indicates the position of the blood sample tube dose obtained using a dicentric
chromosome assay, the rectangle with crossed hatched perimeter indicates the position of the mobile
phone within the bag and the dose estimates obtained with the glass display (“glass”) and “resistors”
the OSL signal of alumina substrate resistors (full mode/fast mode). The broken indicated the

position calibrated at 2.52 £+ 0.09 Gy. All values of dose are indicated in Gy.
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Table 12.14: Comparison of the blind test dose estimates obtained using different methods of dosimetry (conventional TLD, MCNP,

fabric, mobile phone and dicentric chromosome assay).

Position LiF TLDs MCNP (air TL fabrics (Gy) DCA Glass Alumina
(converted kerma, Gy) (converted to display substrate
to air air kerma, Gy) (con- resistors
kerma, Gy) verted to (converted to
air kerma, | air kerma, Gy)
Gy)
Bag 21 position 1 1.62 0.933 £+ 0.005 1.7+ 0.1
Bag 21 position 2 4.52 1.195 £ 0.006 1.8 £0.1
Bag 21 position 3 1.604 £ 0.007 29+£04
Bag 21 position 4 4.11 3.4 4+0.2
Bag 21 position 9 4.31 3.2+£0.2
Bag 21 position 12 4.24 £ 0.01 5.0 £ 0.3
Bag 16 position 1 4.58 2.74 + 0.09
Bag 16 position 4 3.34 1.142 £ 0.006 1.88 £ 0.06
Bag 16 position 5 4.10 2.75 £ 0.09
Bag 16 position 8 4.42 3.3 £0.1
Bag 19 position 1 3.08 1.502 £ 0.007 2.04 £ 0.09
Bag 19 position 4 2.39 1.65 4+ 0.08
Full mode : 2.49 £+ 0.07
Bag 19 position 5 1.067 £ 0.006 0.90 + 0.05 2.04 £ 0.09 29+ 04
Fast mode : 2.82 £+ 0.07
Bag 19 position 6 2.207 £ 0.009 34+£04
Bag 19 position 7 3.53 2.4 £ 0.1

g1 103dey)
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The dose estimates using fabrics were in agreement with the expected value of dose (2.524 0.09
Gy) at the calibrated position for the back of bag 21 (Fig. 12.19a) positioned against the phantom,
where the span of the three dose estimates (2.3-2.89 Gy) at this position included the calibrated
value 2.52+ 0.09 Gy. However, the dose estimates on the other side of the bag were slightly higher
than the expected 2.52+ 0.09 Gy (3.22-3.15 Gy). The dose estimates of bag 19 at the calibrated
position (2.52+ 0.09 Gy) gave lower values on the side of the bag that was placed against the
phantom (1.65-2.04 Gy, Fig. 12.20a) compared with the other side of the bag at the same distance
from the source (2.4 Gy, Fig. 12.20b). Bag 16 gave similar results, with dose estimates at the
position calibrated at 2.52+ 0.09 Gy in the range 1.88-2.74 Gy, with a mean value of 2.2 £0.4 Gy
(Fig. 12.21a) on the side of the bag near the phantom, and 2.50-3.32 Gy, with a mean of 2.8 + 0.4
Gy on the other side, further from the phantom (Fig. 12.21b). These results are consistent with
the attenuation induced by the phantom, as was predicted by MCNP. Bag 19, that gave the lowest
dose estimates on the side positioned near the phantom was made of a soft flexible fabric, that was
closely following the contour of the phantom, while bag 21 and 16 were made of a rigid fabric, thus
inducing a greater distance between the fabric and the phantom. However, the dose estimates on
the side of bags 16 and 19 opposed to the phantom were in close agreement with the 2.524+ 0.09 Gy
calibrated value of dose. The air kerma doses calculated using MCNP are consistently lower than
expected, but they seem to follow a similar trend compared with the dose estimates from the bags
(Fig. 12.31). This could be due to a calibration factor (e.g., source activity).

The agreement between the dose results between the TLDs and the calcium carbonate fillers
was found to be variable. At some position (e.g. bag 21 sample 1, bag 21 sample 4), the doses
are in good agreement (Table 12.14). For some positions, the value given by the TLDs seemed
anomalous; for example the TLD positioned on bag 21 sample 2 gave a value of 4.53 Gy, higher
than the value of bag 21 sample 4 (4.11 Gy) which was positioned 19 c¢cm closer to the source. The
dose estimate using calcium carbonate fillers at this position (bag 21 sample 2) seemed to get a
more reasonable value of dose (1.8 + 0.1) comprised between the dose estimates in the position
above and below (1.7 + 0.1 and 2.9 £ 0.2 Gy respectively). Generally, the calcium carbonate fillers
seemed to underestimate the values of doses compared with the TLDs (Table 12.14). However, if
the doses are compared with the estimated air kerma calibration at 113 ¢cm from the source (2.52+
0.09 Gy), the calcium carbonate fillers seemed to give better estimates (2.6+0.2 Gy for bag 21;
2.4540.3 Gy for bag 16;2.2+0.2 Gy for bag 19) compared with the TLDs (e.g., above 4 Gy for bag
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21, see table 12.14). The dicentric chromosome assay provided a dose estimate (air kerma dose :
2.09 +0.09 Gy) closer to the estimate provided by the calcium carbonate fillers of the bag (bag 19)
in which the blood tube was placed (2.03£0.09, 1.65 £0.08 and 2.4+0.1 Gy). The doses estimated
using the mobile phone component (air kerma doses using glass display and resistors full and fast
mode, respectively 2.9+0.4 Gy, 2.49 +0.07 Gy and 2.82 £0.09) placed next to the blood tube in bag
19 were in closer agreement with the calibrate dose of 2.524+ 0.09 Gy at this location, but slightly
higher compared with the doses to calcium carbonate. The reason for this discrepancies could be
the lack of build up in thin dosimeters such as calcium carbonate fillers in PU compared with mobile
phone glass display or resistors, where the structure of the phone offers more build up. However,
the values of air kerma doses estimated using phone components (resistors and glass display) were
comprised between the value of doses of calcium carbonate fillers samples at z positions below and

above the phone on the bag (3.40 + 0.6 Gy and 1.65 £+ 0.08 Gy).

