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Preface

Due to an increasing demand for replacing radionuclide irradiators with the
safer alternative that small self-shielded low energy x-ray irradiators provide,
there is a need for developing a robust and traceable dosimetry system for low
energy x-rays. However, commonly used dosimetry systems are energy depen-
dent at low photon energies, resulting in large uncertainties on the measured
dose. The objective of this PhD project is to explore methods for determin-
ing the energy deposition of low and medium energy x-rays, with the aim of
establishing a traceable dosimetry system for use on a routine basis.

Work on the project was started in December 2017 at the Technical Univer-
sity of Denmark (DTU) Center for Nuclear Technologies (Nutech) High Dose
Reference Laboratory (HDRL) under supervision by Lars R. Lindvold, Christina
Ankjeergaard, and Arne Miller. The staff at Riss HDRL have assisted with labo-
ratory measurements, and the general use of facilities, and a great thanks is due
to Linda, Nina, Torben, and Mark. Initial work was carried out using a small x-
ray irradiator located at Risg, however when useful results finally started to be
compiled the x-ray tube broke down. Thus, experimental work for this project
has been heavily dependent on access to x-ray beams by industrial collaborators
and external research facilities.

Early in my project I had the great pleasure of working with Alan Tallentire,
who taught me that the spores never lie. Alan helped me with the production of
microbiological test filters, used for measuring the microbicidal effectiveness of
low energy x-rays.

Access to x-ray facilities was granted from several collaborators for the du-
ration of my project. At Aerial, France, Abbas Nasreddine was working on a
similar PhD project, leading to a collaboration where we carried out irradiations
together at both Aerial and at National Physical Laboratory (NPL), England.
Here we had the pleasure to work with Anna Subiel who helped with the ex-
periments. For irradiation of microbiological test filters access was granted to
the x-ray facilities at e-beam technologies, COMET AG, Switzerland, where Do-
minique Cloetta and Willi Wandfluh was helpful with the experimental setup.
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Moving into 2020 DTU Nutech was divided into three other departments,
placing the ionizing radiation dosimetry section within the Department of
Health Technology (Health Tech). With this, a change in my supervisor team
was needed, since Lars’ research obligations was moved elsewhere. The role as
main supervisor was taken over by Claus E. Andersen who had already acted
as a supervisor-in-spirit. Here I would to like express my gratitude towards the
four supervisors who have guided me through the past three years. Four very
different researchers and personalities, all overwhelmingly dedicated, patient,
and helpful.

An external stay at the National Research Council Canada (NRC) was
planned for the spring of 2020. Unfortunately, a global pandemic interrupted
these plans. Instead, a shorter visit was scheduled for the beginning of 2021
at Direktoratet for Stralevern og Atomsikkerhet (DSA), Norway, however the
pandemic roamed on and canceled that as well. Thanks are however still due to
Malcolm McEwen, NRC, and Per-Otto Hetland, DSA, for their efforts regards
granting access and organizing the planned visits.

Before I started work on my PhD project, I was teaching physics at a high
school. One afternoon, in great despair over a particularly depressing set of
lab reports I had to grade, I reached out for help. My good friend, and former
PhD-colleague, Jeppe Brage Christensen, motivated me to abandon ship and
apply for this PhD position. For that I owe him a Limfjordsporter.

Thanks goes to my fellow PhD students who have provided fruitful discus-
sions and general motivation over the course of the past three years — Mag-
dalena, Elaine, Martin, Grichar, Trine, Ashken, Mads, and Nicolo.

This work is dedicated to Luna and Pernille, for always putting a smile on
my face.

Rise, May 3, 2021
Jakob Griinewald Hjorringgaard



Abstract

kilovoltage (kV) x-rays are used extensively in several aspects of radiation pro-
cessing and radiotherapy. For applications, such as irradiation of blood prod-
ucts before transfusion, where irradiators using the radionuclide cesium-137
has traditionally been used, a demand for replacement with small self-shielded
low energy x-ray irradiators has occurred in recent years. However, the re-
sponse of commonly used routine dosimeters, such as alanine pellets, show an
increasing energy dependence for low energy x-rays.

