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“Not everything that can be counted counts,
and not everything that counts can be counted”

-William Bruce Cameron
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Summary

If an accident or attack involving radiological or nuclear material were to happen,
people from the general public would be at risk of exposure to ionising radiation.
Unlike people working with ionising radiation, for whom level of exposure to
radiation is constantly monitored with dosemeters, people from the general
population do not wear dosemeters; thus, the dose estimations for these individuals
must be performed using alternative methods. This field of research is called
retrospective dosimetry (or emergency dosimetry) and includes both biological
and physical techniques. Following an accident or attack, dose estimations of
potentially exposed individuals have to be performed as soon as possible, to give
the proper medical care promptly and, especially in the case of a large-scale
incident, to use the available resources in the best and most effective manner.

In contrast to developing conventional dosemeter material, the approach for
research into retrospective dosemeter materials is somewhat reversed. Instead of
involving identification (or development) of a material that meets the set
requirements, the work needs to conform to the properties of the materials found
near or on people. This necessity often means that several materials/techniques are
needed to fulfil the same requirements. In addition, exactly which materials will be
present in a given situation is never certain, and the addition of new
materials/methods that could be used for retrospective dosimetry thus is always a
valuable contribution.

In this thesis, a number of materials found in the immediate vicinity of people
have been investigated with regard to their potential to act as retrospective
radiation dosemeters using optically stimulated luminescence (OSL). The
materials include human teeth and dental repair materials, components from
electronic devices, desiccants, and common household salt (NaCl). The aim is
both to increase the number of materials that could be used with OSL and to
further develop methods for the materials already known to have some dosimetric
properties.

The overall conclusion of this work is that several materials found on or in the
immediate vicinity of people can be used in retrospective dosimetry using OSL.
Also, initial estimations of conversion factors for the transition between the dose
to the retrospective dosemeter material and the dose to an individual have been
obtained using an anthropomorphic phantom.



Summary in Swedish

Katastroferna 1 Chernobyl och Fukushima pdminner oss om att olyckor med
joniserande strilning tyvirr intridffar. Aven attentat med joniserande strilning ir
tankbara, dven om inga tack och lov dnnu genomforts. Oavsett typ av katastrof,
olycka eller attack, innebér en okontrollerad hindelse med joniserande strilning att
personer fran allménheten kan komma att exponeras for stralningen. Vill det sig
riktigt illa kan det réra sig om sd hoga strdldoser att de ger direkt livshotande
skador, sa kallade akuta stralskador.

Vid en stor katastrofsituation med hundratals, eller tusentals, potentiellt drabbade
individer kommer akutmottagningarna dversvimmas av oroliga méinniskor utav
vilka troligen bara en brakdel faktiskt har blivit exponerade for stralning. For att
hushélla med de resurser sjukvérden har, ge vérd till de personer som behdver det
mest och lugna icke-exponerade oroliga individer, maste man snabbt kunna avgora
vilka av alla personer som exponerats - ett forfarande som kallas for triage. Vid
akuta stralskador upptrader symtomen dock fOrst efter en viss tid (timmar till
dagar) och de forsta symtom som uppvisas liknar de som kan visas vid stark oro,
det vill sdga krakningar, huvudvérk, yrsel och diarré. Detta gor det svért att endast
frdn symptomen sdkert kunna avgdra om en person har exponerats for en farlig
straldos.

Personal som arbetar med joniserande stralning béar alltid sd kallade dosimetrar,
fran vilka straldosen till personen kan avlidsas. Aven om personer frin allménheten
naturligtvis inte bar denna typ av dosimetrar; skulle olika kroppsegna material
eller foremdl personen biar med sig potentiellt kunna anvidndas som dosimeter.
Genom att analysera dessa material skulle pd si sitt exponerade personer kunna
identifieras.

Det 6vergripande syftet med den har avhandlingen dr att undersoka material som
kan anvédndas som dosimeter efter en olycka eller ett attentat med joniserande
stralning genom utldsning med en metod som kallas optiskt stimulerad
luminescens (OSL). Flera olika material har undersokts, déribland tinder och
tandlagningar, hushéllssalt och komponenter frdn mobiltelefoner.

Flera av materialen visar mycket lovande egenskaper for att kunna fungera som
dosimeter och dven om ytterligare studier dr nddviandiga for samtliga material
skulle flera av dem kunna anvédndas redan nu om en olycka eller ett attentat med
joniserande stralning intraffade.
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Introduction

Periodically, accidents or other incidents involving radiological devices or
radioactive materials occur. When they do, there is an imminent risk that people
are unexpectedly exposed to radiation. Radiation is used daily in medical care, and
the doses to staff and patients are very carefully monitored. In other workplaces
where staff might be exposed to radiation, e.g., at nuclear power plants, the
workers are monitored. In other words, in situations where exposure to radiation is
expected or a potential risk, the people working under such conditions wear
dosemeters from which the received dose to the individual can be read out.
However, when there is an unexpected radiation exposure, the people involved
rarely are wearing dosemeters. In such cases, the dose received by each individual
must be assessed by other means. Such an assessment can be done by using
retrospective dosimetry, which employs materials or substances with properties
that enable them to be used in a manner similar to commercial dosemeters.
Retrospective dosimetry techniques can be physical or biological, and they all
have strengths and weaknesses; thus, in a mass casualty event, the most likely
scenario would be to use a multi-technique approach.

Obtaining a dose estimation requires that many aspects be taken into account, from
the sampling procedure to the conversion from the dose to a material to the dose to
an individual.

Objectives

The specific aims of this thesis were to

e investigate materials close to man with regard to their potential as
dosemeters, using optically stimulated luminescence

e highlight practical aspects of importance for the dose estimation
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Effects of 1onising radiation on the
human body

Exposure to ionising radiation may cause damage to cells in humans (UNSCEAR
1988). The degree of damage depends on the type and intensity of the radiation,
and in the majority of cases, the damage is repaired. In fact, damage to the cells in
the human body occurs many thousands of times per day per cell, even without
exposure to ionising radiation (Bernstein et al. 2013). Cells have an excellent
repair mechanism, and if the repair is unsuccessful, the cell will undergo apoptosis
(a process of programmed cell death) or mitotic death (the cell dies of damaged
chromosomes as it attempts to divide). In some cases, both the process of repair
and apoptosis fail, and the damaged cell continues to exist and reproduce. A cell
can also undergo necrosis, a traumatic, uncontrolled cell death (e.g. Hall and
Giaccia 2006). Exposure to ionising radiation increases the risk for all kinds of cell
damage although extensive, unrepairable damage is a consequence mainly of high
absorbed doses (delivered in a relatively short period of time).

Data on the human effects of ionising radiation come mainly from observations at
relatively high doses (NCRP 2001). Little is known about the health effects of low
radiation doses, and models are instead based on assumptions.

The effects of ionising radiation are normally divided into two categories: late and
acute effects.

Late effects

The foremost late effect for ionising radiation is cancer. Cancer is considered a
stochastic effect, i.e., the risk of getting cancer increases with increasing dose, but
the cancer itself will not be more severe if the dose is higher. It is not possible to
relate the cancer in an individual with the individual’s exposure history in
hindsight, i.e., it is impossible to decide what lead to the development of cancer
for a specific individual. Studying the effect of ionising radiation on the cancer
incidence is difficult for several reasons, including the long latency periods (up to
several decades) and the many confounding factors involved (UNSCEAR 1988).
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Cancer is thought to arise through accumulating defects in or damage to cells,
making them incapable of undergoing apoptosis and instead continuing to divide
uncontrollably. Different organs in the human body have different sensitivities to
1onising radiation with respect to cancer development, as indicated by organ/tissue
weighting factors (ICRP 2007). Some of the most radiosensitive organs are breast,
lung, and colon.

The organ/tissue weighting factors for the gonads also include the risk for
heritable effects, another late stochastic effect. The risk of heritable effects is low
compared to that of cancer and has been estimated on basis of experiments on
various animal species, because heritable effects as a consequence of radiation
exposure have not been observed in humans.

