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Abstract

A new thermoluminescence dosimetry system for environmental applications was
tested, which used high sensitivity lithium fluoride (TLD-100H). The energy response
of the bare thermoluminescence dosimeters (TLDs) was measured for photon beams
with mean energies from 24 keV to 1.1 MeV, and the results were compared with
standard lithium fluoride (TLD-100). The energy response was also measured for
TLD-100H card-mounted dosimeters encapsulated in Teflon®, used as part of the
Harshaw Type 8855 environmental dosimeter. The EGSnrc Monte Carlo system was
used to calculate the dose to the TLDs in both the bare chip holder and the 8855
dosimeter, in order to calculate the thermoluminescence per unit of absorbed dose to
the TLDs. The results were broadly consistent with existing data, with the response of

both TLD materials correlating with the ionization density of the photon beams.



Résumé

Un nouveau systéme de dosimétrie par thermoluminescence pour les applications
environementales, utilisant du fluorure de lithium a haute sensitivité (TLD-100H), fut
évalué. La réponse énergétique du dispositif thermoluminescent (DTL) fut mesurée
pour des faisceaux de photons d’énergie moyenne entre 24 keV et 1.1 MeV, et les
résultats furent comparés au fluorure de lithium conventionel (TLD-100). La réponse
énergétique fut également mesurée pour des dispositifs TLD-100H encapsulés de
Teflon®, faisant partie du dosimetre environemental Harshaw Type 8855. Le systeme
de Monte Carlo EGSnrc fut utilisé pour estimer la dose fournie aux DTL dans le
support simple ainsi qu’intégrés au dosimetre 8855, dans le but de calculer la
thermoluminescence par unité de dose absorbée par le DTL. Les résultats furent
largement en accord avec les données existantes, la réponse des deux matériaux DTL

démontrant une corrélation avec la densité d’ionization des faisceaux photoniques.
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Chapter 1

Introduction
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Environmental dosimetry is the process of assessing radiation doses to members of the public
around nuclear and radiological facilities (Klemic et al 1999). Environmental dosimetry
programs can cover external and internal radiation exposures, and are normally required for the
facility to demonstrate compliance with national regulations on dose limits to the public.
Environmental dosimeters used for external radiations are generally used to measure the doses
received from y-rays or x-rays, and can also have the capability to measure beta doses or neutron

doses arising from cosmic rays.

The dosimeters can be either active or passive devices, with some facilities employing more
than one monitoring technique. Although active devices such as area monitors and electronic
personal dosimeters are often used within a facility, passive systems are usually preferred for
environmental applications because of their ease of deployment and the minimal maintenance
required. Since the 1960s, thermoluminescence dosimeters (TLDs) have been used for
environmental dosimetry applications, with the early systems using lithium fluoride (LiF) TLDs

(Cusimano et al 1968).

Thermoluminescence (TL) is thermally stimulated light emission from an insulating material
that has been exposed to ionizing radiation, and is a property of many natural minerals. lonizing
radiation can create electron-hole pairs in TL materials, which can either recombine or can
become trapped at defects in the crystal structure. These trapped charge carriers are in a
metastable state, and can be released by heating the material. The released charge carriers can
then recombine, with an associated emission of light. By calibrating the amount of light released
from the TLD after a known dose of ionizing radiation, the TL material can then possibly be
used as a radiation dosimeter. The suitability of a given TL material for radiation dosimetry
depends on a number of factors, including dose linearity, energy dependence, fading
characteristics, and stability. Horowitz (1984a) presents a historical background and a more

detailed description of the TL mechanism.

After initial research into LiF TLDs in the early 1960s at the University of Wisconsin, the
Harshaw Chemical Company became the first commercial supplier of TLDs for radiation
dosimetry, with the phosphor known as TLD-100 (Cameron 1970). The dopants present in the

phosphor are necessary for desirable thermoluminescence (TL) properties, and TLD-100 denotes
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a LiF crystal doped with trace amounts of magnesium and titanium. Later formulations used

isotopically enriched °Li or "Li and these were denoted TLD-600 and TLD-700, respectively.

LiF TLDs are adequate for a wide range of applications at nuclear and radiological facilities,
and are also used as radiation detectors in clinical dosimetry. For environmental applications the
dose rates are generally very low, so several alternative TLD materials have been investigated
that have much higher sensitivity than TLD-100. These phosphors include calcium sulphate
(CaSQ,), calcium fluoride (CaF,), and aluminium oxide (Al,O3), and each of these materials can
be doped with different compounds to produce different dosimetric properties. The phosphors
have photon sensitivities from 10 to 30 times greater than standard LiF, but the presence of
higher atomic number elements make the dosimeters less tissue equivalent than LiF dosimeters.
For example, for the same dose to tissue from 40 keV photons and *°Co photons, the resulting
dose to CaF, is 10 times higher for the 40 keV photons than the ®°Co photons. The dose to
TLD-100 is only about 40% higher for the 40 keV photons than the ®’Co photons (Ranogajec-
Komor et al 1993). It is possible to improve the sensitivity of TLD-100 by a factor of 5 using
special irradiation and annealing methods (Horowitz 1984b), but these methods are fairly

cumbersome for routine applications.

Nakajima et al (1978) presented a new type of LiF material that is doped with magnesium,
copper, and phosphorus (LiF:Mg,Cu,P), and their results showed a photon sensitivity 23 times
higher than TLD-100. The initial formulations suffered from poor reusability, but other groups
improved on the stability of the phosphor, and a commercial version was available by the late
1980s (Pradhan and Bhatt 1989). Harshaw TLD, now known as Saint-Gobain Crystals and
Detectors (SGC&D), began commercially producing LiF:Mg,Cu,P TLDs in the late 1990s,
including versions with isotopically enriched °Li or 'Li. The new materials are denoted

TLD-100H, TLD-600H, and TLD-700H.

Perry et al (1999) describe a new environmental dosimetry system from SGC&D which uses
either TLD-100H or TLD-700H, with four TLDs mounted in an assembly behind various filters.
The filters provide energy discrimination capabilities so that the dosimeter can be used to
measure the dose equivalent quantities relevant for environmental dosimetry. The holder design

is a modification of previously existing ones used for personnel dosimetry and environmental



High Sensitivity LiF for Environmental Dosimetry (January 2003) 5

dosimetry, and the new holder with the LiF:Mg,Cu,P TLDs is denoted the Harshaw Type 8855

environmental dosimeter.

The 8855 dosimeter is designed to be used for environmental exposures to photon and beta
sources, and Perry et al use the dosimeter for mean photon energies as low as 20 keV. To be able
to determine the dosimetric quantities relevant to environmental dosimetry, namely the ambient
dose equivalent, H*(10), and the directional dose equivalent, H(0.07,c), the results from the
multi-element dosimeter are processed through a neural network algorithm. Although the
accuracy requirements for environmental dosimetry can be as high as 50%, the output from the
neural network algorithm is quite sensitive to the element ratios, and the results can change by as
much as 20% due to a change of only 5% in an individual element. To understand the energy
response in the dosimeter under the various filters, it is necessary to have an understanding of the
energy response of the TLD material itself. This knowledge can then lead to improvements in

dosimeter designs in the future.

Two nuclear power utilities, Ontario Power Generation and Bruce Nuclear, have embarked
on a joint research project to study the use of the 8855 dosimeter for their environmental
dosimetry programs, with a large number of tests required to characterize the dosimeter. This
project is a part of the larger study, and focuses on the photon energy response of the 8855
dosimeter, as well as the energy response of the bare TLD-100H chips. For comparison

purposes, the photon energy response of TLD-100 is also examined.

1.1 Measurement Quantities

The following two radiation measurement quantities are used throughout the course of this work,

and the reader should be familiar with these terms:
Kerma, K

Kinetic energy released per unit mass (J/kg). This non-stochastic quantity only applies for
indirectly ionizing radiations, and is the expectation value of the energy transferred from

uncharged particles to charged particles per unit mass at a point (Attix 1986). Kerma can be
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defined in any medium, and the air kerma is related to the quantity exposure. The special unit of

kerma is the gray (Gy).
Absorbed dose, D

Energy deposited per unit mass (J/kg). The absorbed dose is the expectation value of the energy
imparted to matter per unit mass at a point (Attix 1986). The units are the same as kerma, but the
difference between the two quantities is that dose is energy per unit mass that remains at point P,
while the kerma is the kinetic energy per unit mass transferred to charged particles at point P.
These particles may then leave the volume of interest, and produce none of the effects associated

with ionizing radiation.

Although the ambient dose equivalent and the directional dose equivalent are the relevant
quantities for environmental dosimetry, the absorbed dose is a more fundamental quantity that is
useful for characterizing the intrinsic energy response of a dosimeter. For this reason, the

environmental dose equivalents will not be further discussed in this work.
Response

For this work, the response is defined as the quotient of the TL signal and the dosimetric quantity
that is being measured. The TL signal is integrated by the reader in units of charge (nC), and this

value is divided by the relevant dosimetric quantity to calculate the response.
Air kerma response

The TL signal divided by the delivered air kerma. The relative air kerma response can be
calculated by normalizing the results to one of the measurements, usually the response to *°Co

photons.
TLD dose response

The TL signal divided by the absorbed dose in the TLD. This is normally simply referred to as
“dose response” throughout this work. The relative dose response can be calculated by

normalizing the results to one of the measurements, usually the response to °°Co photons.
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Dose response in terms of medium

The TL signal divided by the absorbed dose that would be deposited in the medium in the
absence of the TLD. This is not used in this work, but is used in many of the publications
referenced throughout this work. Usually this is in terms of the TL signal arising from an

absorbed dose in water or tissue.
Photon energy response

The air kerma response or dose response as a function of the photon energy, usually normalized

to the ®°Co result.

1.2 Guide to the Thesis

The aim of this project was to test the photon energy response of the Harshaw Type 8855
environmental dosimeter. The energy response of the LiF:Mg,Cu,P (TLD-100H) bare chips used
in the dosimeter was measured separately, and for comparison a duplicate set of measurements

were performed using LiF:Mg,Ti (TLD-100).

Chapter 2 describes the air kerma response measurements for TLD-100 and TLD-100H,
using the TLD system developed at the National Research Council Canada (NRC) (Janovsky and
Ross 1993). The previous work at the NRC focused only on the response of TLD-100 to '*’Cs
and “Co y-rays (Shortt et al 1997), and this work extends the measurements to mean photon

energies as low as 24 keV.

Chapter 3 outlines the Monte Carlo simulations using EGSnrc (Kawrakow 2000) to calculate
the absorbed dose to the TLDs for the measurements described in Chapter 2. Using these results,
the dose response is calculated as a function of photon energy for both TLD-100 and TLD-100H.
The results for both materials are compared to other published measurements of the energy

response, and the correlation with ionization density is shown.