The present work investigates the energy dependence of the alanine pel-
let dosimeter. The alanine/electron paramagnetic resonance (EPR) dosimetry
system is commonly used for reference and routine dosimetry, typically with
traceability to national standards through calibration in a cobalt-60 reference
field. Here the relative response, and efficiency, of the alanine pellet dosime-
ter is experimentally determined for irradiation at different kV x-ray qualities.
The dependence of the relative efficiency of the dosimeter on spectral distribu-
tion of the x-ray beam is investigated using a microdosimetric one-hit detector
model (OHDM). The results indicate that for medium energy x-rays there is
little variation in the relative efficiency for a specific effective energy, while a
more significant variation is observed for low energies.

Based on the conclusions from the application of the microdosimetric
OHDM a general approach for determining quality correction factors, from
literature data on the relative response, for cobalt-60 based calibrations is pro-
posed.

Finally, the microbicidal effectiveness of kV x-rays is investigated using a
specially designed test piece comprised of spores of Bacillus pumilus. The radia-
tion response for irradiation with a 150kV x-ray beam has been measured, and
the response is shown to be identical to the radiation response for irradiation
in cobalt-60, high energy x-ray, and low and high energy electron beams.






Resumé (Danish)

Lav- og medium-energetisk rentgenstraling anvendes ved flere aspekter af ra-
dioterapi og industriel strdlebehandling. Det bruges bl.a. til bestraling af blod-
produkter for transfusion, hvor stralekilden traditionelt har bestdet af radionuk-
lidet ceesium-137. Der er i de seneste ar opstdet et oget enske om at ud-
skifte disse radionuklide anleeg med sma selvafskeermede lav-energetiske rent-
genkilder. Almindeligt anvendte rutine-dosimetre, eks. alaninpiller, udviser
dog en oget energiatheengighed i dette energiomrade.

Alanine/elektron paragmagnetisk resonans (EPR) dosimetrisystemet anven-
des til bade reference og rutine dosimetri. Sporbarhed til nationale standarder
opnés typisk via kalibrering i et kobolt-60 referencefelt. I denne afthandling
underspges energiafheengigheden af alaninpilledosimeteret ved bade eksperi-
mentel bestemmelse af den relative respons, og effektivitet, samt ved anven-
delse af en mikrodosimetrisk model i kombination med Monte Carlo (MC)
beregninger. Resultaterne indikerer, at der for rentgenkilder med medium en-
ergi kun er en lille variation i den relative effektivitet for en specifik effektiv
energi, mens en mere signifikant variation observeres for lave energier.

Med udgangspunkt den mikrodosimetriske model, og konklusionerne fra
anvendelsen af denne, foreslds en generel tilgang til bestemmelse af kvalitetsko-
rrektionsfaktorer til kobolt-60 baserede kalibreringer, bestemt fra litteraturdata
om den relative respons.

Desuden undersoges den mikrobicide effektivitet af lav-energetisk rentgen-
striling, ved anvendelse af et specialdesignet test filter indeholdende sporer
af Bacillus pumilus. Testfiltrene bestrales i et 150kV rentgenfelt, og den
observerede overlevelsesrate af sporer sammenlignes med bestrilinger ved
tilsvarende doser i et kobolt-60 referencefelt.
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Summary Report






Chapter 1

Introduction

Ionizing radiation has been used for countless beneficial applications since the
discovery of x-rays in 1895 by Wilhelm Conrad Rontgen (Rontgen 1895), with
gamma rays and subatomic particles being discovered the subsequent years.
The first use for treatment of cancer was carried out just a few months after
the initial discovery of x-rays (Bernier et al. 2004). The idea of using ionizing
radiation for inactivation of microorganism was formulated over the follow-
ing years (Prescott 1904), resulting in widespread use of ionizing radiation for
preservation of food products and sterilization of e.g. medical equipment. Later
applications of ionizing radiation in an industrial setting include alteration of
material properties (cross-linking, curing, grafting etc.), purification of gas ef-
fluents from power plants, and many more.