The blind test presented here showed an example where a dose assessment at a single point
could lead to a wrong interpretation of the results, due to the strong gradient in dose. If the dose
was assessed near the head a phantom, the estimate of dose would have been of ~0.10 Gy (Table
12.7), which would largely underestimate the dose of certain organs (i.e., stomach, intestine, liver,
see Table 12.13). On the contrary, if the dose had been estimated at the base of the phantom (on
the hips), the dose would have been overestimated (~ 12 Gy, Table 12.7). These examples illustrate
a case where the patient would have been sent to the wrong triage category, if it were a radiological
emergency. Although this scenario is unlikely, this test emphasised that estimating doses at several
locations of the body might be preferable in cases where the radiation field is not uniform or the
irradiation condition unknown. In this case, dose assessment using calcium carbonate fillers in
backpacks would provide an advantage, as pieces of fabrics could be sampled at various locations of
the bag. This was illustrated in the case of the blind test by the samples extracted along the spine
from bag 21. Fig. 12.31 shows the blind test doses obtained at different distance from the source
in bag 21. The doses appeared to follow an inverse square relation to the distance from the source.

The results of the blind test indicated the following advantages of using calcium carbonate fillers

for short term assessment compared with the other emergency dosimetry methods :

1. Possibility of sampling at various locations, providing a partial mapping of the dose (es-

pecially with backpacks), indicating that the exposure geometry may, in certain cases, be
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Fig. 12.31. Dose to calcium carbonate fillers in the coating of bag 21 fabric (open black squares)
and air kerma doses at similar positions calculated using MCNP (open blue triangles) as a function
of the distance from the source. The solid lines represent a function y = a + T% fitted to the

experimental data points, where r is the distance from the v source.

reconstructed.

2. Possibility of extracting a large number of samples (4 samples per cm?). When resistors from
mobile are used, a maximum of three aliquots providing sufficient signal can be extracted form

modern mobile phones.

3. Fast processing of the samples (a few minutes) compared with the time needed to extract

resistors or glass display from mobile phones.

4. Material of low value, and only a small surface of the bags could be sampled for short term
dosimetry, that could be easily patched by the patients. One of the main concerns using
mobile phone was the unlikeness of members of the public to give up their phone, due to their

high value and interest from the security services.
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However, the main disadvantages of calcium carbonate fillers for short term dosimetry are 1)
the lack of built up in calcium carbonate fillers at the surface of the fabric, caused by the very small
thickness of the dosimeters (< 100 ym) and the absence of material to act as built up in radiological
emergency scenarios, 2) the faster fading of the signal compared with alumina substrate resistors
and Gorilla glass and 3) the variability in fading rates between samples.

The dosimeters tested in this blind test all seemed to perform relatively well, and were able
to correctly assess that the “patient” dose was above the 2 Gy threshold. Ideally, all materials
and methods for emergency dosimetry would operate in tandem to give a better estimate of the

radiation dose.

12.4 Summary and future work

The blind test replicating a ground source irradiation confirmed that calcium carbonate fillers
contained in bags may be used for dose assessment in short term dosimetry. A comparison of
the dose estimates obtained using different means of dosimetry during the blind test showed that
the strength of the TL of calcium carbonate fillers compared with other methods used in short
term dosimetry was to provide a spatial resolution of the doses where irradiation was not uniform.
However, calcium carbonate fillers seemed to slightly underestimate the doses compared with other
surrogate dosimeters (mobile phone component), possibly due to a lack of built up in the material.
Simpler irradiation geometry should be carried out in future work, to test the performance of calcium
carbonate fillers in more controlled conditions. This could be for example done by cutting a piece
of a bag containing calcium carbonate fillers and placing it in parallel to the source, such that the
surface of the fabric would be flat. In particular, this would test the hypothesis made regarding the
lower dose obtained in this test supposedly due to the lack of built up in thin detectors without built
up materials. Performing exposures on a ISO slab phantom, rather than on an anthropomorphic
phantom, would allow for more control too, and allow TLDs to be placed more accurately. For
future tests, aluminium oxide detectors should also be studied further to obtain a dose estimate to
the material directly, as the body dose and skin dose was of less interest for this test. The TLDs
employed in this blind test were also sensitive to the geometry of irradiation (i.e., facing the source
or not) and this required additional correction factors which could be avoided if aluminium oxide

chips were employed.
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Chapter 13

Conclusion

13.1 Answers to the research questions

This thesis primarily aimed to answer the following research questions, defined in the Introduction

(Chapter 1) :
1. Which materials are suitable for luminescence emergency dosimetry and which ones are not?

2. What are the luminescence characteristics of a new materials investigated? What is the

physical origin of the luminescence emission?
3. How accurate are the dose estimates obtained using a new surrogate dosimeter materials?
4. What are the advantages / disadvantages of the new surrogate dosimeter materials?

To answer the first of these questions, a screening of commonplace materials likely to be found
near members of the public was carried out. The materials tested included paper, plastic items,
contact lenses, polystyrene, nail polish, glass beads, and fabrics (Chapter 7). The latter were
selected as the most promising, and samples were examined further for their OSL and TL response
to ionising radiation. Three types of fabrics were selected for their strongest response to ionising
radiation : a blue polyester-mix fabric (F 3), a type of upholstery fabric and the fabric of bags

containing calcium carbonate fillers.

The work described in Chapter 8, 9 and 10 aimed to answer to research question 2, by charac-

terising the luminescence response of the most promising materials. The luminescence behaviour of
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the polymer-mix fabric F# 3 (Chapter 8) was characterised by a strong IRSL response to 3 dose.
The detection limit of this fabric was low (20 mGy), which, combined with a linear dose response
and the absence of a native signal, indicated favourable characteristics for emergency dosimetry in
terms of response to ionising radiation. Although the fading rate at room temperature was found to
be fast (~ 1% of the signal remaining after 2.5 h storage in the dark at room temperature), applying
a procedure where the samples were stored in an oxygen free atmosphere following irradiation was
found to considerably reduce the rate of fading (80% of signal remaining after 2.5 h). Furthermore,
the IRSL signal of F 3 was found to be enhanced when measured with nitrogen flowing into the
chamber compared with measurements carried out in air, confirming earlier findings that the oxygen
acts as a quencher of luminescence in polymers. This type of strong IRSL response to 8 dose was

not observed in the other polyester fabrics tested.