Chapter 4 describes the photon energy response measurements for the Harshaw Type 8855
dosimeter. Details of the protocol used to read the TLDs in the Harshaw TLD Model 6600 reader

are presented, including a residual signal subtraction algorithm to improve the dosimeter
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performance at low doses. EGSnrc Monte Carlo simulations of three of the dosimeter elements

are also presented.
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Chapter 2

Bare Chip Energy Response Measurements
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2.1 Introduction

The photon energy response of TLD-100 has been measured by various groups since its
development in the 1960s, with a compilation of data presented by Budd et al (1979). These
studies focused on the response of TLD-100 to photons with energies from 20 to 200 keV, with
the measurements expressed as the response in terms of dose to water, normalized to the *’Co
response. Although there was a great deal of scatter in the measurements, most of the groups
measured a response in this photon range that was higher than what would be predicted based on
the relative mass energy-absorption coefficients of TLD-100 and water. Horowitz (1984b) has
suggested that the over-response is related to the increased ionization density at low energies,

and that it may be related to the supralinearity behaviour of TLD-100 at high doses.

Published data on the photon energy response of TLD-100H is scarce since the material is
fairly new, but Saez-Vergara et al (1999) have compared its response to other available
LiF:Mg,Cu,P formulations. Much more energy response data on the other formulations are
available, and Olko ef al (1993) have a series of publications characterizing the energy response

of a Polish formulation of LiF:Mg,Cu,P.

The Ionizing Radiation Standards (IRS) TLD system has previously been described in detail
(Janovsky and Ross 1993), and the system was used in earlier work to characterize the response
of TLD-100 to *’Cs and ®Co y-rays (Shortt et al 1997). Due to the high level of precision
achievable with the system, with a standard uncertainty of about 0.5%, it was used in this work
to measure the energy response of TLD-100H bare chips. Measurements were performed for
both TLD-100 and TLD-100H using *’Cs and ®°Co sources, as well as a number of x-ray
qualities using the ISO narrow spectrum series (ISO 1996).

2.2 Materials and Methods

All of the TLDs used in this work were obtained from Saint-Gobain Crystals and Detectors
(SGC&D) (Solon, Ohio). The LiF:Mg,Ti (TLD-100) chips used previously at the National
Research Council Canada (NRC) had a square cross section, and dimensions of 3.2 x 3.2 x

0.89 mm. In the present work, thinner TLD-100 chips were used, with dimensions of 3.2 x 3.2 x
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0.38 mm. The LiF:Mg,Cu,P (TLD-100H) chips had a circular cross section, with a diameter of
3.6 mm and a thickness of 0.38 mm. The TLD-100 chips had a density of 2.64 g-cm™, with Mg
and Ti dopant concentrations of 200 and 10 ppm by weight, respectively'. The TLD-100H chips
had a density of 2.48 g-em™, with P, Mg and Cu dopant concentrations of 3000, 2000 and
40 ppm by weight, respectively. Sets of 25 chips were stored in small quartz trays, and were kept

at room temperature in a dark area when not in use.

The protocol used for the TLD-100 chips has been described previously (Janovsky and Ross
1993, Shortt ef al 1997), and will be briefly outlined here. The chips were annealed at 400°C in a
high-temperature oven for one hour, with the quartz tray placed on a steel plate inside the oven.
After the high-temperature anneal, the chips were rapidly cooled to room temperature by placing
the tray on a brass block near the oven. After approximately 30 minutes, they were then annealed
at 100°C in a low-temperature oven for two hours, and were again rapidly cooled to room
temperature. After irradiation but prior to readout, the chips were annealed at 100°C in the low-
temperature oven for 12 minutes. The post-irradiation anneal empties the low temperature traps,
and reduces the effects of fading of the TL signal. The entire anneal/irradiation/readout process

normally occurred over a period of less than 48 hours.

Temperature probes placed 3 to 4 cm above the quartz tray in each oven were used to
maintain a constant air temperature. In addition, thermocouple probes were attached to the plates
used to hold the quartz tray in each oven, so that the temperature could be measured in close
proximity to the chips. The oven temperature settings were adjusted so that the probe in the steel
plate was at the desired annealing temperature once it had achieved thermal equilibrium. The
chips were only placed in the oven after the plate reached the equilibrium temperature, which
took approximately two hours from a cold start for the 400°C oven, and one hour for the 100°C

oven.

It is well known that LiF:Mg,Cu,P is much more sensitive to thermal treatment than

LiF:Mg,Ti, with a reported irreversible loss in sensitivity if the material is heated much above

' Velbeck, K. I. (SGC&D) Private communication.
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240°C (McKeever et al 1995). Horowitz and Horowitz (1990) report a loss of TL sensitivity of
20 — 50% after annealing samples for 10 minutes at 300°C, and the general recommendation for
LiF:Mg,Cu,P is an anneal for 10 minutes at 240°C. Unfortunately, there is a high-temperature
glow peak at approximately 270°C that cannot be fully read out without affecting the chip
sensitivity. The residual signal is almost completely eliminated by annealing in an oven, but this
cannot be done for TLD cards with chips mounted in Teflon®. The problems caused by residual

signal for unannealed LiF:Mg,Cu,P are discussed further in Section 4.2.2.

The annealing protocol used for the TLD-100H chips was a modification of the one
implemented at the CIEMAT Radiation Dosimetry laboratory (Sdez-Vergara and Romero 1996).
The chips were annealed at 240°C for 15 minutes, followed by rapid cooling. Measurements
were conducted in an attempt to estimate the actual temperature of the chips during the annealing
process, by placing a thermocouple under the lid of the quartz tray (Figure 2.1). From these
results, it can be estimated that the temperature of the chips was between 235°C and 240°C for
approximately 10 minutes. Care was taken to place the quartz tray quickly inside the oven once
the door was opened, because the temperature control system tended to overheat the oven
temporarily if the temperature probe was allowed to cool more than a few °C. To prevent any
overheating, the oven door was normally open less than 5 seconds. After irradiation but prior to
readout, the chips were annealed at 130°C in the low-temperature oven for 12 minutes, followed
by rapid cooling. Using this annealing process, the residual signal was reduced to less than

0.03%.

TLD readouts were performed using a Victoreen 2800M planchet-type reader, and the same
time-temperature profile (TTP) was used for the TLD-100 and TLD-100H chips. At the
beginning of the readout, the planchet temperature was increased to 100°C in approximately
2 seconds, and then increased linearly at 5°C-s” to a maximum temperature of 240°C. The
maximum temperature was maintained for 15 seconds, for a total readout time of 45 seconds. A
continuous flow of nitrogen gas was used to purge the heating chamber, both during and after
readout. The nitrogen reduces the background signal from the planchet, and also prevents
oxidation of the TLD chip. Once the chip was placed on the planchet and the drawer was closed,

a delay of 5 seconds prior to the beginning of the readout was used to allow the air to be purged
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Figure 2.1: Temperature of the quartz tray during the 240°C anneal.
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from the chamber. After readout, the planchet temperature was allowed to cool naturally to

below 40°C before the planchet drawer was opened.

The TL glow curve was stored for each chip, with 450 data channels for the 45-second
readout. The signal was integrated from channels 41 to 430 for both TLD-100 and TLD-100H.
This corresponded to glow peaks 4 and 5 for TLD-100, and peak 4 and part of peak 5 for
TLD-100H. The background signal would ideally be estimated by reading a freshly annealed
chip immediately following every TLD readout, but since this was not practical, the background
was estimated using readouts of the bare planchet. Several background measurements of the bare
planchet were performed prior to reading each set of TLDs, using the same TTP and integrating
region as was used for the TLDs. The average planchet background signal was calculated based
on the three background measurements immediately before the first TLD was read. A
background reading using a freshly annealed chip was approximately 10% higher than from the
bare planchet, so the average background signal from the planchet was multiplied by 1.1 before
applying the background subtraction. The background subtraction was equivalent to roughly
4 uGy air kerma from ®°Co when using TLD-100H, and 130 pGy air kerma from “°Co when
using TLD-100.

Each of the 25 chips was individually calibrated using “’Co y-rays in a field where the air
kerma rate was accurately known. A polymethyl methacrylate (PMMA) phantom was used to
hold all 25 chips for irradiation in the reference field, and the design is shown in Figure 2.2. The
TLDs were placed symmetrically with respect to the front and back faces of the holder, with a
wall thickness of 6 mm to provide charged particle equilibrium for the ®*Co source. Individual
calibration factors for each chip were recorded after readout, and the TLDs were annealed again.
The 25 chips were divided into groups of five, with subsequent irradiations performed in one of
two smaller Lucite phantoms (Figure 2.2). The smaller phantoms were circular with a radius of
16 mm, and held five chips placed symmetrically about the central axis at a radius of 9 mm. One
of the phantoms had wall thicknesses of 6 mm, and was used for the ®°Co and "*’Cs irradiations.
The other phantom had wall thicknesses of about 1.6 mm, and was used for the x-ray

irradiations.
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Figure 2.2: Phantoms used for the TLD irradiations. The large phantom was used for the initial

calibrations, and the smaller phantom was used for the reference irradiation.
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One group of five TLDs was irradiated in the ®°Co reference field to determine the overall
change in sensitivity of the set. This change in sensitivity could result from the annealing process
or by a change in the reader sensitivity. The other four groups were delivered graded exposures
in the test beam, where the air kerma rate was also accurately known. After readout, the
measured air kerma was determined for each chip using the TL signal and the “°Co calibration
factor. The result was divided by the known delivered air kerma to determine the air kerma

response.

A description of the '*’Cs and ®’Co irradiation facilities at the NRC is presented by Shortt et
al (1997). The air kerma rate for the ®Co source has been determined using a graphite cavity
chamber as a primary standard (Shortt and Ross 1986), and the "’Cs air kerma rate was
established using ionization chambers calibrated against the ®°Co primary standard. The *’Co
reference irradiations were performed using the Theratron Junior, at a distance of 3 m. The field
size is 80 cm x 80 cm at this distance, and the air kerma rate is approximately 2.2 - 102 mGy-s™".
The x-ray air kerma rates are established using free air chambers, and the chambers are described
by Henry and Garrett (1960). Special filters were used to provide the ISO narrow spectrum series
x-ray beams used in this work. The irradiations were performed at 1 m from the source, where

the field has a diameter of 15 cm.