According to the ICRP (2007) there is a risk of late stochastic effects of 5.7 % per
Sv (5.5 % per Sv for cancer and 0.2 % per Sv for heritable effects) as a mean for
the population.

Acute radiation syndrome

For whole body absorbed doses above ~1 Gy (delivered in a relatively short period
of time) cells and tissues start to die which result in an acute radiation syndrome
(ARS; UNSCEAR 1988). ARS is a deterministic effect (also termed harmful
tissue reaction): once a certain threshold of the absorbed dose has been exceeded,
the emergence is definitive (e.g., Martin et al. 2012). The severity of the damage
increases with increasing dose, and ARS includes three subtypes: haematopoietic,
gastrointestinal, and cerebrovascular syndromes. Each of these has four phases:
prodromal, latent, manifest illness, and recovery or death (Waselenko et al. 2004).
The onset of symptoms is related to the dose received, ranging from hours to
weeks, which makes it necessary to base the decision about need for medical care
on something besides ARS symptoms. In addition, early ARS symptoms (nausea,
diarrhoea, fatigue) could also be symptoms of intense anxiety and fear and thus
also present among unexposed individuals. The mean lethal whole body absorbed
dose that would result in the death of 50 % of humans within 60 days, or LDsg,
i1s around 3.25-4 Gy without medical care and around 6—7 Gy with advanced
medical treatment (Anno et al. 2003; Waselenko et al. 2004). Thus, the ability to
identify exposed people is crucial.
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Retrospective dosimetry

Retrospective comes from the Latin word retrospicere which means “looking
back,” and dosimetry related to how ionising radiation transfer energy in matter
and how that energy is calculated, measured and converted to e.g. risk-related
quantities. Thus, in retrospective dosimetry, the aim is to estimate the energy
deposited in matter, usually human tissue, at some period (hours up to many years)
after the exposure occurred. Bailiff et al. (2016) divide retrospective dose
assessments into emergency dosimetry and retrospective dosimetry. This
categorisation distinguishes the immediate phase following an exposure event
from the long-term monitoring. In emergency dosimetry, the dose assessments are
performed within hours or days following exposure to ionising radiation, and the
objective is to separate the individuals who have genuinely been exposed to
radiation from the “worried well”. This separation has to be achieved both for the
sake of calming unaffected people and to use the available medical resources in
the best possible way. Retrospective dosimetry in the long-term phase targets
stochastic effects and epidemiology. The doses that are required for each category
are quite different: in emergency dosimetry, the cutoff absorbed dose is ~2 Gy,
and in retrospective dosimetry, the target dose is much lower: 100 mGy (ICRU
2002). The level of 2 Gy is commonly recommended for use in triage (e.g. JIWG
2005; Bailiff et al. 2016) because individuals exposed to absorbed whole body
doses above this value would need medical follow-up and possible intervention.
This cutoff is based on the data from Chernobyl victims, among whom no deaths
were observed for doses below 2 Gy (Guskova et al. 1988).

Following a nuclear or radiological accident/attack, the exposure of people from
the general public to ionising radiation is by definition not planned for; thus,
exposed individuals do not wear dosemeters, unlike people working with radiation
where exposure levels are constantly monitored. Other ways of estimating the dose
received by these individuals are required. Several such techniques exist, all of
which have their advantages and disadvantages. In a large-scale scenario, several
of the techniques would have to be combined because no single method meets all
of the requirements (e.g., time until first dose estimation and accuracy) and the
workload would be too great for one method alone. For the latter reason, a number
of networks (e.g., www.multibiodose.eu; www.reneb.eu) have been formed so that
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laboratories in different countries can help share the workload following an
emergency situation.

Biological dosimetry techniques

Biological retrospective dosimetry techniques use radiation-induced changes in the
body to perform dose estimations. The changes studied could be cytogenetic,
genetic, or haematological or based on protein biomarkers. Some of the available
methods are described below.

The dicentric assay

The technique normally referred to as the gold standard — because it is generally
accepted as the most specific and sensitive method currently available — is the
dicentric assay (e.g., Alexander et al. 2007). Dicentric chromosomes, i.e., an
abnormal chromosome with two centromeres, are in principle exclusively caused
by ionising radiation, and thus the variation in the background level is small
(ICRU 2002). The approach is to arrest peripheral lymphocytes in the metaphase,
analyse the number of dicentrics per cell using a microscope, and compare the
number with calibration curves obtained from blood samples irradiated in vitro.
The time between receipt of the sample and dose estimation is at least 55 h
because of the requirement for a culture time of 48 h. The assay can also be used
in “triage mode”, where fewer cells are counted, and the time can then be reduced
to 52 h (Ainsbury et al. 2011). The detection limit in full mode is in the order of
0.1 Gy and 1n triage mode, it is 0.5 Gy. An advantage of the dicentric assay is that
it can determine whether the irradiation was homogeneous based on the intensity
of changes per cell. The same absorbed dose given homogeneous over the whole
body or inhomogeneous over a part of the body (depending on what part of the
body that was exposed) could greatly affect the outcome for the individual in
question. The presence of dicentrics diminishes with time because of the turnover
of lymphocytes, so the technique is not applicable long after the exposure event
(Romm et al. 2009). A microscopy image of dicentric chromosomes can be seen in
Fig.1.
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Figure 1. Images showing the results of different biological dosimetry techniques. Left: the dicentric assay; middle:
FISH; and right: y-H2AX. Permission to print the pictures has been provided by L. Ainsbury and they were taken by J.
Moquet and S. Barnard at Public Health England.

The micronucleus assay

Micronuclei are created during cell division when a whole chromosome or acentric
chromosome fragment does not integrate into the daughter nucleus. They can be
seen by microscopy as distinct small spherical objects with the same morphology
and staining properties as the binucleated daughter cell. The frequency of
micronuclei decreases with time after exposure to ionising radiation (ICRU 2002).
The lower detection limit is about 0.2 Gy (95 % confidence; Thierens and Vral
2009), and the time before the first dose estimation can be provided is 75 h. A
disadvantage of the technique is that the variability in the background signal is
relatively high and depends on lifestyle factors and age (Ainsbury et al. 2011). An
advantage, however, is that the scoring is simple, does not require extensive
experience in cytogenetics, and could even be automated, making high-throughput
analysis possible (Alexander et al. 2007).

Fluorescence in situ hybridisation

Unlike the dicentric and micronucleus assays, fluorescence in situ hybridisation
(FISH) is a method that measures more stable translocations (ICRU 2002). FISH is
also called chromosome painting, which describes the process well. Chromosomes
are painted in different colours, and any exchange between chromosomes (caused
by incorrect repair following damage by ionising radiation) can be identified using
a fluorescent microscope (Fig.1). The lower limit of detection is about 0.25 Gy,
and the dose estimation is provided after 120 h (Ainsbury et al. 2011). FISH is
used for protracted or historical exposures.
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y-H2AX DNA damage assay

A significantly more rapid biological dosimetry technique is y-H2AX. When
ionising radiation causes double-strand breaks in the DNA of a cell, the histone
H2AX near the break is phosphorylated (a phosphoryl group, (PO;)’, is added) as a
part of the cellular DNA damage response, producing the phosphorylated form y-
H2AX (Rothkamm and Horn 2009). y-H2AX foci are generated minutes after
exposure, and specific antibodies can be used to stain them (Fig. 1). The amount of
y-H2AX foci peaks less than an hour following exposure and then decreases
rapidly; thus, this method is best used as a triage tool in the first days following
irradiation. The lower detection limit is 0.5 Gy, and a dose estimation can be
provided after approximately 3 h (Ainsbury et al. 2011).

Physical dosimetry techniques

A couple of different dosimetry techniques could be classified as physical; if
overlooking computational techniques, e.g., those based on Monte Carlo
calculations, however, only two methods are essentially in this category. The first
involve luminescence techniques, and the second and historically most used in
practise is electron paramagnetic resonance (EPR). The latter is described in a bit
more detail just below whereas luminescence is described in the section that
follows (Luminescence).