A type of upholstery fire retardant fabric exhibited an OSL signal in response to (3 dose
(Chapter 9). Despite a weaker luminescence response to ionising radiation dose compared with
the IRSL signal of the blue polyester F# 3 (detection limit ~ 100 mGy), this series of fabrics
presented favourable characteristics for emergency dosimetry (detection limit below 2 Gy, linear
dose response) as the fading rate was lower (~ 50 % of remaining signal after 11 days of storage
in the dark at ambient temperature). The source of luminescence in these fabrics is likely to be
the mineral fillers incorporated into the coating, although the exact nature of the fillers was not
formally identified. Furthermore, the main disadvantage of these upholstery fabric and of F3 was
that they are unlikely to be useful for triage dosimetry in general, unless in the case of an event

within a domestic or office environment.

The TL response of the fabric of bags containing calcium carbonate fillers showed the most
potential as a surrogate dosimeter material (Chapter 10). Calcium carbonate fillers are widely
used in the manufacture of thermoplastics that are found in the coating or fabric of bags, and they
produce a strong TL sensitivity to 8 dose, yielding low detection limits (from a few mGy to 400
mGy). The 100 °C peak of the TL response was deemed suitable for emergency dosimetry due
to the relatively low native signal in this region. The native signal observed in some samples can
also be reduced by the use of a red-sensitive PMT coupled with a sharp-cut filter cutting emission

below 550 nm. Although the fading of the 100 °C peak, which was associated with a continuum
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of trapping level was relatively fast at room temperature (depending on the sample between 34 %
and 70% of remaining signal in the region 158-160 °C after 24 h of storage in the dark at ambient
temperature), storing the samples in a freezer at -15 °C reduces the rate of fading (loss of the signal

after a 24 h storage < 5%).

A preliminary answer to the third research question was given in Chapter 10, where dose re-
covery tests were conducted. An attempt to further answer this question was made in Chapter 12,
where a blind test dose was performed using the TL signal from fabrics of bags containing calcium
carbonate fillers. Doses estimates using calcium carbonate fillers were accurately estimated to the

nearest Gray in most of the cases, a level of precision that is sufficient for triage.

Research question 4, related to the strengths and weaknesses of this new technique was addressed
in Chapters 10 and 12. The main advantages of using the TL signal calcium carbonate fillers
compared with other methods of dosimetry (e.g. resistors extracted from mobile phones) are : a)
its rapidity in producing a dose estimates following the receipt of the sample (~ 15 min if only one
calibration point is used compared with at least an hour using mobile phone resistors) if the fading
correction is known, b) the possibility of obtaining a large number of samples from a single bag, and
c) the ease of the sampling protocol that requires little operator time, and can be performed by un-
trained operators. The fast processing time combined with rapid analysis techniques for operators
means that the capacity of the network for emergency dosimetry (e.g., RENEB) could be increased.
Besides, for small-scale accidents where time management is not critical, a partial mapping of the
body dose could be obtained, if the fabrics containing calcium carbonate cover a sufficient surface
area. Furthermore, as most bags tend to be of relatively low value and not primarily needed by
members of the public or security forces in an emergency situation, they are likely to be easy to
obtain for dosimetry purposes. They could be easily repaired after the sample is cut from them.
They are also quite common, and likely to be carried by many individuals (like phones, but unlike

e.g. F3 and upholstery fabric).

However, it is also acknowledged that this approach has some weaknesses. As the calcium car-
bonate used as fillers is natural and obtained from quarries, it is expected that there will be great

variability in the composition of the fillers. This may mean that there will be a variety of fading
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rates and hence it cannot be expected that a “universal” fading curve may be constructed. The
difference in fading between samples was observed and can be important, with up to a 40 % of
difference in the remaining signal in the region 158-160 °C being observed after 24 h of storage in
the dark at room temperature. This variability in fading cannot be neglected or approximated at
the risk of overestimating or underestimating the dose, thus placing the patient in the wrong triage
category. Another issue is the fast rate of fading at room temperature, and although this could be
circumvented by placing the samples in a freezer, it requires that the samples should be collected rel-
atively quickly after the accident. This method is thus more adapted to short term dosimetry and a
pre-triage quick check rather than post-triage in the longer term to obtain an exact measure of dose.
The main mechanism of fading appears thermal and one of the consequences of a dominant thermal
fading is that the fading rate is dependent on the temperature of storage, which could be a disad-
vantage if the temperature at which the samples are held (i.e., in a freezer) before being collected

is unknown (with up to 40% difference between samples stored at 20 and 35 °C after 24 h of storage).

Finally, the issue of the fading of the TL signal of alumina substrate resistors was studied
(Chapter 11) as this is a known disadvantage of using such devices as surrogate dosimeters. Ap-
plying a photo-transfer TL (PTTL) procedure partially circumvented the fading rate, for periods
of storage 6 hours to 224 days in the dark at ambient temperature. Two light sources were used
to induce the photo-transfer mechanism, a blue light source (470 nm) and a UV light source.
Whilst the UV light source induced a stronger PTTL signal, it also produced a non dose dependent
photo-simulated TL signal. The signal of the resistors found in mobile phones has several advan-
tages compared with the calcium carbonate fillers of bags, but the main one is the longer lived
luminescence signal, that can be detected after months of irradiation for samples stored at room
temperature. The use of the PTTL technique reinforce the longer term use of alumina substrate

surface mount resistors.

13.2 Future work

This thesis primarily aimed to define the strongest candidate materials for emergency dosimetry
using luminescence techniques (TL and OSL), and beyond their basic characterisation, there is yet

some work to be carried out to improve the protocols used or fully understand the luminescence
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emission and dose absorption mechanisms in calcium carbonate fillers and other material inves-

tigated. More broadly, this study also raised some questions that have not been answered yet

1. A limited range of samples have been tested here. Future work might include testing a
larger set of bags or materials containing mineral fillers, or focusing on the calcium carbonate

suppliers to obtain fillers from various quarries.