2.3 Results and Discussion

Typical glow curves for TLD-100 and TLD-100H from ®Co irradiations are presented in Figure
2.3. The TLD-100 glow curve was from a delivered air kerma of 17 mGy, while the TLD-100H
glow curve was from a delivered air kerma of 1.3 mGy, and the TLD-100 results were scaled by
a factor of about 2.6 so that the area under the two curves would be equal. For the protocols used
in this work, TLD-100H was approximately 34 times more sensitive to °°Co y-rays per unit mass
than TLD-100. The measured relative sensitivity is in broad agreement with other reported
results, ranging from 10 to 35 times more sensitive than TLD-100 (Moscovitch 1999, Horowitz
and Horowitz 1992). The large discrepancy in reported results is due to the fact that the
measured sensitivity is dependent on many contributing factors, including the annealing and
readout procedures used, the PMT spectral sensitivity, the optical properties of the chips, the

reflectivity of the planchet, and the presence of encapsulation.
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Figure 2.3: Typical glow curves for TLD-100 and TLD-100H. The air kerma values were
17 mGy and 1.3 mGy for TLD-100 and TLD-100H, respectively. The TLD-100 values were

scaled by a factor of 2.57 so that the area under the two curves was equal.
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A typical set of results from the air kerma response measurements is presented in Figure 2.4,
for TLD-100H irradiations in the ISO 60 kV narrow spectrum beam (N-60), with the ®Co
irradiation results normalized to unity. The relative standard deviation in the response for each
group of five chips was typically 0.4 — 0.6%, and was dependent on the photon beam energy and
the type of TLD. As can be seen in the figure, the measured response was non-linear with respect
to the delivered air kerma, with an increase in response as the air kerma was increased. For an
increase in air kerma by a factor of 4, the response typically increased by 1 — 2%. This was
measured for both TLD-100 and TLD-100H for all of the photon energies used, and was in
disagreement with other reported results of the linearity of the two materials in this dose region.
TLD-100 is known to exhibit supralinearity for absorbed doses between roughly 1 to 1000 Gy,
but is reported to be linear for the air kerma range of 5 to 20 mGy used in this work (Horowitz
2001). TLD-100H has been reported to exhibit a linear dose response from 1 uGy to 1 Gy, with
the measurable onset of saturation at about 10 Gy (Da-Ke et al/ 1984). Further measurements
using TLD-100H in a different reader did not exhibit any non-linearity in this region, with the
results presented in Figure 2.5. Although it is possible that the readout protocol used in the
Victoreen 2800M reader may have led to these results, it is suspected that the measured non-
linearity was an artefact of the reader. No experiments were conducted to demonstrate this
conclusively, and no other planchet-type reader was available for testing, so all of the results

were simply corrected for the measured non-linearity.

To calculate the response of the TLDs for each photon beam relative to the response to “’Co,
a linear least squares fit was performed on the test results, as shown in Figure 2.4. To correct for
the non-linear response, the equation of the fitted line was used to calculate the air kerma
delivery in the test beam that would be necessary to produce the same signal on the PMT as the
%Co reference irradiation. The overall response to the test beam was then the ratio of this

calculated air kerma level to the air kerma delivered from the ®°°Co reference irradiation.

A summary of the test results is presented in Table 2.1 and Figure 2.6. The uncertainties for
each test beam were calculated by combining the uncertainty in the least squares fit in quadrature
with the uncertainty in the ®°Co reference results, for a typical uncertainty of 0.5% for TLD-100
and 0.7% for TLD-100H. These uncertainties are statistical only, and do not take into account

any uncertainties in the source calibrations. The response results were in broad agreement with
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Figure 2.4: Typical set of air kerma response measurements. This set was for TLD-100H in the

N-60 beam, with the ®°Co reference results shown.
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Figure 2.5: Linearity of TLD-100H in Harshaw Model 6600 hot gas reader, normalized to the

mean response at 0.9 mGy.



22

PIRS-0832

Photon beam Mean p?lggglr; energy Rel?%\j]e} f?%%(;nse Re(l%tli\]/)c:_rlcz)s(])g)lci)r)lse
N-30 24 1.445(6) 0.941(6)
N-40 32 1.464(7) 1.014(7)
N-60 47 1.387(6) 0.971(7)
N-80 65 1.272(6) 0.846(6)
N-100 83 1.211(6) 0.778(3)
N-150 117 1.163(7) 0.775(5)
N-200 164 n/a 0.824(6)
N-250 207 1.110(7) 0.853(7)
B7Cs 612 1.023(6) 0.972(5)
“Co 1055 1.000 1.000

Table 2.1: Measured air kerma response for TLD-100 and TLD-100H for several beam qualities.

The mean photon energies listed for the ISO series x-ray spectra were calculated using tabulated

spectra from GSF (Seelentag ef al 1979), and the mean energies for °'Cs and “°Co were

calculated using realistic spectra included in the EGSnrc Monte Carlo distribution (Rogers and

Kawrakow 2000). The standard uncertainty in the last digit is given in parentheses.
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Figure 2.6: Air kerma response measurements for TLD-100 and TLD-100H. The standard
uncertainty on each point is typically 0.5% for TLD-100 and 0.7% for TLD-100H.
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other air kerma response measurements for both TLD-100 (Budd et a/ 1979), and TLD-100H
(Olko et al 1993). Only one set of measurements was performed for each photon energy, so the

uncertainty could have been reduced even further with repeated measurements.

Based on previous TLD studies conducted at the NRC (Shortt ef a/ 1997), the measured air
kerma response can be influenced by the phantom used for the irradiations, with photon
attenuation and scatter occurring in the phantom. The earlier work at the NRC measured the
response of TLD-100 to "*’Cs and ®*Co photons, and aluminium and PMMA phantoms with
various wall thicknesses were used to measure the effect of photon attenuation and scatter in the
phantom walls on the measured TL response. In this work, a different approach was taken using

Monte Carlo simulations, and the calculations are described in detail in Chapter 3.

2.4 Conclusions

The energy response results were in broad agreement with other published results for both TLD
materials, but these results are known to be influenced by the phantom used for the irradiations.

Further calculations in the next chapter will determine the dose response as a function of energy.
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3.1 Introduction

In the previous chapter, the measurements of air kerma response were presented, but as
demonstrated by Shortt er al (1997) the measured air kerma response can be influenced by the
phantom used to hold the TLDs. It is preferable to determine the TLD dose response as defined
in Section 1.1, so that the results can be compared with those obtained using different irradiation
geometries and photon beams. A “perfect” TLD material would emit the same number of TL
photons per unit of absorbed dose regardless of the beam quality, but due to the complex
interactions that occur in TLD materials they may present non-linearity with respect to beam

quality.

The calculation of absorbed dose in the TLD, given the delivered air kerma and the incoming
photon spectrum, can be determined using various methods. Starting with a very simple model,
we can assume that the phantom used to hold the TLDs is made of LiF, and that the wall of the
phantom is thick enough to provide charged particle equilibrium at the position of the chips. We
also neglect the presence of dopants in the TLDs in this simple model, and assume that the chips
are made of pure LiF. We start with a parallel and monoenergetic incident photon beam, and
assume that photon attenuation and scatter in the phantom can be neglected. The absorbed dose

to the chip, Dy, is then given by

DLiF:\P(&] ) (3.1)
P Jur

where WV is the photon energy fluence, and (zen/p)Lir 1S the mass energy-absorption coefficient

for LiF. The air kerma, K,, for the same incoming photon beam is given by

K, = l{![ﬂ_j , (3.2)
p air

where (t4/p)air 1S the mass energy-transfer coefficient for air. This can then be expressed as

_ | M 1
kvt o
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where (Len/0)air 1S the mass energy-absorption coefficient for air, and g is the fraction of incident

energy lost to radiative processes. The radiative losses are important at high photon energies, but

for the energy range used in this work g is never higher than 0.003, so it is neglected in the

simple model. The resulting dose to the chips per unit air kerma is then

LiF
Duir _[ Ho (3.4)
K P air ’

a

which is simply the ratio of mass energy-absorption coefficients for LiF to air.

Data for the mass energy-absorption coefficients of LiF and air were obtained from Hubbell
and Seltzer (1997), and Dyir / K, as a function of monoenergetic photon energy is presented in
Figure 3.1. The theoretical dose to the TLD per unit air kerma is roughly constant at low photon
energies, then drops by about 25% between 20 and 200 keV, and then remains constant up to

2 MeV.

For a slightly more realistic model, we need to consider that the actual phantom used in this
work was made of PMMA, and not the LiF used in the simple model. The TLDs were 0.38 mm
thick, and had a density of 2.5 to 2.6 g-em™, for a density thickness of about 0.1 g-cm™. For the
photon energies in consideration, the TLDs were too large to be considered Bragg-Gray cavities,
where the dose is entirely deposited by electrons originating in the material surrounding the
cavity. The density thickness of the TLDs was also less than the range of electrons produced
from the ®*Co and '*’Cs beams, so the TLDs could not consistently be treated as “large” cavities
either, where the dose is entirely deposited by electrons originating within the cavity. For these
types of intermediate cavities, Burlin (1966) proposed that weighting factors could be used to
reflect the two components of the electron spectrum, although several authors later pointed out
shortcomings in Burlin’s method (Horowitz ef al 1983, Frujinoiu 2001, Mobit et al 1997). Since
then, a number of different cavity theories have been proposed (Kearsley 1984, Haider et al
1997, Frujinoiu 2001), but they generally require the experimental determination of a number of

parameters, or are only appropriate for simple one-dimensional geometries.

For realistic three-dimensional geometries, one must also consider the photon attenuation and

scatter within the phantom and the chip itself, which can be simulated using Monte Carlo
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Figure 3.1: Calculated absorbed dose in LiF per unit air kerma as a function of photon energy.
The TLDs were considered to be in a LiF phantom, and photon attenuation and scatter in the

phantom was neglected.
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techniques. Coupled photon-electron Monte Carlo codes can be used to calculate doses from
photon sources directly, thus eliminating the need for a general cavity theory. In this work, the
EGSnrc Monte Carlo system (Kawrakow 2000) was used to determine the dose to the TLDs per

unit of delivered air kerma for each of the incident photon beams.

3.2 Background on EGSnrc

A historical look at the EGS (Electron Gamma Shower) system up to 1994 is available from
Bielajew ef al (1994), and a very brief history is presented here. Much of the early development
of EGS took place at the Stanford Linear Accelerator Center (SLAC) at Stanford University, and
the first major package was introduced in 1978, known as EGS3 (Ford and Nelson 1978). The
system was designed to simulate electromagnetic cascades at energies from 100 GeV down to
1 keV for photons and 1 MeV kinetic energy for electrons. With the introduction of EGS4 in
1985, the low energy limit for electrons was extended to a kinetic energy of 10 keV (Nelson et al
1985). Several improvements were also made in the underlying physics, including the addition of

Rayleigh scattering.

The transport of low energy electrons in EGS4 was improved with the introduction of
PRESTA (Parameter Reduced Electron Step Transport Algorithm) in 1986 (Bielajew and Rogers
1987), and by 1989 the calculations of collision and radiative stopping powers were modified to
be compliant with those from ICRU Report 37 (ICRU 1984). Several variance reduction
techniques were also introduced to improve the efficiency of EGS4, including photon forcing,

bremsstrahlung splitting, and electron range rejection (Rogers ef al 1995).

A new version of EGS4, called EGSnrc, was released in 2000, and included major
improvements in the electron transport methods in relation to EGS4/PRESTA (Kawrakow 2000).
These improvements allowed EGSnrc to model ion chamber response at the 0.1% level, relative
to its own cross sections. The low energy cutoffs were extended to 1 keV kinetic energy for both

photons and electrons, but the performance at low energies is still under study.

Several user codes were developed over the years at the NRC to model cylindrical
geometries for use with EGS3 and EGS4, and they have been updated for use with EGSnrc
(Rogers et al 2001). These codes simplify the interface with EGSnrc, so that the user only needs



High Sensitivity LiF for Environmental Dosimetry (January 2003) 31

to change parameters in an input file to set up the appropriate geometry and scoring options. In
this work, the DOSRZnrc code was used to calculate doses and air kerma, and the FLURZnrc

code was used to calculate electron spectra in the TLDs.