Electron paramagnetic resonance

Using EPR, dose estimations can be obtained by detecting paramagnetic centres,
such as radicals, generated by ionising radiation. Paramagnetic systems have at
least one unpaired electron, and with exposure to a magnetic field, the electron’s
energy levels split, an effect known as Zeeman splitting (e.g., Fattibene and
Callens, 2010). If electromagnetic radiation corresponding to the energy difference
between the energy levels, AE [J], is applied to the system, it will be absorbed
according to:

AE = hv

where h is Planck’s constant [Js] and v is the frequency [Hz] of the
electromagnetic radiation. Furthermore,

hv = gugB
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where g is a constant termed the g-factor (approximately 2 for spins of %), ug is
the Bohr magneton (elementary electronic magnetic moment) [J/T], and B is the
magnetic field induction [T].

In EPR dosimetry, the most frequently used electromagnetic radiation is
microwaves, with a frequency in the order of 9.8 GHz (X-band; Alexander et al.
2007). Scanning the absorbed microwave energy while the magnetic induction
field is swept yields an EPR spectrum.

The most used material in EPR retrospective dosimetry is tooth enamel (IAEA,
2002), which has a detection limit of about 100 mGy. Materials such as fingernails
(e.g., Sholom and McKeever 2016), bone (e.g., Clairand et al. 2008), and chewing
gum (Israelsson et al. 2013) also have been studied. In vivo EPR for measurements
of teeth is under development, but because the frequency has to be lowered (for
safety reasons), the sensitivity is decreased by a factor ~5—10. On the other hand,
to increase the sensitivity, EPR devices using higher frequencies (Q band) also are
becoming more common. The use of Q band EPR enables measurements of
smaller samples, i.e., biopsies of 4 mg for teeth (Ainsbury et al. 2011), making the
method less invasive. The minimum detection limit for tooth enamel Q band EPR
dosimetry was estimated by Trompier et al. (2009) to be about six times higher
than for X band; thus, 600 mGy.
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Luminescence

Two common pathways are available to produce light from another energy form:
incandescence and luminescence. Incandescence is light produced from a material
following heating; i.e., if a material is heated to a temperature high enough, it will
start to glow. An example of incandescence is the stars, seen to glow in the night
sky. Luminescence is often referred to as cold light because thermal excitation is
not needed for light to be emitted. A variety of different phenomena may give rise
to luminescence, such as chemical reactions, subatomic movements, or stress on
the material in question. Below, some of the different types of luminescence are
listed.

Singlet states Triplet states
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Figure 2. A Jablonski diagram illustrating the energy states of a particle in a molecule. The vibrational ground states
are indicated by the thick lines and the higher vibrational states are indicated by the dashed lines. By courtesy of
Mattias Jonsson.
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Radioluminescence occurs when light is produced by a material during exposure
to ionising radiation. The incoming radiation interacts with an orbital electron in
the material, which gets excited to a higher energy level. When the electron returns
to the ground state a photon is emitted. This effect may be seen in old watches
with luminous needles.

Triboluminescence can be observed when a material is subjected to mechanical
action, such as scratching. An example is the light that can be observed when two
pieces of stone are rubbed together with force.

Fluorescence is the emission of light from a material that absorbs light or other
electromagnetic radiation. In most cases, the emitted light has a longer wavelength
than the absorbed light. The light emitted is a result of the relaxation of an electron
in a molecule of the material from an excited state to the ground state (with the
same multiplicity; Fig. 2). Fluorescence is often used in microscopes.

Phosphorescence is related to fluorescence, but here the re-emission of light is
delayed by a transition from the excited state to a (forbidden) meta-stable state,
1.e., a transition between levels of different multiplicity (Fig. 2). The meta-stable
states work as traps for the electrons, and energy must be supplied for the electrons
to be released back to the excited state, from which they can de-excite to the
ground state. Often, the energy difference between the-meta stable state and the
excited state is so small that lattice vibrations are enough to release the electrons.
Sometimes, however, the energy difference is larger, and energy thus must be
supplied externally. Thermoluminescence (TL) and optically stimulated
luminescence (OSL) are examples of phosphorescence triggered by using heat or
light, respectively. TL and OSL will be discussed in more detail in the following
sections.

Luminescence dosimetry

In luminescence dosimetry, a transient light is observed, arising from the
stimulation (with either heat for TL or light for OSL) of crystalline insulators or
semiconductors previously exposed to ionising radiation.

The band model

In a solid material, the electrons form bands of allowed energy states, similar to
the discrete energy levels allowed for electrons in a single atom. The space
between the energy bands, called the band gap, is forbidden, and electrons thus
may not occupy this space in a perfect crystal. For a crystal in its ground state, the
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electrons are located in a band called the valence band, with an energy E,,, see Fig.
3. Provided that a sufficient amount of energy is absorbed by an electron in the
valence band, it can excite to the upper energy band, called the conduction band,
with energy E_, i.e., an electron-hole pair is produced. The electron remains in the
conduction band only for a short time and then loses its energy and de-excites
back to the valence band. Materials may be classified according to the width of the
band gap. For conductors, the valence band and conduction band overlap, making
E, = E_, and thus the width of the band gap is zero. For insulators, the band gap is
large, E,, < E., making the thermal energy of an individual electron insufficient to
reach the conduction band. Semiconductors are intermediate between conductors
and insulators: E,, < E.. In reality, however, a crystal is never perfect and includes
defects. These defects can be classified as either intrinsic, i.e., formed by
displacements of atoms, or extrinsic, i.e., formed by foreign atoms. Thus, defects
can be caused by missing atoms (vacancies), extra atoms at otherwise unoccupied
positions (interstitials), foreign atoms replacing an “original” atom (impurities), or
other dislocations. Defects create energy levels in the otherwise forbidden band
gap. If the created energy level can capture a charge carrier (electron or hole), it is
termed a trap centre (T and H, Fig. 3), and if the energy level can capture charges
of opposite signs, i.e., electrons and holes can recombine, it is termed a
recombination centre (R, Fig. 3). Therefore, in a crystal containing defects, an
electron excited due to the materials absorption of ionising radiation could either
de-excite to the valence band or be captured in a trap in the band gap. The trap is
positioned at a forbidden location, so the electron cannot simply be de-trapped;
energy has to be supplied to release the electron back to the conduction band. If
the trap is shallow, i.e., close to the conduction band, the lattice vibrations in the
crystal may be sufficient to release the electron. However, to use a material in
dosimetry, the traps must be deep enough to hold the electrons captive until
sufficient external energy (using heat or light) is supplied. (There are other ways in
which charges may escape from traps, e.g., quantum mechanical tunnelling, but
these will not be addressed in this thesis.) Following release back to the
conduction band, some of the electrons may recombine with a hole at a radiative
recombination centre, and luminescence is emitted. The luminescence can be
detected by a photo multiplier tube (PMT), and the intensity of the luminescence is
proportional to the number of trapped charges in the crystal, which in turn is
proportional to the dose absorbed by the material. The fact that trapped charges
may not escape unless energy is externally supplied creates a latency period in
which energy is stored in the material, and because of that, the material could be
used as a dosemeter.
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Figure 3. Band model illustrating the process of stimulated luminescence. E, is the energy level of the valence band
and E¢is the energy level of the conduction band separated by the forbidden band gap, here containing two electron
traps (Ts and Ty), one hole trap (H) and a recombination centre (R). By courtesy of Christian Bernhardsson.

Thermoluminescence

In TL, the electrons are stimulated back to the conduction band by gradually
elevating the temperature, usually from room temperature to a couple of hundred
degrees Celsius. The probability, p, of releasing an electron from a trap is
described by the Boltzmann factor:

p=s- e BE/KT
where s is the frequency factor [Hz], AE [J] is the energy depth of the trap, & is the
Boltzmann constant [J/K], and T is the absolute temperature [K]. Thus, when the
temperature is elevated, the probability of emptying a trap increases, and the result
1s plotted in a luminescence vs. temperature plot called the TL glow-curve; see
Fig. 4. The intensity is increased at first, then reaches a maximum and finally
drops when the trap is depleted. If several traps are involved, a number of peaks
may be seen, the location of which depends on the depth of the corresponding trap.
A drawback with TL is that the signal may be thermally quenched, i.e., that the
efficiency of the luminescence is decreased when the temperature is elevated. TL
measurements were performed in Papers III, IV, and V.
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Figure 4. Example of a TL glow-curve, obtained from irradiated household salt (NaCl).