1.1 The Need for Dosimetry

Identical for all applications of ionizing radiation is the importance of accurate
knowledge of the dose deposition in the irradiated material. The beneficial ef-
fect of irradiating the material, e.g. tumor control, microbial inactivation, etc.,
requires some specific dose to the material. However, harmful effects of ioniz-
ing radiation occur for exceedingly large doses. These harmful effects could be
damage to healthy tissue during radiotherapy, destruction of material proper-
ties during irradiation of medical products and polymers.

The lower and upper limit required to obtain the beneficial effect, while
avoiding harmful effects, leaves the user with a treatment window describing the
optimal dose to be delivered to the material. The situation is sketched in Fig-
ure 1.1, where the cumulative probability of beneficial and harmful effects are
shown as a function of dose. The treatment window depicted illustrates the
probability of obtaining the beneficial effects without the harmful effects. Intro-
ducing an uncertainty on the delivered dose to the material results in a greater
dose being required to ensure the beneficial effects while a smaller dose sets the
limit of acceptance regarding the harmful effects. This situation is illustrated in
Figure 1.1 by the dashed lines representing a 5 % uncertainty on the delivered
dose. The result of the added uncertainty is a narrowing treatment window, and
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Figure 1.1: Sketch of the probability for radiation effects to occur after a given
dose of ionizing radiation to a material. The optimal dose is determined by
maximizing the probability of beneficial effects (blue) while reducing the prob-
ability of harmful effects (red). This optimization is illustrated by the treatment
window (green). The effect of introducing a 5% uncertainty in the dose is de-
picted by the dashed lines. The dose level on the abscissa is arbitrarily chosen
for illustration purposes.

a reduced probability of beneficial effects without harmful effects even for the
optimal dose. For some products, the difference between dose levels required
to obtain beneficial effects relative to harmful effects may get quite small, re-
quiring accurate dose determination in order to even have a significantly large
probability of obtaining the beneficial effects without harmful effects. This nar-
rowing treatment window highlights the need for accurate dosimetry in both
radiotherapy and industrial applications of ionizing radiation.

1.2 X-ray Applications

Kilovoltage (kV) x-rays are used extensively in radiotherapy (Scrimger and Con-
nors 1986; Niroomand-Rad et al. 1987; Beatty et al. 1996; Verhaegen et al. 1999).
Recently an increasing interest has emerged for applications of low energy x-
rays in e.g. blood irradiation (Janatpour et al. 2005; Dodd and Vetter 2009),
phytosanitary treatment (Follett 2014), and Sterile Insect Technique (SIT) (Mas-
trangelo et al. 2010; Mehta and Parker 2011), where cesium-137 or cobalt-60
have traditionally been used. Increasing difficulties related to purchasing and
transportation of radioactive materials have motivated the interest in switching
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from radioisotopes to small self-shielded kV x-ray irradiators for these purposes
(Dodd and Vetter 2009).

For the case of blood irradiation, blood bags are irradiated before transfu-
sion to help prevent transfusion-induced graft-versus-host disease (GVHD) in
immunocompromised patients by inactivation of viable lymphocytes. The ab-
sorbed dose range required is typically between 25 Gy and 50 Gy (EDQM 2015).
To ensure that the blood components have received an adequate dose, mea-
surements of absorbed dose must be carried out on the product or in simulated
product ISO/ASTM 51939 2017).