2. One of the main disadvantage of the calcium carbonate technique was the fading rate that was
found to be relatively fast at room temperature (50% loss of the signal in 24 h in the region
of the glow curve 140-142 °C) and to differ between samples, although all the samples were
found to follow an exponential decay of the latent TL signal at room temperature. To address
this issue, further investigation is required : 1) storing samples at two temperatures (room
temperature and -15 °C), 2) collecting samples shortly after the accident (ideally within 24
h) to store them at -15 °C, and 3) the work and time required in an emergency situation to

establish a sample specific fading correction is required.

3. The issue of the timescale between the receipt of the sample and the dose report to the medical
team was briefly raised when it was assessed that the time to measure one sample was of ca 15
min. Depending on the number of samples to process, the time interval between the accident
and the dose estimate might reach a week for mass casualty accident, and it is not known so
far if that time scale is workable for emergency responders. The time necessary to obtain dose
results using dicentric chromosome assay was evaluated to be of 52 h (Kulka et al., 2017),

which was deemed sufficient for post hospital dose assessment.

4. For the blind test, the doses determined using different techniques have been translated to air
kerma to enable a straightforward comparison of the results. There are however discussions
as to which quantities should be employed for emergency dosimetry (Eakins and Ainsbury,
2018a); e.g., dose to the material, air kerma dose, Hp(10), effective dose, whole body dose,
dose to specific organs,... which can be obtained applying conversion factors determined using
radiation transport codes (e.g., MCNP). It has not yet been assessed how long it would take
to translate the dose to the material to another quantity in an emergency scenario, where time

would be critical. Furthermore, employing these conversion factors increases the uncertainty
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in dose uncertainties, with the main uncertainties arising from lack of knowledge of the precise

exposure conditions.

5. All the measurements in this study were performed in a laboratory. In the case of a radiological

accident, it may be necessary to have on-site dose assessment, using portable instrumentation.

13.3 Impact and implementation

Table 13.1 shows the performance of calcium carbonate fillers compared with other methods of
emergency dosimetry. The main gaps identified by Table 13.1 are the need for a method of emergency
dosimetry with a shorter delay between sample receipt and dose estimate (for use in triage rather
than dose assessment), with a high capacity (number of individuals per week) and that could
detect partial body exposure. This last point could be addressed by TL measurements on fabrics
containing calcium carbonate fillers, presuming that the fabric covers a sufficient surface area. If
calcium carbonate fillers appear so far to be the fastest mean of emergency dosimetry listed in Table
13.1, but also the one for which samples might be the easiest to obtain, it could be proposed that
they could fit in the emergency response plan as the first triage technique in case of a large scale
radiological accident, before other types of assay (i.e., OSL using phones, ad dicentric chromosome

assays) are employed on individuals with symptoms of the highest dose.
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Table 13.1: Comparison of the performance of calcium carbonate fillers as fortuitous dosimeters to other methods of dosimetry (Kulka

et al., 2017; Wojcik et al., 2017).

Assay

Dicentric

chromosome assay
Micronucleus test
FISH
v-H2AX

EPR using glass

OSL using resistors

TL using
calcium

carbonate fillers

Sample

type

Blood

Blood
Blood
Blood

Mobile
phone

Mobile
phone

Calcium
carbon-

ate/bags

! For samples stored at -15 °C

Time span after exposure

during which the assay can

yield usable results

Days

v v
v v
v v
v

v v
v v
v vl

Weeks

Months Years

\/1

Exposure scenario

that can be detected

by each method

Acute

SN NN

alone

Pro- Partial Time from

tracted  body sample receipt

to result
(hours)

v v 52
v v 75
v 120

v 3
v <1
v <1

v <0.5

2 samples per Risg reader, assuming 1 calibration point (20 min/sample) and that a 48 positions carousel is used

ReneB
capacity
(individu-

als/week)

ca 1000

ca 400
ca 100
ca 1800

ca 770

ca 500

336 2

Detection

range (Gy)

0.1-5

0.2-5
0.3-4

0.2-5

>0.1

>0.1

Implication
of indi-
vidual
sensitiv-
ity

Yes

Yes

Yes

No
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Implementation Step 1 : validation of the technique

The first step of the implementation of TL dosimetry using calcium carbonate fillers would be to
test the applicability of this technique to a wider range of materials and to develop a protocol to
reliably assess the radiation doses received by one person for an unknown type of fabric containing
calcium carbonate fillers (e.g., a fabric that has not been previously tested in laboratory under
controlled conditions). In order to achieve this goal, a larger series of blind test should be carried
out. This would enable to precisely assess whether the dose estimate is accurate and the validity
of conversion coefficients. Using the results obtained in the blind tests, the measurement protocol
proposed in Chapter 10 and used in Chapter 12 would be either validated or modified to provide a
more reliable estimate of dose. Ultimately and ideally this step would lead to the validation of the
technique as a means of dosimetry.

This first stage could also see the first inter-laboratory comparisons being carried out, once the
protocol is consolidated. The goal of these first stage intercomparisons would be twofold : 1) to test
how other laboratories perform and if a common estimate of dose can be reached and 2) to test the
network for sending samples maintained at low temperature. A similar scheme was used for some
blood assays (e.g. 7-H2AX) that requires samples to be kept in the cold. If this first step gives
satisfactory results, the implementation of TL dosimetry using calcium carbonate fillers could be

incorporated in radiological emergency response plans to asses the radiation doses of larger cohorts.

Implementation Step 2 : pre-planning before the accident

The ISO standard 21243:2008 (International Organization for Standardization (ISO), 2008) states
the performance criteria that laboratories performing cytogenetic triage for assessment of mass
casualties in radiological or nuclear emergencies are required to meet in order to be integrated in
the response plan (Chapter 2). Although being very specific to cytogenetic assays, this document
provides a baseline of the procedures and standards to be reached by other techniques, as cytogenetic
assays are so far the most employed techniques for short term dosimetry in radiological emergency.
However, as was briefly discussed at the beginning of this section, it was proposed that TL dosimetry
using mineral fillers might play a different role in the radiological emergency response plan, as will
be discussed below.

The pre-planning response as described in the ISO standard 21243:2008 includes :
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1. Raising the awareness of the technique, standard and procedures to follow at all level (health
care facilities, governmental agencies). Dissemination of the work is critical especially for a
new technique so that the first responders are aware of the availability of the technique, how

samples may be collected and be sent to the reference laboratory.