Optically stimulated luminescence

In OSL, the stimulation of trapped electrons is performed using light of a specific
wavelength. Usually, the stimulation wavelength is longer than that of the
observed luminescence, making OSL an anti-Stokes shift. The stimulation with
light can be performed using different modes: continuous wave (CW-OSL),
linearly modulated (LM-OSL), and pulsed (POSL). The CW-OSL mode is the
most frequently used and means that the intensity of the stimulation light is kept
constant and the luminescence is recorded during stimulation. Thus, filters are
required to discriminate between the stimulation light and the luminescence (this is
further described in the section Stimulation and detection). The stimulation light is
about 10'® times more intense than the luminescence light (Thomsen 2004), so it is
essential that the stimulation light do not reach the PMT. A typical CW-OSL
curve, also referred to as a decay curve, can be seen in Fig. 5.
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Figure 5. Typical shape of the CW-OSL decay curves from irradiated surface mount resistors (SMR) and household
salt (NaCl).

In LM-OSL the intensity of the stimulation light is increased linearly, and traps
with different photoionisation cross-sections appear at different times, similarly to
a TL glow-curve. When using POSL, the stimulation light is pulsed and the
luminescence recorded between the pulses, allowing measurements without optical
filters. In the papers included in this thesis, only CW-OSL has been used; therefore
LM-OSL and POSL will not be further explained.

A CW-OSL decay curve can take on a variety of different shapes and depends on
the material, wavelength of the stimulation light, and sample temperature.
Complex mathematical functions are often required to describe the shape of an
OSL decay curve in detail (McKeever, 2001). In the following, a basic model
including one trap and one radiative recombination centre is described (as
described in McKeever, 2001). When a sample is stimulated using CW-mode, the
luminescence is expected to decay with stimulation time as a result of the release
of electrons to the conduction band and subsequent radiative recombination with a
hole in a recombination centre. The probability, p, per unit time that an electron is
de-trapped can be described by the stimulation intensity (photon fluence rate; ¢
[m™s™']) and the photoionisation cross-section, ¢ [m’]:

p=¢-o
Assuming that the number of trapped electrons and the number of trapped holes

are the same at the start of stimulation, i.e., ny, = my, then the flow of charge can

be described by the rate equations
dn, dn dm

ar - ac T
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| dm dn
== —-—=n

OSL dt dt p

where n. represents the concentration of electrons in the conduction band and I,
is the intensity of the OSL. Assuming that the concentration of electrons in the
conduction band is much smaller than the concentration of trapped electrons,
n. K n,m; that the changing rate of electrons in the conduction band is much
smaller than the changing rate of trapped electrons, dn./dt < dn/dt,dm/dt;
and that the probability of re-trapping is negligible, then

los, =nop-e P =1y e /"
where I, is the OSL intensity at time t = 0, and T = 1/p is the decay constant.

Considering more than one active trap (i = 1, ..., w), the intensity of the OSL will
be the sum of multiple exponentials |,

los, = z Ijp-e /T
i=1
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OSL readers

There are a number of different OSL readers available on the market, targeted
against both research and occupational use. OSL readers of a simpler kind may
also be relatively easy put together “in-house”. In this thesis, however, the
commercial Risg TL/OSL reader (DTU Nutech, Technical University of Denmark,
Risg campus, Roskilde, Denmark; Fig. 6) have been exclusively used and thus
only this reader will be described.

Figure 6. The Risg TL/OSL-DA-15 reader used for all OSL measurements in this thesis.

The Risg TL/OSL equipment

The basic elements needed for OSL measurements to be possible are stimulation
light and a light detection system (e.g., a PMT). Preferably, also a heater (for pre-
heat and/or OSL measurements at elevated temperatures) and an irradiation source
are available. When non-commercial readers are used, it is not uncommon that the
components are located at different sites, so that, for example, samples have to be
tangibly moved between pre-heat and OSL read-out. For several reasons, it is
more convenient to have all components in a single assembly. In Fig. 7, a
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schematic drawing of the Risg TL/OSL-DA-15 reader which include all of these
components is shown.

Samples are mounted on stainless steel cups (diameter 11.65 mm) and placed in
the detachable sample carrousel of the reader. The carrousel accommodates up to
48 samples, also referred to as aliquots. When the carrousel is placed in the sample
chamber, individual irradiation and read-out parameters may be set for each
aliquot using a sequence planning program. During read-out, the aliquot is lifted
by a lift, which also works as a heater when desired, and may be stimulated using
either light and/or heat; thus, the equipment functions both as an OSL and TL
reader.
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Figure 7. Shematic drawing of the Risg TL/OSL-DA-15 reader. Reprinted with permission from Guide to “The Ris@
TL/OSL Reader”, DTU Nutech, Denmark (www.nutech.dtu.dk).

Stimulation and detection

There are two luminescence stimulation systems in the Risg reader, a heating
system for TL and a light system for OSL. The systems can be used individually
or in combination. The heating element may be used to heat samples up to 700°C
at rates from 0.1 to 10 K/s. The light stimulating systems consist of seven light-
emitting diode (LED) clusters, of which three are with infrared (IR) LEDs and
four with blue LEDs. The IR LEDs emit at ~875 nm and the blue LEDs at ~470
nm. Luminescence is detected with a PMT, which has a maximum detection
efficiency between 200 and 400 nm, i.e., the ultraviolet (UV) region. To prevent
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scattered stimulation light from reaching the PMT, detection filters are needed.
Furthermore, the wavelength interval from the stimulation light and detection
window must be well separated. In front of the PMT is a Hoya U-340 filter, with
transmission approximately in the range 250-390 nm (www.hoyaoptics.com). The
blue LEDs spectrum has a tail into the detection window (Fig. 8), so a
transmission cutoff filter, GG-420, is positioned in front of each blue LED cluster
to remove this tail.
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Figure 8. Detection filters and stimulation light spectra in the Risg TL/OSL equipment. Reprinted with permission from
Guide to “The Risg TL/OSL Reader”, DTU Nutech, Denmark (www.nutech.dtu.dk).

Irradiation source

Incorporated into the reader is also an irradiation source, and it is possible to
perform irradiations using either X-ray, alpha, or beta particles. As a standard,
though, the reader comes with a *’Sr/*°Y source, with an activity of approximately
1.48 GBq. ’Sr/”Y emits beta particles with a maximum energy of 2.27 MeV. A
source with this activity was used for some of the measurements in Paper II. For

all other irradiations in the Risg reader, the standard source was replaced by a
PS1/”°Y source with an activity of 20 MBq (2009-04-09).

Calibration of the internal source

Ensuring that the incorporated *’Sr/”°Y source delivers the intended dose to the
aliquot in the irradiation position requires that it be regularly calibrated. Because
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the Risg reader was originally developed for archaecological dating, the calibration
method recommended is to use quartz (one of the most commonly used materials in
dating dosimetry). Calibration quartz may be ordered by the retailer and consists of
pure quartz sieved to grain sizes of 180-250 pum and irradiated with 4.81 Gy
(absorbed dose to quartz derived from the absorbed dose to water) in an external
7Cs beam, calibrated at a secondary standard laboratory (Danish State Institute for
Radiation Hygiene, SIS). The OSL signal corresponding to the 4.81 Gy of the
calibration quartz, D,, is measured and then the single-aliquot regenerative-dose
(SAR) protocol (described in more detail by Murray and Wintle, 2000) is used to
determine the beta irradiation time needed to generate an OSL signal equal to that
from D,. To calibrate against materials other than quartz, the same procedure may
be performed by irradiating any material in a well-known beam and relating the
corresponding OSL signal to a specific irradiation time of the *°Sr/’°Y source. In
Paper 11, this process was performed with resistors from mobile phones (described
in more detail in the section Resistors). Resistors were irradiated with 6 Gy (air
kerma) in a “’Co beam at IRSN (France). This kind of cross-calibration requires a
well-known irradiation beam, i.e., a secondary standard laboratory, which,
unfortunately, often results in this being postponed until later in the research process
for a material. This delay of a proper cross-calibration generates a casual usage of
the word dose. Often, but not always, the term dose then refers to the corresponding
absorbed dose to quartz or to the absorbed dose to the surveyed material. However,
as these quantities are not the ultimate concepts of interest, and since both cross-
calibrations and conversion factors will later be applied to the signal of the surveyed
material, the word dose is generally used for convenience.