This chapter presents the results from Monte Carlo simulations of the TLD holder used in
Chapter 2, and uses the results along with the air kerma response measurements to calculate the

dose response as a function of photon energy for both TLD-100 and TLD-100H.

33 Materials and Methods

3.3.1 Replacement of default photoelectric cross sections

As described in Section 3.2, much of the early work on the EGS system was performed in the
1970s, and much of the early code is still present in EGSnrc. During this early development,
photon cross sections from Storm and Israel (1970) for elements 1 to 100 were implemented in
the pre-processor for the shower codes. The cross sections were calculated quantities, and
covered all of the major photon interactions, including pair production, coherent (Rayleigh)

scattering, incoherent (Compton) scattering, and photoelectric absorption.

Since 1982, the National Institute of Standards and Technology (NIST) has compiled
updated photon cross sections using different methods than Storm and Israel, with the most
recent compilation published in 1999 (Berger et al 1999). Important differences between the two
datasets appear for photoelectric interactions at photon energies lower than 200 keV, with up to

5% discrepancies in some cases (Hobeila and Seuntjens 2002).

The current version of EGSnrc uses the total photo-absorption cross sections from the
PEGS4 pre-processor, which uses tabulated cross section data from Storm and Israel. PEGS4
calculates the total photo-absorption cross sections for compounds or mixtures by weighting the
individual cross sections of the component elements based on their relative proportions in the
material. The treatment of photoelectric interactions was modified substantially in the update
from EGS4 to EGSnrc, with the option of explicitly simulating fluorescent photons and Auger

electrons resulting from atomic shell vacancies. This was already implemented in a simplified
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fashion in EGS4, but for mixtures or compounds it required the selection of an “effective” Z for
the material, which was difficult for some materials where only a small fraction of a high-Z

element was present (Kawrakow and Rogers 2001).

In EGSnrc, once a photoelectric interaction has been chosen based on the total cross section
from PEGS4, the code needs to sample a specific element and atomic shell where the vacancy
will take place to be able to simulate the relaxation particles correctly. To do this, EGSnrc uses
the elemental composition information from PEGS4 along with its own fit formulas for the
elemental cross sections, generated using photo-absorption cross sections from the NIST XCOM
program (Berger ef al 1999). The internal inconsistency in using different cross section datasets
will likely be resolved in future versions of EGSnrc, with the revision of the PEGS4 pre-
processor. This has not been a high priority to this point since the majority of EGS users work
with photon energies in the range of 1 to 20 MeV, where photoelectric interactions have a

relatively low probability of occurring.

To take full advantage of the recent NIST photo-absorption cross sections, the Storm and
Israel photo-absorption cross sections normally used by PEGS4 were replaced by ones from
XCOM, using a file provided by Hobeila'. Several tests were conducted to ensure that the new
cross sections were working properly. For comparison purposes, two sets of PEGS4 material
datasets were generated for each of the materials used in this work, one set using the XCOM
photo-absorption cross sections, and the other set using the default Storm and Israel cross

sections.

3.3.2 Creation of materials using PEGS4

New material data files were generated using PEGS4 for the Monte Carlo simulations of the
TLDs in the PMMA phantom. The PEGS4 manual is included with the EGSnrc manual

(Kawrakow and Rogers 2001), and describes in detail various operations that can be performed

! Hobeila, F. (McGill University) Private communication.
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using the pre-processor. For this work, PEGS4 was simply used to generate the material data

files using simple input files.

The compositions of the TLD materials, including dopants, were obtained from SGC&D, and
the compositions of PMMA and air were obtained from the EGSnrc distribution. Natural isotopic
abundances were used for all of the materials, including the TLDs, since TLD-100 and
TLD-100H use natural lithium. The density and composition information for each of the
materials used in this section are listed in Table 3.1. The density effect data from ICRU
Report 37 (ICRU 1984), included with the EGSnrc distribution, were used when creating each of
the materials, and the density effect data for pure LiF were applied for both TLD materials. The
Rayleigh scattering option was turned on for all of the PEGS4 datasets, and the datasets were
generated for photon and electron kinetic energy ranges from 1 keV to 2 MeV. As stated earlier,
two separate sets of material datasets were generated, one using XCOM photo-absorption cross

sections, and the other using Storm and Israel photo-absorption cross sections.

3.3.3 Calculation of air kerma

As stated in Section 3.1, the objective of the Monte Carlo calculations was to determine the dose
to the TLDs per unit air kerma. The output from DOSRZnrc was in terms of dose delivered per
unit of incident fluence at the surface of the modelled geometry, not per unit of air kerma, so it
was necessary to determine the air kerma per unit of incident fluence as well. Monte Carlo
simulations were performed using DOSRZnrc to score the air kerma from each of the incident
photon beams, using a thin slab of air with a large radius and a parallel incident photon beam.
This method was used by Borg ef al (2000), and has the advantage of using a consistent set of

underlying photon cross sections for the dose calculations and the air kerma calculations.

The dose to a 2 um thick air slab with a 10 cm radius was scored for each of the incident
photon beams, with the photons forced to interact in the slab. Tabulated photon spectra were
used as inputs for the simulations, using data from GSF (Seelentag et al 1979) for the ISO
narrow spectrum series x-rays, and data from the EGSnrc distribution (Rogers and Kawrakow
2000) for the *’Cs and ®°Co beams. The spectral data from GSF for 30 kV to 150 kV were

measured at a source-detector distance of 75 cm, and for 200 kV to 250 kV at a source-detector
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. Density ) .. )
Material (g-cm'3) Fractional composition by weight

Carbon: 1.240 - 10™

. 103 Nitrogen: 7.552 - 107!

Alr 12048 -10 Oxygen: 2318 - 10"

Argon: 1.283 - 107

Carbon: 5.998 - 10

PMMA 1.19 Hydrogen: 8.054 - 107

Oxygen: 3.196 - 107!

Lithium: 2.670 - 10™

TLD-100 5 64 Fluorine: 7.328 - 10!
(LiF:Mg,Ti) ' Magnesium: 210"
Titanium: 1-10°

Lithium: 2.657 - 10

. . . -1

TLD-100H Fluopne: 7.292_3 10

(LiF:Mg,Cu.P) 2.48 Magnesium: 2-10 .
e Copper: 4-10
Phosphorus: 3-10°

Table 3.1: Composition of materials used in the Monte Carlo simulations. The air and PMMA
compositions were obtained from the EGSnrc distribution, and the TLD compositions were

obtained from SGC&D. Other possible impurities in the TLDs were not included.
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distance of 225 cm. The cutoff energy for electron transport was raised to 2 MeV kinetic energy,
so that the electrons were stopped as soon as they were created, and deposited all of their kinetic
energy locally. The scored dose in the air slab was then equivalent to determining the air kerma.
The photon transport cutoff was 1 keV, consistent with the value used for the dose calculations
described in the next section, even though each photon only had a single interaction within the

air slab.

All of the low energy options in DOSRZnrc were turned on for the simulations, including
bound Compton scattering, Rayleigh scattering, and atomic relaxations. These options are
described in detail in the EGSnrc manual. Each of the simulations used 1 - 10 histories, for a
statistical uncertainty of about 0.01%, and a CPU time of approximately 30 minutes on a

733 MHz computer.

3.34 Calculation of TLD dose

In order to calculate the dose to the TLD chips inside the PMMA phantom, a model of the
phantom geometry needed to be devised. A completely accurate three-dimensional model of the
entire phantom was not practical using existing EGSnrc user codes, so some simplifications of
the phantom geometry were necessary. To take advantage of the efficient and well-benchmarked
cylindrical user codes at the NRC, the phantom was modelled as a cylinder with a single TLD
chip embedded in the centre of the cylinder, with appropriate wall thicknesses in front of and

behind the chip (Figure 3.2).

The real phantom did not have a uniform radius of PMMA around each of the TLDs, so the
choice of an appropriate radius in the model phantom needed to be considered. Using the radius
of the real phantom would lead to an overestimation of the contribution to the TLD dose from
photons scattered in the phantom, and a small phantom radius could lead to an underestimation
of the scatter component. To determine the sensitivity of the model to the phantom radius,
several simulations were conducted using DOSRZnrc toexamine the dose delivered to the TLD
chip as a function of the phantom radius. An alternate model was also created, using the real

phantom radius and placing a ring of TLD material at the appropriate distance from the phantom
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Figure 3.2: Model of phantom used for Monte Carlo calculations, for the centred chip and ring

geometries.
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axis (Figure 3.2). This model obviously distorted the shape of the TLDs, but was useful for

comparison against the centred-chip model.

The various models were tested by simulating the geometry used by Shortt e al (1997) in
earlier work performed at the NRC using TLD-100. The authors had performed a series of
measurements to examine the effect of the front and back wall thickness of the phantom on the
measured response, using °'Cs and ®°Co photon beams. The simulations of these experiments
were performed using DOSRZnrc, and only for the experiments that measured the change in
TLD response in a PMMA phantom as a function of the front wall thickness. A discussion of the
results from these simulations is presented in Section 3.4.1, and the outcome led to the selection
of the phantom model to be used for the rest of the Monte Carlo simulations. The selected
phantom model was a cylinder of PMMA with a radius of 13 mm, and a TLD with a 1.8 mm
radius was embedded in the centre of the cylinder. Although the real TLD-100 chips actually had
a square cross section, the area of the front face of the chips was the same as for circular chips
with a 1.8 mm radius, so they were modelled in the same manner as the TLD-100H chips. For
the phantom used in the x-ray beams, the front wall thickness was 1.63 mm and the back wall
thickness was 1.87 mm. For the phantom used for the '*’Cs and ®’Co irradiations, the front wall

thickness was 6.24 mm and the back wall thickness was 6.32 mm.

After the selection of an appropriate phantom model, a series of simulations were performed
using DOSRZnrc for each of the photon beams used in this work. The photon sources were
modelled as point sources at 1 m from the front face of the phantom, with a vacuum between the
source and the phantom. The sources themselves were not explicitly simulated, but the source-
phantom distance was entered so that a diverging photon beam was modelled at the front face of
the phantom. It approximated the actual irradiation distance for the x-ray beams and the "*’Cs
beam, but was smaller than the 3 m irradiation distance used for the ®°Co source. The phantom
model only had a diameter of 26 mm, so the effect on the photon divergence by modelling the

irradiation distance as 1 m instead of 3 m was negligible.

Unlike the air kerma calculations, electron transport within the phantom and TLD was
simulated as well as photon transport, with an electron kinetic energy cutoff of 10 keV. The

range of a 10 keV electron in water is only 3 um (Johns and Cunningham 1983), which is small
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when compared to the TLD and phantom dimensions, so it was appropriate to deposit the dose
from a 10 keV electron locally. As with the air kerma calculations, the photon transport cutoff

was 1 keV, which was the lowest energy allowed within EGSnrc.