1.3 Response of the Alanine Dosimeter

The introduction of these small kV x-ray irradiators has also renewed the in-
terest in the applications of some commonly used transfer dosimetry systems
for quality assurance at kV photon energies. Specifically, the photon energy de-
pendence of the alanine pellet dosimeter has been under investigation in recent
years (Zeng and McCaffrey 2005; Waldeland et al. 2010; Anton and Biiermann
2015; Khoury et al. 2015) in order to characterize the relative response of the
dosimeter in kV x-ray fields. A discrepancy has been reported between the ex-
perimentally determinations and Monte Carlo (MC) calculations of the relative
response of the alanine pellet dosimeter at low x-ray energies. These results in-
dicate that the relative efficiency of the dosimeter is also energy dependent and
must be fully characterized in order to establish traceable dosimetry using these
transfer dosimetry systems. An issue emerging is the difficulty of experimen-
tally determining the relative response of the transfer dosimeters directly in the
small self-shielded irradiators, due to the lack of practical access for ionization
chambers.

The present work investigates the energy dependence of the alanine pellet
dosimeter in kV x-ray fields, and explores methods for assessment of the en-
ergy dependence in non-standard geometries such as blood irradiators, where
direct measurement of dose using ionization chambers are difficult. The aim
of the work is to establish traceability to national standards through a cobalt-60
calibration of the alanine pellet dosimetry system. Finally, the use of the alanine
pellet dosimeter as a proxy for the microbicidal effectiveness in kV x-ray beams
is explored.
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1.4 Thesis Outline
Part I contains the summary report:

Chapter 2 gives an introduction to dosimetry, including the fundamental
physics of ionizing radiation, a general description of dosimeters, and
traceabillity. Focus is then given on the alanine/electron paramagnetic
resonance (EPR) dosimetry system.

Chapter 3 describes the energy dependence of the alanine pellet dosimeter.
The description is based on experimental measurements of the relative
response of the dosimeter, as well as Monte Carlo calculated dose ratios
of alanine to water.

Chapter 4 presents the microdosimetric one-hit detector model (OHDM) for
calculating the relative efficiency of the alanine pellet dosimeter. This
chapter focuses on the calculation of microdosimetric distributions and
fixing the free parameters of the model. The free model parameters are
determined based on literature values of the relative efficiency.

Chapter 5 shows the applications of the microdosimetric OHDM to different
irradiation conditions. First a characterization of the relative efficiency for
monoenergetic photon beams are investigated, followed by an investiga-
tion of the influence of different spectral distributions of the x-ray beams
on the relative efficiency.

Chapter 6 establishes a quality correction factor to be applied to dose to water
measurements using a cobalt-60 calibration of the alanine pellet dosimeter.
The chapter focus on the application in blood irradiators; however the
same process is used for establishing traceable dosimetry in Chapter 7.

Chapter 7 investigates the microbicidal effectiveness of kV x-rays. Specially
designed test filters containing spores of Bacillus pumilus are irradiated
in a 150kV x-ray beam, to study the radiation response of the spores
compared to the response after irradiation in a cobalt-60 reference field.

Part II contains the published, submitted, and prepared manuscripts denoted
Paper I through IV



Chapter 2

Basics of Dosimetry

The concept of radiation dosimetry can be boiled down to the determination of
the absorbed dose. The determination of this quantity requires knowledge of the
interaction mechanisms of different types of ionizing radiation with matter, as
well as well characterized detectors for measuring the absorbed dose, referred
to as dosimeters. There exists a multitude of different dosimeters most of which
determine the absorbed dose indirectly. These dosimeters must therefore be
calibrated with respect to an absolute dose measurement.

The following chapter outlines the basic concepts of dosimetry, from the fun-
damental interactions of ionizing radiation with matter to calibration of dosime-
ters to primary standards. The mechanisms for signal production in different
dosimeters relevant to this thesis will be included with special attention paid to
the alanine pellet dosimeter.

The definitions and descriptions of the basic quantities of dosimetry is
based on The International Commission on Radiation Units and Measurements
(ICRU) definitions in ICRU Report 85 (2011). Dose refers throughout this thesis
to absorbed dose to water if nothing else is specified.