External irradiation sources

Although not a part of the Riso TL/OSL equipment, external irradiation sources
may be successfully used to deliver doses to samples later to be read out in the
Risg reader. Obviously, this approach would be the case for accidental exposure of
an individual. In Paper I, a linear accelerator (Clinaq 2100C/D, Varian Medical
Systems, www.varian.com) was used as well as the *°Sr/*’Y source. The linear
accelerator was, however, not calibrated against the internal source in any way
because only relative measurements were performed. Four irradiation geometries
were used in Paper III: i) the incorporated *°Sr/*°Y source; ii) a ®®Co beam from a
teletherapy unit (Gammatron 3, Siemens, Germany); iii) a “°Co point source; and
iv) authentic exposure in the Village of Svetilovichi, Belarus, which has a high
ground deposition of *’Cs after the Chernobyl accident. The same teletherapy unit
(Gammatron 3, Siemens, Germany) was used for irradiations in Paper V and has
been calibrated in terms of air kerma against the Swedish secondary standard
laboratory (SSM).
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OSL materials 1n retrospective
dosimetry

For a material to be useful in OSL dosimetry for retrospective applications, it has
to possess some essential qualities. A list over desirable properties for an OSL
dosemeter material is given in Table 1. Ideally, all of these properties would be
present; however, in reality, this is hardly ever the case. Furthermore, in
retrospective/emergency dosimetry, the materials available are what they are, and
further development is not possible (unlike the materials used in prospective
dosimetry in a hospital, for example). The very first property a potential material
for OSL emergency dosimetry must possess is availability in the immediate
vicinity of the general public. Only when this availability is assured can additional
investigations be of interest. Thus, the material in question should be available on
or near as many people as possible. Although, it is also important to have
alternative materials (or methods) in the case of a specific material not being
accessible for some reason. Next, the material may not be exposed to light under
normal conditions because the OSL signal is read out by light. This, requirement,
together with the fact that the material must be an insulator or semiconductor with
a crystal structure, limits the options.

Table 1. List of desired properties of an OSL dosemeter material (a similar list can be seen in Ainsbury et al. 2011 for
dosemeter materials in general).
Property
Measured signal is specific for ionising radiation
Linear response to ionising radiation over a wide dose range (micro Gy to tens of Gy)
Well defined dose-response relations for different radiation qualitites and dose rates
Measured signal is stable over time
The possibility of generating a universal calibration curve
Small individual variations between samples
No confounding factors
Ability to estimate uncertainties
Minimal invasive sampling (for endogenous materials)

Standardised, fast, automatic, and cheap sample processing and analysis

When using OSL in retrospective dosimetry, the materials can be classified into
two groups: materials that generate individual dose estimations directly and
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materials that generate a dose map from which individual dose estimations may be
obtained by information on time and motion for each individual in the area. Even
though direct individual dose estimations are preferable in most cases, this is not
practically applicable in some instances, such as performing epidemiological
studies on large populations. All OSL materials mentioned in the following

sections and the kind of dose estimate they generate are listed in Table 2.
Table 2. Summary of materials with dosimetric properties regarding OSL, their typical MDD values and type of dose

estimates they would generate following an emergency situation (based on data shown in Bailiff et al. 2016; Ainsbury
et al. 2011; Bernhardsson et al. 2009; Thomsen et al. 2002b; Bgtter-Jensen and McKeever 1996; Paper |; and Paper

V)

Material MDD Type of dose estimation
generated

Heated building materials Tens of MGy Map?®
Unheated building materials >100 mGy Map?®
Porcelain 50 mGy Map®
Washing powder 5-100 mGy Map?®
Water softener 10 mGy Map?®
NaCl <1 mGy Map?®
Desiccants 10-1800 mGy Map?®
Nails 0.1-5 Gy Individual
Teeth <1 Gy (in dry condition) Individual
Dental repair materials 20-185 mGy Individual
Clothes 45 mGy-1.2 Gy Individual
Shoes 55-550 mGy Individual
Money 30 mGy-2 Gy Individual
Chip cards <10 mGy Individual
Resistors <10 mGy Individual
Integrated circuits 0.13-0.26 Gy Individual

@These materials could also generetate individual dose estimations given the additional information on time spent
at different locations for each individual.

Building materials

Quartz and feldspar from heated ceramic materials (bricks and tiles) mainly have
been used and studied for retrospective luminescence dosimetry (ICRU 2002).
Unheated quartz in bricks, mortar, and concrete also may be used (e.g., Thomsen
et al. 2002a); however, heating of the material (during manufacturing) works as a
zeroing of the OSL signal (and also as a sensitisation process for quartz), thus
making the dose estimation more straightforward. After manufacturing, the
material accumulates dose from background radiation and later possibly also an

38



accident dose. The dose corresponding to the OSL read-out, Dos;, therefore
represents both the accident dose, D,, and the accumulated background dose, Dy,
SO,

Dos., = Dy + Dy

Generally, the dose in the material is then converted to dose or kerma in air and
used together with residence time for each individual or population, as an
intermediate step, before the dose to the organ or tissue of interest is estimated
(Yukihara and McKeever 2011).

Household materials

A number of household materials have been studied for their potential use in OSL
dosimetry. The materials include porcelain (e.g., Botter-Jensen and McKeever
1996), washing powder, water softener (Thomsen et al. 2002b), household salt
(NaCl; e.g., Thomsen et al. 2002b; Bernhardsson et al. 2009), and desiccants
(materials used to absorb moisture; Paper IV). The component thought to be
responsible for the OSL in porcelain is Al,O; (Better-Jensen et al. 1996), which
(although then carbon-doped, Al,O5:C) is a well-known OSL dosemeter material
(e.g., Akselrod and McKeever 1999). For the same reason, but with regard to silica
(S10,), the dosimetric properties of different desiccants were investigated in Paper
IV. The most frequently used material generally in OSL, quartz, consists of silica;
thus, the idea that other silica-rich materials might possess dosimetric properties
seems promising. Various different kinds of desiccants (Fig. 9), with respect to
their potential as OSL emergency dosemeters, are investigated in Paper IV. To
add new materials to the list of potential dosemeters is always interesting and
valuable, because it is never certain what materials will be available in an
emergency situation.
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Figure 9. Different types of desiccants. “Silica gel” bags found in hand bags (left and middle) and cat litter (right).

Household salt, NaCl

The fact that stimulation with light could generate luminescence in irradiated NaCl
was first observed by Stoddard in 1960, though he did not call it OSL. The first
study where NaCl was stated as a retrospective dosemeter material using OSL was
performed by Bailey et al. (2000) and concluded that OSL of NaCl may be a useful
dosimetric tool. Later, Bernhardsson et al. (2009) investigated a selection of
household salts and stated that most salts have a very high specific luminescence
(PMT counts per unit dose) and that the minimum detectable doses were below 1
mGy (0.2-1 mGy). They also mentioned that the OSL properties under normal
household usage should be more thoroughly investigated. One aspect of daily usage
that could affect the OSL signal is that the salt could be exposed to light between
exposure and read-out, with the risk that the OSL signal would be quenched. In
Paper III, the extent to which different NaCl packages found in supermarkets are
light tight was investigated (Fig. 10).