All of the improved electron transport options in EGSnrc were turned on for the simulations,
as well as all of the low energy photon and electron options. These options included the exact
boundary crossing algorithm, the PRESTA-II electron-step algorithm, spin effects, NIST
bremsstrahlung cross sections, bound Compton scattering, photoelectron angular sampling,
Rayleigh scattering, and atomic relaxations. These options are described in detail in the EGSnrc
manual. The photon forcing and electron range rejection variance reduction techniques were
employed for the dose calculations, and these techniques are also described in detail in the

EGSnrc manual.

The simulations were performed using TLD-100 and TLD-100H, and separate sets of
simulations were performed using the XCOM photo-absorption cross sections and the Storm and
Israel cross sections. All of the simulations were performed to a statistical uncertainty of less
than 0.1%, requiring between 5 - 10* and 2.2 - 10° histories. The required CPU time for each
simulation varied between 3 hours and 70 hours on a 733 MHz computer, depending on the

photon energy and the phantom thickness.

3.3.5 Fluence calculations

Additional Monte Carlo simulations were performed to determine the electron fluence spectrum
in the TLDs, to examine the relation between the electron spectrum and the measured energy
response. The FLURZnrc user code was used for the simulations, which shares many of the same
inputs as DOSRZnrc. The user code has various scoring options available, and for these
simulations both the total electron fluence spectra and the primary electron fluence spectra were
tabulated. The energy width of the scoring bins was modified depending on the incident photon

energy, and the number of bins varied from 30 to 80 for all of the photon beams.

All of the options common to both FLURZnrc and DOSRZnrc were left unchanged, except
for the electron transport cutoff. To be able to determine the contribution of low energy electrons

to the fluence, the electron transport cutoff was lowered to 1 keV kinetic energy. This resulted in
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longer calculation times per history, but good spectra were obtained using only 1 - 10" histories
for each photon beam. The CPU time for each simulation varied between 0.5 hours to 7 hours on
a 733 MHz computer, again depending on the photon energy and the phantom thickness. The

FLURZnrc calculations were only performed using the XCOM photo-absorption cross sections.

34 Results and Discussion

3.4.1 Validation of phantom model

As described in Section 3.3.4, several different models of the phantoms used to hold the TLDs
were simulated, in order to determine the one that most closely represented the real phantom. For
the simple model with a single chip embedded in the centre of a PMMA cylinder, the sensitivity
as a function of phantom radius was studied for several different photon beams, with some
examples shown in Figure 3.3. For each of the examples, the results were normalized to the
calculated dose to the TLD for a phantom with a radius of8 mm. In this way, the results from

DOSRZnrc could be used directly, in terms of dose per unit of incoming photon fluence.

The results from the ISO narrow spectrum 60 kV beam (N-60) were the most sensitive to the
phantom radius, with a 2.2% increase in the calculated dose for a phantom with 18 mm radius
compared to the phantom with 8§ mm radius. The increase in TLD dose for a larger phantom was
due to Compton scattered photons from the sides of the phantom directed back towards the TLD.
At high photon energies, Compton scattered photons tend to be scattered in the forward
direction, but this tendency decreases as the photon energy decreases, with greater probability for
photons with large scattering angles (Johns and Cunningham 1983). At very low photon
energies, the photoelectric interaction predominates over Compton scattering, producing
photoelectrons with a relatively short range. The N-60 beam had high enough photon energy so
that many of the photon interactions in the sides of the phantom were Compton interactions, but
low enough energy so that many of the Compton scattered photons had a large enough scattering

angle to be directed towards the TLD.

Several simulations were also performed using a 16 mm phantom radius as in the real

phantom, but with a ring of TLD material centred at 9 mm from the central axis. This model
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Figure 3.3: Calculated dose to the TLD as a function of phantom radius for several different

photon beams. The results are normalized to the response for the § mm phantom radius.
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maintained the cylindrical symmetry necessary for the user code, and correctly modelled the
placement of the TLDs relative to the rest of the PMMA phantom, but distorted the shape of the
TLDs themselves. For each of the photon beams, the ring model results corresponded well with a

phantom radius of 13 mm in the centred-chip model.

In the earlier TLD work performed at the NRC (Shortt et al 1997) several measurements
were performed using phantoms with different wall thicknesses, using *’Cs and ®*Co photon
beams. The TLD-100 chips used were thicker than in the current work, but the phantoms used
for the irradiations had the same radius and TLD positions as the current phantoms. To test the
validity of the various possible phantom models to be used in the Monte Carlo calculations,
simulations of some of the experiments by Shortt e a/ were conducted and the results were
compared to the experimental data. The dose to the TLD per unit incident fluence was divided by
the calculated air kerma per unit fluence to determine the dose per unit air kerma for each of the
front wall thicknesses, for both *’Cs and ®*Co. A small 1/r* correction was applied to the air
kerma calculations to bring the point of measurement from the front face of the phantom to the

centre of the TLD.

The experimental measurements from Shortt er al/ were in terms of air kerma response,
normalized to the ®°Co response for a set of reference measurements. The experimental results as
a function of PMMA front wall thickness are presented in Figure 3.4. The experimental results
for each wall thickness were divided by the calculated dose per unit air kerma for that thickness,
to determine the TLD dose response. One set of results is presented in Figure 3.5, using the
calculated results for the phantom model with the radius of 13 mm, for both '*’Cs and “’Co. The
dose response should have been independent of the front wall thickness for any given photon
beam, as long as the photon and electron spectra did not change much with increasing wall
thickness. Least squares fits were performed on the '*’Cs and ®’Co datasets, with the resulting
trendlines shown in Figure 3.5. For the 13 mm model, there appeared to be a slight under-
response with increasing wall thickness for both of the sources, amounting to a 0.2% decrease
from the thinnest to the thickest front walls. This suggested that the photon scatter in the
phantom simulations might have been slightly overestimated, but would likely not have a large

effect on the final results. For comparison, the results using the phantom with an 8 mm radius
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produced an over-response of 1.1% from the thinnest to the thickest front walls, due to an

underestimation in the scatter contribution.

Using the results from Figure 3.5, the ratio of the TLD dose response from "*’Cs to *°°Co was
calculated to be 1.023 £ 0.002. This is in agreement with the measured ratio of 1.025 + 0.007
from Shortt ef al, using more measurement data and empirically derived correction factors for
the front and back walls. In Shortt ez a/, the ratio was actually based on the air kerma response,
which would be expected to be 0.1 —0.2% higher for '*’Cs than for “°Co based solely on the

relevant mass energy-absorption coefficients.

Based on the good agreement between the experimental and calculated results, and the good
agreement with the simulations using a ring of TLD material, the phantom model using a single

centred chip and a 13 mm radius was used for the subsequent Monte Carlo simulations.

3.4.2 Dose calculation results

The results of the TLD dose calculations and the air kerma calculations are presented in
Table 3.2 and Table 3.3, for TLD-100H and TLD-100 using both the XCOM and the Storm and
Israel photo-absorption cross sections. A small 1/r* correction was applied to the air kerma
calculations to bring the point of measurement from the front face of the phantom to the centre of
the TLD. The calculated doses per unit air kerma using the XCOM cross sections are presented
in Figure 3.6, along with the predictions of the simple model described in Section 3.1. Error bars

are not shown in the plot, since the statistical uncertainty on each of the points was only 0.1%.

The Monte Carlo calculated doses per unit air kerma for the *’Cs and ®°Co beams were
within 1% of the results from the simple model, which neglected photon attenuation and scatter
within the phantom. For the lower photon energies, the Monte Carlo results were up to 12%
higher than the predictions of the simple model. At low photon energies, scattered photons
contributed a significant fraction of the dose to the TLD, but were not taken into account in the
simple model. In addition, the presence of dopants in TLD-100H with higher atomic numbers
than fluorine increased the probability for photoelectric interactions at low photon energies,
which caused an increase in the deposited dose. The decrease in the calculated dose for the N-30

beam relative to the N-40 beam was mostly due to a decrease in the relative contribution from
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Figure 3.6: Drip / K, for TLD-100 and TLD-100H, compared with the prediction from the
simple model, using the XCOM photo-absorption cross sections. The statistical uncertainty on

each point is 0.1%.
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scattered photons, and partly due to an increase in photon attenuation in the front wall of the

phantom.

Although the use of the different sets of photo-absorption cross sections led to differences of
up to 3% for some of the individual calculations, most of these discrepancies cancelled out with
the calculation of the dose per unit air kerma. The final result was a ratio of two sets of
calculations using the same underlying set of cross sections, so the differences between the final
results were only up to 0.6%. This was encouraging, since it implied that the choice of cross
section dataset was not critical for this specific set of calculations, and did not dominate the

uncertainty in the final results.

343 TLD dose response

The measured air kerma response results presented in Section 2.3 were divided by the
calculated TLD dose per unit air kerma in the last section, to obtain the TLD dose response for
each of the photon beams. The results are presented in Table 3.4 and Figure 3.7, normalized to
the ®Co response, for both TLD-100 and TLD-100H. The differences between the results using
the different sets of photo-absorption cross sections were small, so only the results using the
XCOM cross sections are shown. The stated uncertainties were calculated by adding the
statistical uncertainties in the Monte Carlo calculated values in quadrature with the uncertainties

from the experimental measurements.
TLD-100

Although the two TLD materials are chemically similar, it is clear that their dosimetric properties
are dramatically different. As discussed in Section 2.1, several groups have studied the energy
response of TLD-100 since its development in the 1960s, with a compilation of results presented
by Budd ef al (1979). The current results are in reasonable agreement with the compilation from
Budd et al, and the energy response trend from Tochilin ef al (1968) is shown in Figure 3.8. The
uncertainties on the measurements by Tochilin et a/ were typically about 5%, and a smooth

trendline was used to illustrate the measured dose response.
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Photon beam Mean péllgets;; energy Rel(a;iz;) f?%%gnse Reg;ixg_i%s(g)ﬁl)lse
N-30 24 1.100(5) 0.697(4)
N-40 32 1.075(5) 0.726(5)
N-60 47 1.053(5) 0.722(5)
N-80 65 1.047(5) 0.687(5)
N-100 83 1.069(6) 0.681(3)
N-150 117 1.089(6) 0.723(5)
N-200 164 n/a 0.790(6)
N-250 207 1.073(7) 0.829(7)
BCs 612 1.018(6) 0.968(5)

“Co 1055 1.000 1.000

Table 3.4: Dose response for TLD-100 and TLD-100H. The standard uncertainty in the last digit
is given in parentheses (statistical only). The results were calculated by dividing the air kerma

response measurements by the calculated dose per unit air kerma.
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The increase in TLD-100 response with decreasing photon energy can be explained
qualitatively within the framework of the unified interaction model (UNIM) proposed by
Horowitz (2001), and is related to the ionization density of the photon beams. The UNIM can
explain many features of TLD-100 response, including its supralinearity at high doses and the
dependence of the supralinearity on the ionization density of the radiation. Most of the features
are explained as a result of competitive mechanisms during the heating stage, with a dependence
on the spatial distribution of trapped electrons and holes in the absorption stage. Spatially
correlated electron-hole pairs are less influenced by these competitive processes, and are more
likely to occur with increased ionization density. Although Horowitz does not explicitly discuss
the energy response of TLD-100 at low doses with respect to the UNIM, he has used this

qualitative explanation in earlier work (Horowitz 1984b).