2. Defining the role of the healthcare facilities in relation to the dosimetry laboratory. As defined
in the ISO standard 21243:2008, for cytogenetic assays, the role of the hospital is to firstly
take the patients in charge, select the cohort that would require dosimetry and collect blood
samples to send to the biodosimetry laboratory. Using TL dosimetry of calcium carbonate
fillers, a wider cohort could be examined, which would not necessarily require the selection of
patients. Furthermore, as no biological material needs to be sampled for the TL dosimetry
of calcium carbonate, the role of the healthcare facilities could be considerably lessen (no
blood sampling and consent forms) compared with biological dosimetry, which could partially
compensate the scarcity of medical resources during mass casualty accidents. Furthermore,
if on site dose evaluation is required, TL portable instrumentation could be developed for

emergency dosimetry.

3. Defining the role and responsibilities of the laboratories. The role of the the dosimetry lab-
oratories before the accident would be quite similar to that described in the ISO standard
21243:2008, i.e. : 1) maintaining a stockpile of consumables, ensuring that the instrumenta-
tion is in working order and calibration is up to date, 2) maintaining communication links
with local / national / international healthcare facilities and agencies, 3) specifying and doc-
umenting the responsibilities, roles, and interrelations of all laboratory personnel who might
be in charge of the dosimetry response, 4) assessing the laboratory maximum capacity (nom-
inally evaluated at 336 samples per Risg reader per week, although it might depend on the
source dose rate), 5) maintaining its own quality control and quality assurance programme
(performance checks of the instrumentation, the sample protocol, the dose estimate and the
associated uncertainties, the generation of results reports), notably by the training of new
laboratory members and 6) participating in relevant inter-laboratory comparison, blind tests,

training and exercises.
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Implementation Step 3 : during the accident

Once samples reached the laboratory, they should be processed in order of priority, with the samples
associated with the individuals likely to have the highest doses processed beforehand. Once the
nature and scale of the accident is known, the laboratory may decided whether it can process samples
on its own, or should call for a network of laboratories if the number of samples to be measured
is above its own capacity. Such network of laboratories already exists for physical dosimetry using
luminescence techniques (e.g., ReneB, EURADOS working group 10; Ainsbury et al. 2017), to
which TL dosimetry of calcium carbonate fillers could be implemented. The network would work as
previously described (Kulka and Wojcik, 2017), with a reference laboratory responsible for activating
the network, collecting and dispatching samples, communication between laboratories and the local
emergency responders and arranging cross checks of the data by at least one other laboratory.
Once processed, the results should be presented in a standard report form and communicated to
the medical team. Although usable during small or large scale accident, it is recognised that TL
dosimetry using calcium carbonate fillers has the most potential compared with other means of

emergency dosimetry for mass casualty events, in which time is critical.
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Appendix A : Swatches

This appendix provides swatches of some samples tested in this thesis : fabric 3 (Chapter 8), fabric
29 (Chapter 9), fabric 179 (Chapter 10), the “LED” conference bag (Chapter 10), and bags 16, 19
and 21 (Chapter 10 and 12).

Table 14.1: Swatches

Swatch Fabric reference and description

Fabric 3 “blue polyester” (Chapter 8).

Fabric 29 “Lynton” series (Chapter 9).
Upper swatch : fibres side; lower swatch :

coating side.
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Fabric 179 “Kordura” white nylon fibres
coated with polyurethane (Chapter 10).
Upper swatch : fibres side; lower swatch :

coating side.

“LED” conference bag; black fibres coated
with polyurethane containing calcium car-
bonate fillers (Chapter 10). Upper swatch

: fibres side; lower swatch : coating side.

Bag 16; red faux-leather containing cal-
cium carbonate fillers (Chapter 10 and
12). Upper swatch : front; lower swatch :
back.

Bag 19; white faux-leather containing cal-
cium carbonate fillers (Chapter 10 and
12). Upper swatch : front; lower swatch :

back.

Bag 21; black fibres coated with
polyurethane containing calcium car-
bonate fillers (Chapter 10 and 12). Upper
swatch : fibres side; lower swatch

coating side.
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Appendix B : Dose conversion factors

from calcium carbonate to organ dose

Dose conversion coefficient from a cube of calcite (1cm?) located at different position of an voxellised
anthropomorphic phantom to organ doses for different irradiation geometry and sources (Chapter

12). The positions of the calcite cube were such as follow :

— The right hand side of the phantom (centred at x = —17.2 cm, y = 0 cm, and z = 27.5 cm

from the central axis)

— The left hand side of the phantom (centred at = 15.8 ¢cm, y = 0 cm, and z = 27.5 cm from

the central axis)

— The lower back of the phantom (centred at z = 0 cm, y = 11.5 cm, and z = 26.5 cm from the

central axis)

— The upper back of the phantom (centred at x = 0 cm, y = 11.5 c¢m, and z = 55.5 cm from

the central axis)
And the irradiation geometry :
— AP : anterior-posterior; plane parallel source in front of the phantom
— PA : posterior-anterior; plane parallel source in the back of the phantom

— LLAT : left-lateral; plane parallel source on the left hand side of the phantom
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— RLAT : right-lateral; plane parallel source on the right hand side of the phantom

— ISO : isotropic; sphere source surrounding the phantom

— FLOOR : plan parallel source below the phantom

15.1 %Co source

Table 15.1: Conversion coefficient from a calcite cube 1 cm?® at location (right hand side, left hand

side, lower back, upper back) to organ dose. Source : %9Co, irradiation geometry : AP.

Calcite right hand side

Calcite left hand side

Calcite lower back

Calcite upper back

Gonads

Bone marrow (red)

Colon

Lung
Stomach
Bladder
Breast

Liver
Oesophagus
Thyroid

Skin

Bone surface
Remainders
Salvary glands

Brain

Page 424

1.06

0.90

0.95

0.94

0.95

0.88

0.95

0.88

0.91

1.09

0.96

0.86

0.91

0.96

0.79

1.05

0.90

0.95

0.94

0.94

0.87

0.94

0.88

0.91

1.09

0.96

0.86

0.91

0.96

0.78

2.13

1.82

1.92

1.90

1.91

1.77

1.91

1.78

1.83

2.20

1.94

1.74

1.83

1.93

1.58

2.18

1.87

1.97

1.95

1.96

1.81

1.96

1.82

1.88

2.26

1.99

1.78

1.88

1.98

1.62
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Table 15.2: Conversion coefficient from a calcite cube 1 cm? at location (right hand side, left hand

side, lower back, upper back) to organ dose. Source : %°Co, irradiation geometry : PA.