Another advantage of NaCl is that it can be found virtually everywhere: in homes,
workplaces, and restaurants all over the world. This means that it would be fairly
simple to collect samples, and once in the lab, the sample preparation is minimal.
Furthermore, the above-mentioned properties together with the fact that NaCl is very
cheap (both regarding purchase and read-out) makes this material interesting also for
prospective dosimetry, i.e., to use ready-made NaCl dosemeters in the same way as
commercial LiF:Mg,Cu,P, and AlL,O;:C dosemeters (Bernhardsson et al. 2012;
Ekendahl et al. 2015). This option would be particularly useful in developing
countries and amongst employers with limited budget for dosimetry, e.g., rescue
service teams. The possibility of using NaCl as a prospective dosemeter in the future
is evaluated in Paper V.
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Figure 10. Household salt (NaCl) in different packages commercially available.

Biological materials

A material that perhaps is primarily associated with EPR, has been the subject of
some considerable attention also using OSL: teeth. It was first suggested by
Godfrey-Smith and Pass (1997) as a way to overcome the necessity at that time of
extracting the tooth for using EPR. The same authors also mention the potential
possibility of non-invasive, in vivo dosimetry, measuring the teeth directly in the
mouth. Subsequent studies indicate minimal detectable doses (MDD) values of
teeth in the order of a couple of grays (Yukihara et al. 2007; Godfrey-Smith 2008;
DeWitt et al. 2010; Yiice et al. 2010; Sholom et al. 2011). However, the
investigations performed in Paper I showed that when the teeth (Fig. 11) were
irradiated in moist conditions (as they would be in the mouth), the OSL signal
decreased significantly. Thus, the MDD would be substantially increased.

Another EPR-related material that been briefly investigated using OSL is
fingernails and toenails (Sholom et al. 2011), materials that have great advantages
primarily because of their extremely high availability and simple collection.
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Dental repair materials

A positive conclusion from Paper I was that the OSL signal from dental repair
materials (Fig. 11) did not decrease due to moisture, at least not to the same extent.
Although dental repair materials are not biological, they are mentioned here
because of the close link to teeth.

Paper I also shows that all repair materials evaluated in the study suffered from
considerable fading, an observation consistent with previous work (Bailiff et al.
2002; Veronese et al. 2010; Ekendahl et al. 2013). A great challenge of using
dental repair materials in retrospective dosimetry is that the materials are
constantly being developed and improved in terms of clinical dental use.
Furthermore, the exact composition is very difficult to establish because of trade
secrets. A positive aspect of using dental repair materials, compared to teeth, is
that there is no damage caused by extracting the repair material for measurements
(for ex vivo measurements). Much more work remains before dental repair
materials can be used in retrospective dosimetry, including an extensive survey of
available materials on the market. However, a recent review article by Bailiff et al.
(2016) states that “OSL from dental ceramics holds some promise for the
development of an in vivo emergency dosimetry technique”.

Figure 11. Two types of dental repair materials and human tooth enamel (middle).

Commonplace materials

By far the most research in retrospective OSL dosimetry has focused on so-called
fortuitous or commonplace materials. These could be either materials worn on the
body, such as clothes and shoes, or carried in a wallet or bag, such as money (both
coins and bills; Sholom and McKeever 2014). Bortolin et al. (2010; 2011) also
found that dust from these kinds of personal objects (keys, coins, jewellery) could
be useful in retrospective dosimetry (using TL). The memory chip modules that
may be found in telephone/ID/bank cards have also been investigated (e.g., Goksu
2003; Mathur et al. 2007; Woda and Spottl 2009; Woda et al. 2012). All studies
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have indicated that the epoxy cover found on the reverse side of the card and the
silicate materials added to this epoxy are the main source of the OSL signal. Chip
cards with these kinds of electronic chip modules are being increasingly used
(Bailiff et al. 2016), and the availability in case of a radiological/nuclear
emergency situation thus will be increased as well.

Another source of potential dosemeter materials carried by many people is mobile
phones (or other electronic devices). Both the glass (although using TL; e.g.,
Bassinet et al. 2010a; Discher 2015) and components from the circuit board such
as resistors and integrated circuits (e.g., Bassinet et al. 2010b) have shown

promising properties. Of these, surface mount resistors (SMRs) have been studied
the most (Fig. 12).

Figure 12. The circuit board of a mobile phone. Surface mount resistors with alumina underneath are pointed out by
an ordinary ballpoint pen.

Resistors

Inrig et al. (2008) were the first to propose the use of SMRs in retrospective
dosimetry. They also noted that the OSL signal of irradiated SMRs suffered from
considerable fading and concluded that the fading is anomalous, i.e., not
temperature dependent. The fading is instead believed to be the result of quantum-
mechanical tunnelling. Generally, the fading of the OSL signal in SMRs has been
looked on as a disadvantage and a limiting factor. In Paper II, however, it is
discussed that the fading instead can be used in a positive manner, i.e., to estimate
the time of exposure (if it is unknown) by comparing two subsequent
measurements. Furthermore, as shown in Paper II, the OSL signal may be
observed several years after exposure (for doses relevant in triage); for example, a
dose of 0.5 Gy may be detected more than 6 years after exposure. Thus,
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retrospective dosimetry using SMRs also could be useful also for epidemiological
studies at least a couple of years following an emergency situation.

The biggest drawback in using SMRs following a large-scale emergency situation
is that people might not be willing to give up their mobile phones (Eakins et al.
2016). These days, the mobile phone is the only communication tool for many
people (the use of landline telephones is decreasing, at least for younger
generations), and the decision to give up that connection in a situation of
uncertainty and fear will not be made lightly. Thus, ways to provide people with
an alternative communication tool and to secure the data stored in the phone must
be established in advance.

Figure 13. Photographs illustrating the procedure of dismantling a mobile phone. Top left: intact mobile phone, top
right: circuit board of the mobile phone with metal sheets covering the components, bottom: all parts of the mobile
phone after dismantling.
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Extraction of resistors

Another potential problem with using SMRs in retrospective dosimetry that must
be overcome in advance is that enough people must be able to extract the resistors
from the mobile phones. To open up a mobile phone and extract a sufficient
number of resistors takes 10-30 minutes per phone. It is easy to imagine the
workload that a large-scale emergency situation would generate, and several
people working with extracting the resistors would be required. The withdrawal
itself is not difficult, but some experience and a certain amount of skill are needed.
First of all, the removal must be performed in a dark room, under red light
conditions, to avoid quenching the OSL signal. To reach the SMRs on the circuit
board the phone have to be dismantled, a process that have to be made carefully so
that the resistors are not damaged but even so, a certain amount of violence is
generally needed. The dismantling is performed in steps; first the outer shell and
battery is removed, then the circuit board is loosened, and finally the metal sheets
covering the components are removed, see Fig. 13. Second of all, the SMRs are
small and only a certain type has the required properties, which makes it a bit
tricky to recognise them. The SMRs with OSL properties comes in various sizes,
of which the most commonly found in mobile phones are 0.6x0.3x0.2 mm and
1.0x0.5%0.35 mm, so that extraction of SMRs is preferably performed using a
microscope. The SMRs that possess dosimetric properties are black on top and
white underneath, which is the exposed ceramic consisting of alumina; see Fig. 14.
Once identified, the resistor is loosened from the circuit board by gently pushing
the soldered joint at the edges using a small screwdriver and then placing it,
bottom side up, on a measuring cup (used to load samples in the Risg equipment;
sprayed with oil to hold the resistors in place) using a fine tweezer. For reasons
unspecified, generally 10 resistors per cup is the norm. However, the number of
resistors is proportional to the OSL intensity (Fig. 15); thus, a greater number of
resistors could be used if a higher accuracy is prioritised over time consumption
or, conversely, a smaller number could be used if a fast but rough dose estimation
is considered more important than precision.
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Figure 14. Different sizes (left) and the black upper side and white underside of the SMRs with dosimetric properties.
Each gradation on the scale denotes one millimetre.
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Figure 15. The OSL intensity as a function of the number of resistors on a measuring cup in the Risg equipment.
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Dose estimates

The goal when using retrospective dosimetry techniques is to obtain the most
accurate dose estimation possible for an individual. For emergency dosimetry, it is
sufficient to distinguish a dose corresponding to a whole body absorbed dose of 2
Gy, so that the MDD of the technique should be at least in the order of 0.5 Gy. For
biological dosimetry, achieving this target is somewhat easier than for physical
techniques because the interaction with radiation used for the dose assessment is
within the parts of the human body that are of interest from a risk point of view.
For materials that are not endogenous and for teeth, the interaction with ionising
radiation will be different than within the human body, which must be taken into
account when the dose to an individual is being estimated. For retrospective
dosimetry and e.g., epidemiological studies, the other quantities besides the
absorbed dose is of interest as the investigations normally targets long term
effects, such as cancer; thus, making the effective dose a more proper quantity.
The minimum effective dose that the technique can distinguish should thus be as
low as possible.