For high-LET radiations, such as heavy charged particle beams, TLD-100 is known to under-
respond per unit absorbed dose relative to its ®°Co response (Horowitz et al 2001). This is
explained in the UNIM as a result of localized saturation of the relevant trapping and
recombination centres along the particle tracks. Several authors have measured a decrease in the
response from TLD-100 for photon energies below 20 keV relative to its **Co response
(Gamboa-deBuen et al 1998, Tochilin et al/ 1968), and this may also be due to localized
saturation with increasing ionization density. In this work, the lowest energy x-ray beam had a
mean photon energy of 24 keV, and the saturation effects were not directly observed in
TLD-100, although the results from Tochilin et al had started to demonstrate a decreasing

response at a comparable energy.

The energy response shown in Figure 3.7 correlated fairly well with the mean ionization
density of the photon beams, and the observed structure in the 60 — 120 keV region reflected the
change in the proportion of photoelectric interactions to Compton interactions. This structure
was more clearly visible in the TLD-100H measurements, so it will be explained in detail when

discussing those results.

The energy response results challenge the conclusion of Das et al (1996) that the response of
TLD-100 is directly proportional to absorbed dose in the TLD, and is independent of beam

quality. Das et al were assessing the accuracy of Monte Carlo simulations to predict the energy
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response of TLDs and diodes, and used four photon beam qualities to reach this conclusion. The
lowest beam had an effective energy of 19 keV, and the highest energy was from a 4 MV linear
accelerator. The uncertainties on their TLD data were from 1.6 to 6.7%, and their Monte Carlo
calculations relied on cavity theory to calculate the dose to the TLDs. The source of the
discrepancy is not clear, but warrants further investigation, since the conclusion implies that the
response of TLD-100 can be calculated directly using Monte Carlo simulations, without taking
into account the intrinsic energy response. Based on the current results, this could lead to errors

of up to 10% on the calibration of '*°T and '®*Pd sources used in brachytherapy.
TLD-100H

The energy response of LiF:Mg,Cu,P has been studied in detail by Olko et al (1993), at the
Institute of Nuclear Physics (INP) laboratory in Krakow, Poland. The Polish version of
LiF:Mg,Cu,P is denoted MCP-N, and has a 30 times higher concentration of copper and
2.3 times higher concentration of phosphorus relative to TLD-100H. Even though the dopant
concentrations were different, the measured energy response of TLD-100H was in good
agreement with the measured energy response of MCP-N, as shown in Figure 3.9. An early paper
by Shoushan et al (1986) described the energy response of LiF:Mg,Cu,P as “abnormal”, and
Pradhan and Bhatt (1989) described it as “anomalous” since it was very clear that the measured
air kerma response did not correspond well with the change in mass energy-absorption
coefficient, unlike TLD-100. Pradhan and Bhatt suggested that the energy response could be
related to the LET of the photon beam.

Olko et al present a phenomenological model to explain the behaviour of LiF:Mg,Cu,P by

relating the TLD dose response, or TL efficiency, to the frequency-mean lineal energy (y;) in

the TLD. Lineal energy is a microdosimetric stochastic quantity, and is calculated as the amount
of energy deposited in a defined volume divided by the mean chord length of the volume. Lineal
energy is similar to the more common linear energy transfer (LET), but it can explicitly take into
account energy loss straggling, the effect of delta electrons, and the curved tracks of slow

electrons. To calculate ). for a given photon beam, Olko et al used the Monte Carlo code

Phoel-2 (Turner et al 1980) to determine the primary electron spectrum in the TLD arising from

Compton or photoelectric interactions within the chip. The microdosimetric Monte Carlo code
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Figure 3.9: Comparison of current energy response results of TLD-100H with results from Olko

et al (1993).
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MOCA-8 (Olko and Booz 1990) was used to score lineal energy in an arbitrary target volume of

water vapour from monoenergetic electrons, and was able to transport electrons with energies

lower than 100 eV. The frequency-mean lineal energy, ., was calculated by weighting the y;

for monoenergetic electrons of energy e; based on their relative contribution to the dose. It was
implicitly assumed that the yr values generated in water vapour could be related to LiF:Mg,Cu,P
simply by scaling the density. Although not explicitly stated in the paper, it appears that a target
diameter of 40 nm in the TLD was chosen because it produced a nearly linear relationship

between y. and the TL efficiency. The change in TL efficiency with lineal energy was simply

described as an “ionization density effect”.

In a later paper by Olko et al (1994), the target diameter was modified to 35 nm, and the
choice of target diameter was related to the response of LiF:Mg,Cu,P at high doses, with a sub-
linear response reported to begin at about 10 Gy. It was also suggested that the target diameter
could be related to the average distance travelled by an electron released from its trap before
reaching a luminescent centre. Another paper by Olko (1996) extended the model to cover beta
particles, thermal neutrons, and alpha particles. In this paper, the target diameter was modified to
24 nm. The ionization density effect was explained as a localized saturation in the region of the
particle track. This explanation is similar in nature to the localized saturation proposed by

Horowitz in the UNIM as applied to heavy charged particle tracks (Horowitz et al 2001).

The early saturation of TLD-100H at high doses compared with TLD-100, along with the
lack of supralinearity at high doses for TLD-100H, support the suggestion that the photon energy
response of both materials is a consequence of ionization density effects. For higher energy
photons, the response at high doses is affected by the interaction between separate ionization
tracks, while at low doses the same effect can be seen in a single track for low energy photons

that produce higher ionization density.

As EGSnrc is a general-purpose Monte Carlo package, it is not intended to model electron
transport at energies below 1 keV, where the cross sections for most materials are not well
known. Another general purpose Monte Carlo package, PENELOPE, has been successfully used
for transport of electrons with kinetic energies as low as 100 eV (Stewart et al 2002), but for

lower energies specialized microdosimetric Monte Carlo codes such as MOCA-8 are generally
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necessary. These microdosimetric codes are much more computationally demanding, since they
simulate charged particle transport on an event-by-event level. Most of the simulations are also
performed in water, since accurate cross sections for most other materials are unavailable. For

this reason, EGSnrc was not used to calculate y, using the methodology presented by Olko ef al.

It was possible to score the electron spectra produced in the TLDs by each of the photon
beams using FLURZnrc, and example spectra for the N-60 and N-100 beams are shown in

Figure 3.10. These spectra were used to calculate the mean electron energies and the mean

restricted mass collision stopping powers ( L/ P.) broduced by each of the photon beams, with

the results for TLD-100H shown in Figure 3.11. The L/p,, values for monoenergetic electrons

in the TLDs were obtained from the PEGS4 datasets using the EXAMIN user code, and the
mean stopping powers were calculated by weighting the L/ p_, values with the relative electron
fluence. The electron cutoff energy in the simulations was 1 keV, so it was not possible to
account for electrons below the cutoff. This artefact meant that the mean electron energies were

somewhat overestimated and the L/p_, values were likely underestimated.

At photon energies below 200 keV, on average less than 20% of the incoming photon’s
energy is transferred to an electron produced from a Compton interaction, and this fraction is
even lower for low energy photons (Johns and Cunningham 1983). In contrast, a photoelectron
will receive all of the kinetic energy of the incident photon, minus its atomic binding energy. As
shown in Figure 3.11, as the photon energy decreased and the proportion of photoelectric

interactions increased significantly relative to the Compton interactions, there was actually a

slight rise in the mean electron energy. The L / P vValues demonstrated a similar behaviour in

the opposite direction, since higher energy electrons result in a lower mean stopping power.

The Z/ p.. values were used as a measure of the LET of the photon beams, and the dose

coll
response as a function of Z/ P. 18 presented in Figure 3.12 for TLD-100 and TLD-100H.

Although there is a clear correlation between the stopping power and the dose response for both

materials, the relationship is less clear for Z/ P.,; values between 11 — 14 MeV-cm*g'. Based

on the results of Olko et al, the dose response is likely better described using ¥, than L / Lol -
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Figure 3.10: Electron spectra from FLURZnrc resulting from the N-60 and N-100 beams. The

results are normalized to the same area under each of the curves.
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3.5 Conclusions

The TLD-100 energy response measurements were in broad agreement with other published
data, but the high level of precision allowed for the observation of the correlation of the response
with ionization density. The TLD-100 results were in disagreement with the view in
brachytherapy that the intrinsic response is independent of beam quality, and further studies
should be conducted to examine the implication of this result for low energy brachytherapy

sources.

The TLD-100H results were in good agreement with Olko ef al, even though the dopant
concentrations in MCP-N are quite different from TLD-100H. The Monte Carlo dose calculation
was effective in extracting the dose response, but was not able to show an exact relationship
between the dose response and the LET of the beam, estimated using the mean restricted mass
collision stopping power of electrons in the TLD. Calculations using a microdosimetric Monte
Carlo code may be necessary to demonstrate a clear relationship between the dose response and

the ionization density.
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4.1 Introduction

As part of a larger project to characterize the Harshaw Type 8855 environmental dosimeter, the
photon energy response was measured for perpendicular irradiations for a number of beam
qualities. In this chapter, the energy response results are presented, as well as the residual signal

subtraction method implemented to improve the performance at low doses.

4.2 Materials and Methods

4.2.1 TLD specifications

The Harshaw Type 8855 environmental dosimeter (Perry et al 1999, Bicron RMP 1999) uses
four card-mounted TLD-100H chips with density thickness of 94 mg-em™. The chips are
geometrically identical to the ones used in Chapter 2, but are encapsulated in Teflon® and
mounted on aluminium cards. To be used as an environmental dosimeter, the cards are placed in
holders with different filters placed over each of the four chips. Element 1 has a 91 mg-cm™
copper filter as well as 240 mg-cm™ of ABS plastic, Element 2 has 100 mg-cm™ of ABS and
930 mg-cm™ of Teflon® in front of the TLD, Element 3 has a thin Mylar® window for a total
thickness of 17 mg-em™, and Element 4 has a 463 mg-cm™ tin filter as well as 240 mg-cm™ of
ABS plastic. The filter over Element 2 is hemispherical in shape, while the other filters are flat
and circular. The different filters allow for photon energy discrimination, and Element 3

(Mylar® window) can be used to measure the shallow dose from beta particles.

4.2.2 Time-temperature profile and glow curve analysis

The readouts were performed using a Harshaw TLD Model 6600 reader (Bicron RMP 1995),
which uses hot nitrogen gas to heat the TLDs. The 6600 reader has two separate photomultiplier
tubes (PMTs), so that two chips on the card can be read simultaneously. The temperature of the
chips is controlled by two separate thermocouples mounted between the gas jets and the chips.
Unlike the bare chips, no ovens were used to preheat or anneal the card-mounted chips, and both
of these processes were performed, to some extent, during the readout. The readout consisted of

a preheat at 165°C for 10 seconds, during which the PMT signal was not recorded. Immediately
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following the preheat, the temperature was increased linearly at 15°C-s™” up to a maximum
temperature of 260°C, where the temperature was held constant. The PMT signal was recorded
during the linear heating phase and at the maximum temperature, for a total acquisition time of
16 2/3 seconds. The 260°C temperature was maintained for an additional 10 seconds after the
signal acquisition, to anneal some of the residual signal from the TLDs. The time-temperature
profile (TTP) was specified based on the temperature of the thermocouples, so the actual
temperature of the chips would be expected to be somewhat less than predicted by the TTP due

to thermal lag.