Calcite right hand side

Calcite left hand side

Calcite lower back

Calcite upper back

Gonads

Bone marrow (red)
Colon

Lung
Stomach
Bladder
Breast

Liver
Oesophagus
Thyroid

Skin

Bone surface
Remainders
Salvary glands

Brain

0.74

0.83

0.74

0.83

0.68

0.71

0.68

0.74

0.78

0.71

0.87

0.80

0.85

0.89

0.76

0.76

0.85

0.76

0.85

0.70

0.73

0.70

0.76

0.80

0.73

0.90

0.82

0.87

0.92

0.78

0.80

0.90

0.80

0.90

0.74

0.77

0.74

0.80

0.85

0.78

0.95

0.87

0.92

0.97

0.83

0.82
0.92
0.82
0.92
0.76
0.79
0.76
0.82
0.87
0.79
0.97
0.89
0.94
0.99

0.85
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Table 15.3: Conversion coefficient from a calcite cube 1 cm? at location (right hand side, left hand

side, lower back, upper back) to organ dose. Source : %9Co, irradiation geometry : LLAT.

Calcite right hand side

Calcite left hand side

Calcite lower back

Calcite upper back

Gonads

Bone marrow (red)

Colon

Lung
Stomach
Bladder
Breast

Liver
Oesophagus
Thyroid

Skin

Bone surface
Remainders
Salvary glands

Brain
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2.66

2.88

3.09

2.55

3.71

2.31

3.71

2.15

2.71

2.92

3.25

2.73

2.82

3.80

3.72

0.64

0.69

0.74

0.61

0.89

0.55

0.89

0.52

0.65

0.70

0.78

0.65

0.67

0.91

0.89

0.76

0.82

0.88

0.73

1.06

0.66

1.06

0.61

0.77

0.83

0.93

0.78

0.81

1.08

1.06

0.66

0.72

0.77

0.63

0.92

0.57

0.92

0.53

0.67

0.73

0.81

0.68

0.70

0.94

0.92
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Table 15.4: Conversion coefficient from a calcite cube 1 cm? at location (right hand side, left hand

side, lower back, upper back) to organ dose. Source : %°Co, irradiation geometry : RLAT.

Calcite right hand side

Calcite left hand side

Calcite lower back

Calcite upper back

Gonads

Bone marrow (red)
Colon

Lung
Stomach
Bladder
Breast

Liver
Oesophagus
Thyroid

Skin

Bone surface
Remainders
Salvary glands

Brain

0.60

0.69

0.69

0.60

0.55

0.90

0.55

0.86

0.61

0.75

0.77

0.65

0.67

0.91

0.90

2.50

2.86

2.83

2.49

2.28

3.73

2.28

3.54

2.52

3.09

3.19

2.70

2.78

3.74

3.70

0.74

0.85

0.84

0.74

0.68

1.11

0.68

1.05

0.75

0.92

0.95

0.81

0.83

0.63
0.73
0.72
0.63
0.58
0.95
0.58
0.90
0.64
0.79
0.81
0.69
0.71
0.95

0.94
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Table 15.5: Conversion coefficient from a calcite cube 1 cm? at location (right hand side, left hand

side, lower back, upper back) to organ dose. Source : %0Co, irradiation geometry : ISO.

Calcite right hand side

Calcite left hand side

Calcite lower back

Calcite upper back

Gonads

Bone marrow (red)

Colon

Lung
Stomach
Bladder
Breast

Liver
Oesophagus
Thyroid

Skin

Bone surface
Remainders
Salvary glands

Brain
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1.01

1.02

0.92

0.98

0.91

0.89

0.91

0.91

0.93

1.01

1.14

0.99

1.03

1.09

1.09

1.00

1.02

0.92

0.98

0.91

0.88

0.91

0.91

0.92

1.00

1.14

0.99

1.02

1.09

1.09

1.03

1.05

0.95

1.01

0.94

0.91

0.94

0.93

0.95

1.03

0.99

1.00

0.91

0.96

0.89

0.87

0.89

0.89

0.91

0.99

1.12

0.97

1.00

1.07

1.07
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Table 15.6: Conversion coefficient from a calcite cube 1 cm? at location (right hand side, left hand

side, lower back, upper back) to organ dose. Source : %Co, irradiation geometry : FLOOR.

Calcite right hand side

Calcite left hand side

Calcite lower back

Calcite upper back

Gonads

Bone marrow (red)
Colon

Lung
Stomach
Bladder
Breast

Liver
Oesophagus
Thyroid

Skin

Bone surface
Remainders
Salvary glands

Brain

1.35

1.15

0.85

0.65

0.71

0.71

0.71

0.70

0.57

0.55

1.34

1.03

0.62

0.53

1.37

1.16

0.85

0.66

0.72

0.72

0.72

0.71

0.57

0.56

1.35

1.04

0.62

0.54

1.43

1.22

0.89

0.69

0.75

0.75

0.75

0.74

0.60

0.58

1.42

1.08

1.17

0.65

0.56

1.72
1.47
1.08
0.83
0.91
0.90
0.91
0.89
0.72
0.70
1.71
1.31
1.42
0.79

0.68
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15.2 7Cs source

Table 15.7: Conversion coefficient from a calcite cube 1 cm?® at location (right hand side, left hand

side, lower back, upper back) to organ dose. Source : 37Cs, irradiation geometry : AP.