Dose quantities

Several quantities are used in radiation protection. There are physical quantities,
such as fluence (@), kerma (K), and absorbed dose (D), that describe a property of
a physical object or phenomenon (ICRU 1993). From the physical quantities,
operational quantities, such as ambient dose equivalent (H*(d)), directional dose
equivalent (/°(d,/2)), and personal dose equivalent (H,(d)), and protection
quantities, such as organ absorbed dose (Dy), organ equivalent dose (H7y), and
effective dose (E), may be calculated. Furthermore, the protection and operational
quantities may be interlinked by measurements and calculations. How the different
quantities are related can be seen in Fig. 16.
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Physical quantities

. Fluence, P Calculated using Q, and sample
Calculated using wg, Wr, and / Kerma’ K phantoms, validated by
anthropomorphic phanty/ Absorbed dose, D measurements and calculations
Protection quantities ~ Operational quantities
Organ absorbed dose, D+ Ambient dose equivalent, H*(d)
Organ equivalent dose, Hy [« Compared by Directional dose equivalent, H’'(d,2)
Effective dose, E measurements and Personal dose equivalent, Hp(d)
calculations (using wg, W,
and anthropomorphic T
phantoms) Related by calibration and calculation
l Monitored quantities
Instrumentresponses

Figure 16. Relationship of quantities for radiological protection monitoring purposes (ICRP, 1996).

Fluence

A radiation field, independent of radiation type, can be described by its fluence
(@), which is defined as the quotient of the number of particles, dN, incident on a
sphere of cross-section area, da:
dN
~ da
The fluence is usually expressed in the unit m™.

Kerma

Kerma, K, is the energy transferred by indirectly ionising radiation (photons and
neutrons) to charged particles (Attix 2004). The energy transferred in a given
volume is:

€tr = (Rin)u - (Rout)ﬁonr + z Q

where (R;,), is the radiant energy from uncharged particles that enters the
volume, (R,,:)1°™ is the radiant energy of uncharged particles that leaves the
volume (except that which originated from the conversion of charged particle
kinetic energy to photon energy), and ), Q is the net energy that is derived from
rest mass in the volume. The kerma at a point of interest in the volume can now be
defined as:

dm
The unit of kerma is J/kg, also called the gray [Gy].
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Absorbed dose and related protection quantities

The absorbed dose is the quantity used when describing ARS and thus the quantity
of interest for emergency retrospective dosimetry. It is defined as the quotient of
d€ by dm, where d€ is the mean energy imparted and dm is the mass and given in
the unit gray [Gy]:
dé

~ dm
When Monte Carlo methods are used to calculate protection and operational
quantities, the first step is to calculate the absorbed dose distribution in the model
of the body. When the absorbed dose distribution is known, calculations of the
organ absorbed doses are easily performed by dividing the absorbed dose in the
mass element corresponding to the organ by the mass of the organ:

DT = 1/mTdem

By multiplying the organ absorbed dose with a weighting factor, wg, that accounts
for the relative damage different types of radiation (ICRP 1996), the equivalent

dose, Hr, can be calculated:
Hr = z WgDr g
R

where Dy p is the average absorbed dose in tissue 7' from radiation R. In the next
step, the effective dose (E) can be calculated by taking the risk of induced cancer
in a specific organ into account. This is done by multiplying the equivalent dose,
Hr, for an organ with the tissue weighting factor, wr, of the same organ:

E = ZWTHT
T

Both the equivalent dose and the effective dose are expressed in the unit Sievert
[Sv=J/kg].

Operational quantities

The operational quantities are related to the protection quantities and are supposed
to give reasonable estimates of the protection quantities. The operational quantities
have been derived for use in practical areas and individual measurements and are
based on the dose equivalent at a point in the body (or in a phantom). The dose
equivalent, H [Sv], is obtained by multiplying the absorbed dose, D, at a point
with a quality factor, Q, that weighs the biological effectiveness of the charged
particles producing the absorbed dose:

H=0QD
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The ambient dose equivalent (H*(d)) at a point in a radiation field is defined as the
dose equivalent that would be produced at a depth, d, in the ICRU sphere by the
corresponding field (ICRU 1993). The ICRU sphere is a tissue equivalent sphere
with a diameter of 30 cm (ICRU 1980).

The directional dose equivalent (H’(d,/2)) at a point in a radiation field is defined
as the dose equivalent that would be produced by the field at a depth, d, in the
ICRU sphere, on a radius in a specified direction, (2.

For individual monitoring, the personal dose equivalent (H,(d)) is used. It is
defined as the dose equivalent in soft tissue at a depth, d, in the body. A detector
worn on the surface of the body, with appropriate build-up, can be used to measure
the personal dose equivalent.

For all operational quantities, a depth of 10 mm is recommended for radiation that
is strongly penetrating; a depth of 0.07 mm for the skin and 3 mm for the eye is
recommended for weakly penetrating radiation.

Dose conversion coefficients

Dose conversion coefficients are used to make the transition between the physical
quantities and the protection or operational quantities. In Paper V, novel
conversion coefficients are derived for the transition between the absorbed dose or
air kerma and personal dose equivalent or absorbed dose to the material
(depending on material; as previously mentioned, before proper cross-calibrations
have been performed different dose concepts are in use). In general, conversion
coefficients are obtained by using either computer codes or phantoms. Conversion
coefficients for SMRs have been calculated using Monte Carlo simulations
(Eakins and Kouroukla, 2015). In Paper V, the first attempt to obtain conversion
coefficients by using physical measurements on an anthropomorphic phantom was
performed. Although conversion coefficients are necessary for proper dose
estimations in all dosimetry applications, they are calculated for a finite number of
exposure geometries and radiation energies. It is impossible to have conversion
coefficients for all possible scenarios; thus, it has become conventional to limit the
number of exposure geometries. The most common method is to use plane-parallel
beams and assume whole body exposure (ICRP 1996), and the geometries antero-
posterior (AP), postero-anterior (PA), lateral (LAT), rotational (ROT), and
isotropic (ISO) are often used (Fig. 17).
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Figure 17. Schematic illustrations of the exposure geometries antero-posterior (AP), postero-anterior (PA) and
rotational (ROT). Dashed lines indicates the direction of the radiation. By courtesy of Christian Bernhardsson.
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Summary of papers

Here, a short summary of each paper included in this thesis is presented, together
with thoughts about further work that should be done.

Paper I: Retrospective dosimetry using OSL of tooth
enamel and dental repair materials irradiated under wet
and dry conditions

In Paper I, the impact of a wet environment during irradiation on the OSL signal
of tooth enamel and dental repair materials was investigated. It was found that a
wet environment during irradiation decreases the OSL signal in tooth enamel at
40-95 %. Because teeth in vivo most definitely will be in a wet environment, this
discovery greatly affects the MDD values of tooth enamel. The dental repair
materials studied did not exhibit the same loss of signal when irradiated wet,
which indicates that they could be potential materials for emergency dosimetry.
Furthermore, the dental repair materials showed promising properties in terms of
dose response and signal fading, i.e., the signal remained long enough to have time
to perform measurements of interest for emergency dosimetry. The MDDs ranged
from 20 to 185 mGy.