The signal recorded during the acquisition period was stored in 200 data channels, and
typical glow curves are shown in Figure 4.1. The NETREMS software accompanying the reader
was only used to control the reader and store the glow curves, and was not used to generate
reader calibration factors (RCFs) or element correction coefficients (ECCs). The data analysis

was performed independently using a Microsoft Access® database.

In comparison with the bare chip reader, the glow curves from the hot gas reader
demonstrated a higher signal in the low temperature region, due to the relatively short preheat
time (cf. Figure 2.3). The signal in the low temperature region was proportional to the height of
the main glow peak, although the proportionality changed slightly depending on the fading time.
In contrast, at low doses the signal in the high-temperature tail was almost entirely dependent on
the dose history of the TLD, and was due to residual signal left from earlier irradiations. The
cards were not oven-annealed, so the only way to reduce the residual signal was by re-reading
the card in the 6600 reader. The cards were re-read using the standard TTP, and a typical re-read
signal is shown in Figure 4.2. The integral signal from a re-read TLD was approximately 1% of
the signal from the original reading, and the signal from a third reading was approximately 0.3%

of the original signal.

The residual signal in LiF:Mg,Cu,P was originally seen as one of the major drawbacks of the
material, with reports of a total residual signal of 7% (Horowitz and Horowitz 1990), and helped
prevent its widespread acceptance in earlier formulations. The residual signal arises from glow
peaks at about 270°C and 295°C, which cannot be fully read out without a subsequent loss of

sensitivity in the TLD (Bacci et al/ 1993). The recommended maximum temperature for
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Figure 4.1: Typical glow curves for TLD-100H using the Harshaw Model 6600 hot gas reader.
The curve shown in (a) was from a delivered air kerma of 2 mGy, and the curve shown in (b)

was from environmental background radiation over 48 hours (~6 uGy).
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LiF:Mg,Cu,P is generally 240°C + 5°C to avoid a loss in sensitivity, but several authors have
found that this limit can be exceeded for brief periods with little or no change in sensitivity
(Goémez Ros et al 1996, Oster et al 1996). Although the maximum temperature for the TTP used
in this work was 260°C, it is unclear what temperature the chips actually reached during the

readout cycle.

Moscovitch (1999) has suggested using multiple re-reads to reduce the residual signal in
unannealed LiF:Mg,Cu,P, and Delgado ef al (1995) have suggested a method to subtract the
contribution of the residual signal. A combination of these approaches was taken for this work,
in order to be able to use the TLDs for the low doses encountered in environmental dosimetry.
The TLDs used for the energy response measurements received high enough doses so that the
residual signal contribution was very small, but since the system was eventually intended for

environmental applications the residual signal needed to be addressed.

Several simple subtraction methods were attempted using the region-of-interest (ROI)
settings available with the 6600 reader, but it was found that the chip-to-chip variability with
respect to glow curve structure and peak positions made any universal methods ineffective.
Another attempt used the signal from a re-read TLD to determine the amount of residual signal
present in the original glow curve, but this method also proved ineffective. The amount of
residual signal present in a re-read TLD varied slightly depending on the TLD element, since the
two gas jets and thermocouples in the 6600 reader could not be calibrated to heat the two sets of
chips in exactly the same way. In addition, the position of the TLDs in the Teflon®
encapsulation with respect to the gas jets was not identical for every card, and the resulting small
differences in the chip temperatures lead to measurable differences in the fraction of remaining

residual signal.

Fortunately, the glow curve structure for any given chip was remarkably consistent over a
series of readout cycles, and a subtraction method using the individual glow curve structure
proved quite reliable. The subtraction algorithm was based on the method published by Delgado
et al, which they used for LiF:Mg,Cu,P bare chips and a planchet-type reader. The algorithm was
implemented in the Microsoft Access® database, and was used to automatically determine the

net signal for every glow curve. The simple glow curve analysis was easier to implement than
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traditional glow curve deconvolution methods, and required essentially no user intervention.
Several modifications were made to the method of Delgado ef al, and a complete description of

the algorithm is provided below.
4.2.2.1 Outlier detection and removal

The glow curves resulting from low doses contained much more noise than glow curves from
higher doses, as expected, but in some cases there were single-channel spikes in the glow curve
that were much higher than the background noise. These outliers were not observed for the
planchet-type reader, but were occasionally observed for the hot gas reader, with large spikes
appearing in about 1% of the glow curves. It has been suggested that these spikes could be due to

spontaneous TL from foreign contaminants in the gas, but a conclusive explanation is not known.

Most glow curve analysis algorithms use some form of outlier removal, and two
complementary methods were implemented here. The first method was suggested by Gaulke',
and identified an outlier by comparing the signal in a given channel, i, to the signals in the
channels from i-4 to i+4. The nine channels were ranked in order, with the lowest ranked signal
denoted Suin and the seventh ranked signal denoted Speq. If the signal in channel i, S;, was ranked
eighth or ninth then it was considered an outlier if

Siid__S‘;l:in =4 @D
which roughly corresponded to more than four standard deviations away from the mean. If S;
was deemed an outlier, the signal was replaced with the mean value from the first to seventh
ranked signals. This method was effective in removing up to two outliers in any nine-channel
window in the glow curve, and was modified slightly so that it would also work near the ends of

the glow curve.

It was found that Gaulke’s method could fail for outliers on the sides of the glow peak, where

the signal changed very rapidly and the difference between Smeq and Smin could be quite large. To

! Gaulke, B. (Health Canada) Private communication.



High Sensitivity LiF for Environmental Dosimetry (January 2003) 69

deal with outliers in this region, a second outlier detection algorithm was also used, based on the
method implemented by Figel and Sprunck (1999). A Savitzky-Golay smoothing filter was
applied to the raw data, and once again, an outlier was identified by comparing the signal in a
given channel, 7, to the signals in the channels from i-4 to i+4. Calculated squared differences
between the smoothed data and the raw data were averaged from i-4 to i+4, excluding channel i.
The average squared difference, denoted <s*>, was compared with the squared difference
between the smoothed data and the raw data in channel i, denoted d. The signal in channel i, S;,

was deemed an outlier if

>36, (4.2)

and S; was higher than the smoothed signal. This corresponded to roughly six standard deviations
away from the smoothed signal. If S; was deemed an outlier, the signal was replaced with the
smoothed value. This method only removed the positive outliers associated with the hot gas
reader, and did not work in instances where two outliers were within four channels of each other.
These so-called “double spikes” were very rare, and were removed if they occurred outside the

peak region using Gaulke’s method.

An example glow curve is presented in Figure 4.3, with several outlier data points manually
added to the original glow curve to test the effectiveness of the outlier detection algorithms. The
number of outliers is greatly exaggerated, since the likelihood of even a single outlier for this

level of signal was typically about 1%.
4.2.2.2 Savitzky-Golay smoothing and characteristic feature detection

The residual signal subtraction algorithm was based on the method published by Delgado et al,
but was modified for use with the hot gas reader and the TTP used in this work. Once the outliers
were removed from the raw signal, the data points were smoothed using a three-pass Savitzky-
Golay filter (Press et al 1992). The smoothing window was 21 channels wide, and a quadratic
smoothing polynomial was selected. The Savitzky-Golay filter did not change the integral under
the glow curve, but it was necessary to have a smooth signal to be able to find the characteristic

points on the curve.
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Figure 4.3: (a) Example glow curve with identified outliers marked as squares, and (b) the
resulting glow curve with the outliers removed. The original raw data points were manually

adjusted to include several outliers, to test the effectiveness of the outlier detection algorithms.
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The Savitzky-Golay algorithm was also used to find smoothed first and second derivatives of
the smoothed signal, with an example shown in Figure 4.4. The characteristic point ny was
identified as the channel with the minimum value in the second derivative, and corresponded
roughly with the peak channel in the glow curve. The local maxima on either side of the global
minimum in the second derivative corresponded to points of inflection in the first derivative, and
the tangents to the curve at the points of inflection were extrapolated back to the x-axis to
determine channels n; and nr. Another channel, nt, was calculated as 1/4 of the distance between
channels ny and ng. As stated by Delgado et al, the methods used to select n. and nr appear
somewhat artificial, but they roughly corresponded with points on the residual signal curve. The
nt point was not included in the algorithm by Delgado et al, but was necessary for the hot gas
reader because the peak in the residual signal appeared only slightly later than the maximum
signal in the main dosimetric peak. This was likely due to thermal lag effects, and future work
could examine this further by modifying the heating rate used in the TTP. The distance between

nyv and nt was empirically derived based on the results from several residual signal experiments.

The subtraction region is shown in Figure 4.5 along with the resulting net glow curve. The
subtraction region had a shape similar to the residual signal, but since it did not model the shape
of the residual signal precisely, the net glow curve demonstrated a noticeable artefact in the early
part of the curve. This artefact was only visible when the subtraction region was a large fraction
of the original glow curve. The subtraction method removed the residual signal from earlier
exposures by effectively removing the contribution from any glow curve peaks beyond the main

dosimetric peak.
4.2.2.3 Residual signal subtraction test

To test the effectiveness of the residual signal subtraction method, five groups of five calibrated
cards were exposed to air kerma levels of 0, 0.2, 0.4, 0.7, and 0.9 mGy, and were read once in
the 6600 reader. The cards were then used to measure the background environmental exposure

over 24 hours, which was approximately 3 nGy. The results are presented in Section 4.3.1.
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4.2.3 Photon energy response measurements

The energy response of the 8855 dosimeter was tested using the same photon beams as in
Chapter 2, namely the ISO narrow spectrum series x-ray beams from 30 kV to 250 kV, as well as
the "*’Cs and ®°Co sources. The irradiations were performed using single holders in a free-in-air
geometry, with the holders suspended in air at the reference distance from the source using two
thin aluminium wires attached to a rotating steel frame. Two perpendicular telescopes were used
to align the centre of the holder at the reference point of the beam. The estimated uncertainty on
the positioning of the holder was 0.5 mm in the direction of the beam, and 1.0 mm perpendicular

to the beam.

The TLDs were calibrated in the “’Co beam by irradiating the bare cards in a PMMA
phantom with front and back wall thicknesses of 5.8 mm. The cards were irradiated to an air
kerma level of 2 mGy at 3 m from the ®°Co source, and up to 12 cards could be irradiated
simultaneously. The cards were divided into groups of five, with one group used to measure the
background environmental exposure, and one group used as reference cards. The reference cards
were irradiated in the ’Co beam in the PMMA phantom, and were used to correct for any
changes in the reader calibration. All of the other cards were irradiated in holders in the test
beam. As part of the broader study of the angular response of the 8855 dosimeter, groups of five
cards were irradiated at several different angles. Five separate holders were used for most of the
irradiations, but only a single holder was used for the *’Cs, N-150, and N-250 test beams. The
time between the calibration of the cards and the experimental readouts was typically less than

5 days.