Calcite right hand side

Calcite left hand side

Calcite lower back

Calcite upper back

Gonads

Bone marrow (red)
Colon

Lung
Stomach
Bladder
Breast

Liver
Oesophagus
Thyroid

Skin

Bone surface
Remainders
Salvary glands

Brain
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1.05

0.85

0.92

0.90

0.92

0.83

0.92

0.84

0.86

1.10

0.91

0.83

0.86

0.90

0.70

1.04

0.85

0.91

0.89

0.91

0.82

0.91

0.83

0.86

1.09

0.91

0.83

0.85

0.89

0.69

2.61

2.13

2.30

2.25

2.29

2.07

2.29

2.09

2.16

2.74

2.28

2.08

2.13

2.25

1.74

2.73

2.23

2.40

2.35

2.39

2.16

2.39

2.18

2.25

2.86

2.38

2.17

2.23

2.35

1.81
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Table 15.8: Conversion coefficient from a calcite cube 1 cm? at location (right hand side, left hand

side, lower back, upper back) to organ dose. Source : 37Cs, irradiation geometry : PA.

Calcite right hand side

Calcite left hand side

Calcite lower back

Calcite upper back

Gonads

Bone marrow (red)
Colon

Lung
Stomach
Bladder
Breast

Liver
Oesophagus
Thyroid

Skin

Bone surface
Remainders
Salvary glands

Brain

0.65

0.77

0.67

0.78

0.60

0.64

0.60

0.67

0.72

0.63

0.82

0.77

0.80

0.83

0.68

0.68

0.81

0.69

0.81

0.63

0.66

0.63

0.70

0.75

0.66

0.85

0.80

0.83

0.87

0.71

0.70

0.84

0.72

0.84

0.65

0.69

0.65

0.73

0.78

0.69

0.89

0.84

0.86

0.90

0.74

0.73
0.87
0.75
0.87
0.68
0.71
0.68
0.75
0.81
0.71
0.92
0.86
0.89
0.93

0.77
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Table 15.9: Conversion coefficient from a calcite cube 1 cm? at location (right hand side, left hand

side, lower back, upper back) to organ dose. Source : 137Cs, irradiation geometry : LLAT.

Calcite right hand side

Calcite left hand side

Calcite lower back

Calcite upper back

Gonads

Bone marrow (red)

Colon

Lung
Stomach
Bladder
Breast

Liver
Oesophagus
Thyroid

Skin

Bone surface
Remainders
Salvary glands

Brain
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3.51

4.14

4.49

3.43

5.63

2.93

5.63

2.72

3.73

4.16

4.74

4.02

4.01

5.78

5.61

0.52

0.61

0.66

0.50

0.83

0.43

0.83

0.40

0.55

0.61

0.70

0.59

0.59

0.85

0.82

0.69

0.81

0.88

0.67

0.53

0.73

0.81

0.93

0.78

0.78

1.09

0.57

0.68

0.74

0.56

0.92

0.48

0.92

0.45

0.61

0.68

0.78

0.66

0.66

0.95

0.92
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Table 15.10: Conversion coefficient from a calcite cube 1 cm? at location (right hand side, left hand

side, lower back, upper back) to organ dose. Source : 37Cs, irradiation geometry : RLAT.

Calcite right hand side

Calcite left hand side

Calcite lower back

Calcite upper back

Gonads

Bone marrow (red)
Colon

Lung
Stomach
Bladder
Breast

Liver
Oesophagus
Thyroid

Skin

Bone surface
Remainders
Salvary glands

Brain

0.48

0.61

0.60

0.50

0.43

0.84

0.43

0.79

0.51

0.66

0.69

0.59

0.59

0.85

0.83

3.21

4.10

3.99

3.35

2.90

5.65

2.90

5.31

3.39

4.45

4.64

3.97

3.94

5.67

5.57

0.67

0.85

0.83

0.70

0.60

1.18

0.60

1.10

0.71

0.93

0.97

0.83

0.82

0.54
0.69
0.67
0.56
0.49
0.95
0.49
0.89
0.57
0.75
0.78
0.67
0.66
0.95

0.94

Page 433



Chapter 15. Appendix B : Dose conversion factors from calcium carbonate to organ dose

Table 15.11: Conversion coefficient from a calcite cube 1 cm? at location (right hand side, left hand

side, lower back, upper back) to organ dose. Source : 37Cs, irradiation geometry : ISO.

Calcite right hand side

Calcite left hand side

Calcite lower back

Calcite upper back

Gonads

Bone marrow (red)

Colon

Lung
Stomach
Bladder
Breast

Liver
Oesophagus
Thyroid

Skin

Bone surface
Remainders
Salvary glands

Brain
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0.96

0.98

0.87

0.93

0.85

0.82

0.85

0.85

0.87

0.96

1.13

0.98

0.99

1.06

1.05

0.96

0.98

0.87

0.93

0.85

0.82

0.85

0.85

0.86

0.96

1.12

0.98

0.98

1.06

1.05

0.99

1.01

0.90

0.96

0.88

0.85

0.88

0.88

0.89

0.99

1.16

1.01

1.01

1.09

1.08

0.95

0.97

0.86

0.92

0.84

0.81

0.84

0.84

0.86

0.95

1.11

0.97

0.97

1.05

1.04
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Table 15.12: Conversion coefficient from a calcite cube 1 cm? at location (right hand side, left hand

side, lower back, upper back) to organ dose. Source : 37Cs, irradiation geometry : FLOOR.

Calcite right hand side

Calcite left hand side

Calcite lower back

Calcite upper back

Gonads

Bone marrow (red)
Colon

Lung
Stomach
Bladder
Breast

Liver
Oesophagus
Thyroid

Skin

Bone surface
Remainders
Salvary glands

Brain

1.35

1.11

0.79

0.59

0.65

0.64

0.65

0.64

0.49

0.48

1.35

1.01

1.08

0.58

0.48

1.34

1.11

0.79

0.59

0.65

0.64

0.65

0.64

0.49

0.47

1.34

1.01

1.07

0.58

0.48

1.43

1.18

0.84

0.63

0.69

0.68

0.69

0.68

0.52

0.50

1.43

1.08

0.62

0.51

1.67
1.39
0.99
0.73
0.81
0.80
0.81
0.80
0.61
0.59
1.67
1.26
1.34
0.73

0.60
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15.3 100 keV source

Table 15.13: Conversion coefficient from a calcite cube 1 cm? at location (right hand side, left hand

side, lower back, upper back) to organ dose. Source

Calcite right hand side

Calcite left hand side

Calcite lower back

: 100 keV, irradiation geometry : AP.