Further studies should include extensive investigations of the signal loss in tooth
enamel when irradiated wet, including possible dose dependence and energy
dependence. Different read-out protocols for the dental repair materials, i.e., TL
and OSL at elevated temperatures, should be tried. A portable in vivo OSL reader
is still an interesting development, but contemporary investigations of how dental
repair materials could be extracted under dark-room conditions would be
recommended. Also, the withdrawal itself could lead to a mechanically induced or
reduced OSL signal.
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Paper II: Optically stimulated luminescence (OSL)
dosimetry in irradiated alumina substrates from mobile
phone resistors

The use of resistors from electronic devices in OSL dosimetry has been in the
spotlight recently. A property that has been considered a drawback of the
technique is the significant fading of the OSL signal following exposure to
ionising radiation. In Paper II, however, this fading was studied in more detail,
and it was shown that the OSL signal remains for much longer than previously
thought. In addition, the fading is independent of dose, and a dose of 0.5 Gy can
be measured up to 6 years after exposure. Paper II also reveals that the size of the
regenerative dose (calibration dose) does not affect the dose estimation.

Ideas for future studies are an extended fading curve, both prior to one hour
(starting point for this study) and past 735 days (endpoint for this study), a more
extensive dose-response curve, and MDD values calculated from a one dose only
“dose-response curve” (because this is how the conversion from OSL signal to
dose 1s performed in practise).

Paper III: Household salt for retrospective dose
assessments using OSL: signal integrity and its
dependence on containment, sample collection, and
signal readout

It is not only the OSL properties of the material itself that affect the accuracy of
dose estimation but also ambient factors, such as packaging and mixing of the
grains. In Paper III, the impact of these factors on the estimated dose was
investigated, in tandem with the impact of fractionation, storage time, and
sensitivity changes. The results show that the OSL signal is preserved in cardboard
boxes but not in plastic containers (included in the study). The estimated dose was
in the same order whether the dose was fractionated or not. A depth dose curve in
NaCl for ®’Co showed that the peak dose is found at a 15-mm depth and about 17
% higher than the entrance dose. Thus, the manner in which a sample is collected
from the package would affect the dose estimation, and a thorough mixing is
recommended. The OSL signal of NaCl does not fade (at least not over the time
periods studied here, up to 300 days), but instead a so-called inverse fading is
observed. Inverse fading means that the OSL signal increases with storage time;
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the reason for the phenomenon is unknown but could be the result of a
redistribution of trapped charges.

The phenomenon of inverse fading is interesting and requires further study for
both its origin and more thorough characterisation (i.e., regarding possible impact
of for example energy or size of the given dose) and thus the possibility of
accounting for it in the dose estimations. Furthermore, the energy dependence of
NaCl must be examined in more detail by performing measurements using other
energies (work in progress). Regarding the packages that did not preserve the OSL
signal, it would be interesting to keep a full salt package, previously irradiated, in
a normal kitchen cabinet and investigate the degree of signal loss relative to the
depth: Does the salt in the outermost parts shield the salt in the inner parts? The
latter could also be simulated using Monte Carlo methods.

Paper IV: Desiccants for retrospective dosimetry using
optically stimulated luminescence (OSL)

A new kind of materials, dessicants, were investigated in Paper I'V. Desiccants is
the generic name for materials used to remove humidity or liquids from unwanted
places. They can, for instance, be found in bags, drug packages, and the vehicles
of rescue service teams. No other studies on desiccants using OSL could be
identified, so this study appears to be the first. Because the materials were
completely unknown, the focus was to investigate the most basic OSL properties
and if there was any response at all to ionising radiation. The main purpose of
these materials is to absorb moisture, so the effect of moisture on the OSL signal
was also investigated. All desiccants showed a response to ionising radiation in
terms of OSL, but to varying degrees. Considering the results, the availability of
the materials, and the limited information that is possible to obtain regarding the
different materials (e.g., in terms of composition and manufacturing process), it is
concluded that desiccants ought to be used together with other materials/methods
or when no other materials are available.

Given that this report is the only known paper on desiccants in OSL, further
studies are needed in all aspects, both to confirm these findings and also to further
develop the technique.
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Paper V: Optically stimulated luminescence in NaCl and
mobile phone components for personal dosimetry —
correlating OSL response to operational radiation
protection quantities using an anthropomorphic phantom

When measuring the OSL signal in a material, the dose being estimated is actually
the dose to the material in question, not to an individual. In Paper V, the transition
from dose to a material to dose in the human body was studied. Conversion factors
were obtained by attaching mobile phones and household salt to an
anthropomorphic phantom containing dosemeters while irradiating the phantom in
different exposure geometries. As expected, the results varied considerably with
the exposure geometry, but the location of the dosemeter introduced bias to a
lesser degree.

This study is the first to report measurements on conversion factors for materials
used in retrospective dosimetry using OSL, so clearly, further studies are required.
Preferably, these future studies should include simulations using Monte Carlo
methods for comparisons and evaluations of the simulations. Other exposure
geometries, radiation energies, and a larger number of resistors and salt packages
are some aspects to consider for future research. Furthermore, a more complex
phantom with pre-defined organs would give additional information about organ
doses and a more accurate whole body dose estimation.
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Conclusions

The papers that underlie this thesis have led to the following conclusions:

>

>

Several materials found on, or in the immediate vicinity of man can be
used for retrospective and/or emergency dosimetry using OSL.

The OSL signal in tooth enamel is decreased if the tooth is wet during
irradiation, as would be the case in the mouth, making it an inferior
material for emergency dosimetry using current methods.

Dental repair materials have great potential as retrospective/emergency
dosemeters using OSL. The fact that removal of the repair material is
simpler and less invasive than the removal of enamel is a great advantage.

SMRs from electronic devices have a useable OSL signal for a much
longer time period (years) than previously thought. Making them sutiable
for both retrospective and emergency dosimetry. For situations where the
exposure time is unknown, the signal decay can be used to estimate the
time of exposure by making to subsequent measurements with a well-
known time gap.

Some of the salt packages commercially available manage to retain the
OSL signal of irradiated NaCl, enabling collection of salt packages for
dose estimations following a radiological or nuclear emergency.

NaCl does not exhibit direct fading of the OSL signal; rather, the OSL
signal increases slightly with time after irradiation, a phenomenon called
inverse fading.

The way the sampling is performed when making dose estimations using
NaCl is crucial for the outcome because the dose to the salt varies by
almost 20 % depending on its depth in the package.

Some types of desiccants found in or near homes and workplaces could be
used as supplementary material in emergency OSL dosimetry.

A first outcome of conversion factors for the transition between the dose
to SMRs/NaCl and the effective dose to an individual has been obtained
using an anthropomorphic phantom. The estimated dose varies
considerably with exposure geometry.
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Concluding remarks

All materials investigated in this thesis would benefit from further research with
respect to the basic luminescence properties before they could be used for
retrospective dosimetry with acceptable accuracies in any emergency situation.
However, some of the materials already can facilitate eligible dose estimations
provided that a few parameters are known. For example, to obtain dose
estimations using SMRs, in the current situation, the exposure geometry and
energy of the radiation would have to be known. The breakthrough for OSL in
NaCl might be in prospective dosimetry. The robustness, excellent luminescence
properties, and fact that it is very cheap are considerable advantages.

OSL using SMRs has the potential to become a key method for emergency
dosimetry. A possible major problem, however, is the fact that the development in
electronics 1s rapid, and in a few years, SMRs of this kind might not be as
common. This problem is the same for dental repair materials and, in principle, all
other materials that are not endogenous. Because there is no way to circumvent
this problem, it cannot be seen as a reason not to investigate some types of
materials. Emergency preparedness in itself means to be ready to act; thus, the
materials currently available have to be subjects of interest as well as being under
continuous re-evaluation in terms of usability. It is necessary to be prepared to
reject a material and instead place emphasis on a new choice in order to keep up
with technology. Also, the knowledge that is gained working with one material
could be applied for new materials; thus, the time and effort spent on an obsolete
material is not to be seen as waisted.

The transition from absorbed dose in a material to absorbed dose in the human
body will probably be clarified using the Monte Carlo methods that are constantly
improved, even though they will never completely transcend measurements that
would be needed to verify calculations for various materials and configuartions. If
the geometry of an individual and the material chosen for OSL dosimetry could be
simulated rapidly and with small constraints, conversion factors for each unique
exposure situation would be derived with ease.
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