Similar to the bare chip work presented in Chapter 2, the air kerma at the point of reference
was accurately known for each of the test beams, and the measured air kerma was determined
using the measured net TL signal and the ®’Co calibration factor. The measured air kerma was

divided by the known delivered air kerma to determine the air kerma response.
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4.2.4 Monte Carlo simulations of the 8855 dosimeter

Monte Carlo simulations were performed for three of the elements in the 8855 dosimeter, to
compare the calculated energy response to the measured energy response. As with the bare chip
calculations, the geometry was simplified to have cylindrical symmetry, and the user code
DOSRZnrc was used for the simulations. Elements 1 (copper filter), 3 (Mylar® window), and 4
(tin filter) were modelled as separate cylinders, and scattered photons from other parts of the
dosimeter were not taken into consideration. Element 2 (Teflon®) was not simulated because the
hemispherical filter could not be modelled easily using the DOSRZnrc user code. The filter
thicknesses were obtained from Perry et al (1999), and the thickness of the Teflon®
encapsulation was obtained from King and Cassata (2000). All of the other holder dimensions
were determined by dismantling one of the holders, and a micrometer was used to measure the
individual components. Air gaps were estimated based on the measurements of the individual

components compared with measurements of the assembled holder.

The copper and tin filters, and the aluminium in the cards, were considered to have no
impurities, so the materials used in the simulations were generated using the pure elements. The
Teflon® encapsulation material was modelled as pure polytetrafluoroethylene (C,F4), and the
Mylar® window on Element 3 was modelled as pure polyethylene terephthalate (CioHgOs).
Density correction information for the Teflon® and Mylar® materials was available with the
EGSnrc distribution. The ABS resin used in the holder was a mixture of acrylonitrile (CsH3N),
butadiene (C4Hs), and styrene (CgHg). Different ABS resins use different proportions of the
components based on the desired material characteristics, but the specific mixture used in the
8855 dosimeter was not available. A generic mixture of 30% acrylonitrile, 20% butadiene, and
50% styrene was used to generate the ABS material. The air and TLD-100H materials were the

same as those used in Chapter 3.

The DOSRZnrc simulations were used to calculate the dose to the TLD per unit of incident
fluence, and the air kerma per unit fluence calculations from Chapter 3 using the same photon
beams were used to determine the dose per unit air kerma. The EGSnrc transport parameters

were the same as for the bare chips, with cutoffs of 1 keV for photons and 10 keV for electrons.
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Some extra simulations were also performed with a cutoff of 1 keV for electrons to ensure that

the choice of cutoff was not too high.

4.3 Results and Discussion

4.3.1 Residual signal subtraction algorithm

The measured background using the subtraction algorithm was compared to the measurements
using conventional analysis, with the results for Element 2 shown in Figure 4.6. The
conventional analysis used a simple integral of the glow curve from channels 1 to 160 to
determine the measured air kerma. As can be seen in Figure 4.7, if a relatively large residual
signal is left on the TLD, a simple integral would not be effective, and some kind of subtraction

method would be necessary to be able to measure low doses accurately.

The subtraction algorithm performed well for the residual signal levels in the experiment,
with an overall relative standard deviation of 7% for the measured background of 2.7 nGy, using
the results for all four elements and at all of the residual signal levels. In practice, cards were
usually re-read at least once after irradiations above 1 mGy, to reduce the amount of residual
signal and to allow for less reliance on the subtraction method. At low levels of residual signal,

the detection limit achievable using this method was less than 1 pGy.

4.3.2 Photon energy response results

The results of the photon energy response measurements are presented in Table 4.1, relative to
the ®°Co calibration in the PMMA phantom. The results are also presented in Figure 4.8, with the

results normalized to the ®*Co response for each element.

The results were in fairly good agreement with data from SGC&D', which were generated

using different x-ray qualities than the ones used in this work, with their results shown in

"Luo, L. Z. (SGC&D) Private communication.
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Figure 4.6: Measured background as a function of the previous air kerma delivered to the card.
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Figure 4.7: Glow curve from environmental background of ~3 uGy for a TLD with residual

signal from a 900 pGy irradiation.
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Figure 4.8: Air kerma response measurements for the 8855 dosimeter, normalized to the ®°Co
results. The curves are numbered corresponding to each element: 1 — copper filter, 2 — Teflon®,

3 — Mylar® window, 4 — tin filter.
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Figure 4.9. An exception was the Element 3 result for the “’Co beam, with an 18% under-
response relative to the '*’Cs response compared with the SGC&D results. The ®’Co irradiations
for the SGC&D measurements were performed with a sheet of PMMA in front of the holder to
provide charged particle equilibrium for each of the four elements, while the irradiations
performed at the NRC used a free-in-air geometry for all of the test beams. Element 3 was
covered with only a very thin Mylar® window, so there was a lack of charged particle
equilibrium for the ®°Co irradiations, resulting in an under-response relative to the other photon

beams.

4.3.3 Monte Carlo simulation results

The DOSRZnrc simulations were used to calculate the dose to the TLD per unit air kerma for
Elements 1, 3, and 4. It was known from the bare chip measurements and calculations in
Chapters 2 and 3 that the response of TLD-100H strongly depended on the ionization density of
the photon beam, so the calculated doses for each photon beam were multiplied by the
TLD-100H energy response determined in Chapter 3. This assumed that the ionization density of
each of the photon beams was the same in the 8855 holder as in the PMMA phantom used for the
bare chips, even though the tin and copper filters would likely have an effect on the photon
spectrum at the TLD. It also assumed that the differences in readout protocols between the
planchet-type reader and the hot gas reader did not have an effect on the energy response,
although other reported results show that this assumption may not be true (Horowitz 1993). The
dose calculations for Elements 1 and 4, normalized to the ®’Co result, are presented in Figure
4.10. The Monte Carlo calculated values are within 5% of the measurements for photon energies
above 60 keV, with some larger discrepancies at energies below 60 keV. The discrepancies
between the measured and calculated values at the lower energies are up to 10%, which may be
because the calculations are much more sensitive to the exact thickness of the filters for the low
photon energies. In addition, the measurement uncertainties are up to 5% for the lowest photon
energies. There was no statistical difference for the simulations performed with an electron

kinetic energy cutoff of 1 keV.

The Monte Carlo calculations for Element 3 were not accurate for the *’Cs and *°Co beams

due to the lack of build-up material covering the chip. The Monte Carlo simulations did not take
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Figure 4.9: Air kerma response measurements for the 8855 dosimeter conducted by SGC&D,
normalized to the ®’Co results. The curves are numbered corresponding to each element: 1 —

copper filter, 2 — Teflon®, 3 — Mylar® window, 4 — tin filter.
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Figure 4.10: Monte Carlo calculated energy response in the 8855 dosimeter for Elements 1

(copper) and 4 (tin).
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into account electron contamination in the photon beams, so the calculated doses were much
lower than the measured values for the higher energy beams. This problem did not occur for the
x-ray beams, so by normalizing the Monte Carlo calculated results to the measurements for the
N-250 beam, it was possible to compare the calculations to the measurements for all of the ISO
series x-ray beams. The results for Element 3 are presented in Figure 4.11, and the agreement
between the calculated and measured results is within 3% for all of the x-ray beams. The "*'Cs

calculation is also shown, with a calculated result 24% lower than the measurement.

4.4 Conclusions

The energy response measurements were in broad agreement with the results from SGC&D,
except for Element 3 (Mylar®), which under-responded relative to the SGC&D results. This was
due to the lack of build-up material used for the irradiations at the NRC, which should not
normally be used when measuring the energy response of a dosimeter if it is intended to be used

in the field without any build-up material.

The Monte Carlo calculations were in good agreement with the measured results, which
suggests that Monte Carlo techniques could prove useful for future dosimeter designs. It may
also be possible to use Monte Carlo techniques to model the angular response of the dosimeter as
well, but this would require much more detailed measurements and a fairly complicated model

for the simulations.
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Figure 4.11: Monte Carlo calculated energy response in the 8855 dosimeter for Element 3

(Mylar® window).
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5.1 Summary of Results

5.1.1 Chapter 2: Bare Chip Energy Response Measurements

Chapter 2 describes the air kerma response measurements for TLD-100 and TLD-100H, with
some details of the annealing, readout, and calibration protocols employed. A non-linearity with
respect to the delivered air kerma is noted for the Victoreen 2800M reader, and it is suspected
that it was an artefact of the reader, so the results are corrected for the measured non-linearity.
The air kerma response measurements are in broad agreement with other published data for
TLD-100 and TLD-100H, although the precision of the results is better than most of the other
published data.

5.1.2 Chapter 3: Bare Chip Monte Carlo Calculations

Chapter 3 details the Monte Carlo simulations of the TLD holder using EGSnrc, to calculate the
absorbed dose to the TLDs for the measurements described in Chapter 2. The TLD dose response
is calculated as a function of mean photon energy for both TLD-100 and TLD-100H, and the
results are in agreement with other published data. The implications of the TLD-100 response are
discussed with respect to applications in brachytherapy, with a potential for calibration errors of
up to 10% for '*°I and '"*Pd brachytherapy sources. Although the reason for this discrepancy is
unclear, there is a need for further investigation in this area. The TLD-100H dose response is
compared with the results of Olko et al (1993), and the correlation of the dose response with the

ionization density of the photon beams is demonstrated.

5.1.3 Chapter 4: Energy Response for Harshaw Type 8855 Environmental

Dosimeter

Chapter 4 describes the use of the Harshaw TLD Model 6600 reader with card-mounted
TLD-100H, and explains the residual signal subtraction method used to improve the dosimeter
performance at low doses. The photon energy response measurements are in broad agreement

with the data from SGC&D. The lack of build-up material for the “°Co irradiations led to a
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substantial difference between the present measurements and the data from SGC&D for
Element 3 (Mylar® window). The results from EGSnrc Monte Carlo simulations of three of the
dosimeter elements are presented, and the calculations are generally within 5% of the measured

results.

5.2 Future Work and Conclusions

The photon energy response results broadly agreed with existing data, but there is much more
work that could be performed. The photon energy response measurements of the bare chips
could be extended to lower and higher energy photons than those used in this work, although at
low energies the Monte Carlo calculations would need a very accurate photon spectrum as a
source input. Other properties of the TLD material, such as fading and light sensitivity should

also be looked at in more detail.

Measurements have already been performed for the angular dependence of the 8855
dosimeter, and an attempt could be made to simulate the entire dosimeter in three-dimensions

and compare the calculations with the angular response measurements.

There are also many other aspects of the 8855 dosimeter to be examined pertaining to
environmental dosimetry. The ratios of the responses from the separate elements are used to
calculate the relevant dose equivalent quantities for environmental dosimetry, and these methods
need to be evaluated to determine whether the 8855 dosimeter is a suitable environmental
dosimeter. LiF:Mg,Cu,P looks to be a promising material for use in environmental and personnel

dosimetry, but more work is necessary to characterize the phosphor fully.
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