Calcite upper back

Gonads

Bone marrow (red)
Colon

Lung
Stomach
Bladder
Breast

Liver
Oesophagus
Thyroid

Skin

Bone surface
Remainders
Salvary glands

Brain
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0.58

0.45

0.46

0.42

0.48

0.41

0.48

0.42

0.40

0.62

0.38

0.91

0.38

0.35

0.25

0.56

0.44

0.45

0.41

0.46

0.40

0.46

0.41

0.39

0.60

0.37

0.89

0.37

0.34

0.24

2.55

1.97

2.04

1.85

2.09

1.81

2.09

1.83

1.74

2.71

1.66

4.01

1.65

1.55

1.08

2.86

2.20

2.29

2.07

2.35

2.03

2.35

2.05

1.95

3.04

1.87

4.49

1.86

1.74

1.21
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Table 15.14: Conversion coefficient from a calcite cube 1 cm? at location (right hand side, left hand

side, lower back, upper back) to organ dose. Source : 100 keV, irradiation geometry : PA.

Calcite right hand side

Calcite left hand side

Calcite lower back

Calcite upper back

Gonads

Bone marrow (red)
Colon

Lung
Stomach
Bladder
Breast

Liver
Oesophagus
Thyroid

Skin

Bone surface
Remainders
Salvary glands

Brain

0.28

0.47

0.32

0.40

0.27

0.29

0.27

0.33

0.35

0.28

0.40

1.02

0.42

0.36

0.31

0.29

0.49

0.33

0.41

0.28

0.30

0.28

0.35

0.37

0.29

0.42

1.06

0.44

0.38

0.32

0.23

0.39

0.26

0.33

0.22

0.24

0.22

0.28

0.29

0.23

0.33

0.84

0.35

0.30

0.25

0.25
0.42
0.28
0.35
0.24
0.26
0.24
0.30
0.31
0.25
0.36
0.91
0.38
0.32

0.28
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Table 15.15: Conversion coefficient from a calcite cube 1 cm? at location (right hand side, left hand

side, lower back, upper back) to organ dose. Source : 100 keV, irradiation geometry : LLAT.

Calcite right hand side

Calcite left hand side

Calcite lower back

Calcite upper back

Gonads

Bone marrow (red)

Colon

Lung
Stomach
Bladder
Breast

Liver
Oesophagus
Thyroid

Skin

Bone surface
Remainders
Salvary glands

Brain
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3.78

7.29

7.26

4.36

9.73

2.87

9.73

2.79

4.84

6.43

6.72

15.12

5.90

9.51

9.15

0.13

0.25

0.25

0.15

0.34

0.10

0.34

0.10

0.17

0.22

0.23

0.53

0.21

0.33

0.32

0.33

0.64

0.64

0.38

0.85

0.25

0.85

0.24

0.42

0.56

0.59

1.32

0.52

0.83

0.80

0.25

0.47

0.47

0.28

0.63

0.19

0.63

0.18

0.31

0.42

0.44

0.98

0.38

0.62

0.59
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Table 15.16: Conversion coefficient from a calcite cube 1 cm? at location (right hand side, left hand

side, lower back, upper back) to organ dose. Source : 100 keV, irradiation geometry : RLAT.

Calcite right hand side

Calcite left hand side

Calcite lower back

Calcite upper back

Gonads

Bone marrow (red)
Colon

Lung
Stomach
Bladder
Breast

Liver
Oesophagus
Thyroid

Skin

Bone surface
Remainders
Salvary glands

Brain

0.11

0.26

0.21

0.15

0.33

0.15

0.25

0.23

0.54

0.21

0.33

0.33

3.07

7.13

5.92

4.21

2.90

9.72

2.90

9.13

4.08

6.89

6.44

14.76

5.70

9.16

9.06

0.32

0.73

0.61

0.43

0.30

1.00

0.30

0.94

0.42

0.71

0.66

1.51

0.58

0.94

0.93

0.56
1.31
1.09
0.77
0.53
1.78
0.53
1.68
0.75
1.26
1.18
2.7
1.05
1.68

1.66
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Table 15.17: Conversion coefficient from a calcite cube 1 cm? at location (right hand side, left hand

side, lower back, upper back) to organ dose. Source : 100 keV, irradiation geometry : ISO.

Calcite right hand side

Calcite left hand side

Calcite lower back

Calcite upper back

Gonads

Bone marrow (red)

Colon

Lung
Stomach
Bladder
Breast

Liver
Oesophagus
Thyroid

Skin

Bone surface
Remainders
Salvary glands

Brain
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0.46

0.53

0.41

0.41

0.40

0.37

0.40

0.40

0.37

0.47

0.51

1.13

0.45

0.46

0.47

0.46

0.53

0.40

0.41

0.39

0.37

0.39

0.40

0.37

0.47

0.51

1.12

0.45

0.46

0.47

0.50

0.57

0.44

0.44

0.42

0.40

0.42

0.43

0.40

0.51

0.54

1.21

0.49

0.49

0.50

0.48

0.56

0.42

0.43

0.41

0.39

0.41

0.41

0.39

0.49

0.53

1.18

0.47

0.48

0.49
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Table 15.18: Conversion coefficient from a calcite cube 1 cm? at location (right hand side, left hand

side, lower back, upper back) to organ dose. Source : 100 keV, irradiation geometry : FLOOR.

Calcite right hand side

Calcite left hand side

Calcite lower back

Calcite upper back

Gonads

Bone marrow (red)
Colon

Lung
Stomach
Bladder
Breast

Liver
Oesophagus
Thyroid

Skin

Bone surface
Remainders
Salvary glands

Brain

0.74

0.62

0.38

0.24

0.30

0.29

0.30

0.30

0.19

0.18

0.65

1.20

0.52

0.26

0.18

0.70

0.59

0.37

0.23

0.29

0.28

0.29

0.29

0.18

0.17

0.62

0.50

0.25

0.17

0.79

0.66

0.41

0.26

0.32

0.31

0.32

0.32

0.20

0.19

0.69

1.28

0.55

0.27

0.19

0.93
0.78
0.48
0.31
0.38
0.37
0.38
0.38
0.24
0.23
0.82
1.52
0.66
0.33

0.23
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