2.1 X-rays

X-rays are a type of ionizing radiation consisting of uncharged particles, pho-
tons, generated by either electronic transitions in the atom, characteristic x-rays,
or an inelastic collision of two charged particles (typically an electron and a
nucleus), termed bremsstrahlung x-rays. The energy distribution of generated
x-rays depends on different parameters such as kinetic energy of the charged
particles producing the x-rays, material of the medium where interactions oc-
cur, and geometrical considerations.

For controlled use of x-rays in for instance radiology, mammography, and
blood irradiation, x-rays are generated using an x-ray tube. A classical design of
an x-ray tube, or cathode tube, consists of vacuum contained by a glass envelope
with a anode and cathode pair placed within. The cathode consists of a heated
filament from which electrons are accelerated by applying a high-voltage (HV)
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potential difference between the anode and cathode, towards the anode target.
The target consists of a heavy element, typically tungsten, where the electrons
are slowed down emitting both characteristic and bremstrahlung x-rays.

The applied HV determines the maximum energy of generated x-rays but
the distribution of x-rays in energies lower than the maximum energy varies
depending on target material, incident angle, external filtration etc. Therefore,
the applied HV is not enough to characterize a specific x-ray beam. Typically
an x-ray beam quality is expressed on the basis of the half-value layer (HVL) —
the thickness of attenuating material, typically aluminum or copper, required
to reduce the air-kerma rate by 50 % of its value without the presence of the
attenuating material (Ma et al. 2001).

An effective energy Eoi associated with the x-ray beam, defined as the energy
of a monoenergetic photon beam having the same HVL as the x-ray beam,
can be determined from the HVL. This is done by calculating the effective mass
attenuation coefficient (11/p).q (see Section 2.2.1) of the beam

M - In2
(P)eff ~ pHVL' @1

The effective energy can then be estimated from tabulated values of the mass
attenuation coefficients and the relation to photon energies available from Na-
tional Institute of Standards and Technology (NIST) (Hubbell and Seltzer 1995).

2.2 Interactions with Matter

The primary quantity of interest in dosimetry is the absorbed dose D with the
formal definition q
g
D = I’ (2.2)
where dg is the mean energy imparted by ionizing radiation to mass dm. The
mean energy imparted is determined by the interactions in the target medium
and how frequently they occur.

An interaction between radiation and matter is said to occur when the en-
ergy or direction of the radiation particle is altered, or the particle is completely
absorbed by the medium. The probability of a specific interaction occurring
is described by interaction coefficients, which depend on both radiation particle
type and energy, and the material of the medium in which the particle is propa-
gating. The most fundamental interaction coefficient is the cross section o, which
is associated with the material. A general definition of the cross section for in-
teractions of a specific type j is the mean number of interactions N; per particle
fluence ¢

o= —L. (2.3)
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Since the radiation particles can typically undergo several different and inde-
pendent interactions it is practical to introduce the total cross section oot as the
sum of independent cross sections

ot = ) _0j = ;zNj. (2.4)
j j

Ionizing radiation is typically divided into two classes — directly and indi-
rectly ionizing radiation. This is basically just a different way of expressing
whether the ionizing radiation consist of charged (electrons, positrons, protons,
alphas, ions) or neutral particles (neutrons, photons!). Even though photons di-
rectly ionize the medium they are considered indirectly ionizing particles since
they liberate charged particles which then deposit energy to the medium. In
this sense the terms directly and indirectly ionizing radiation can be better un-
derstood in terms of how the energy is deposited in the medium rather than
how ionizations are produced.

2.2.1 Photon Interactions

The three primary photon interactions with matter, of interest to the work car-
ried out in this thesis, is the photoelectric effect, Compton effect (incoherent
scattering), and pair production. The relative importance of these three interac-
tion types are depicted in Figure 2.1, where the dominant interaction is sketched
for regions of atomic number Z of the absorbing medium and photon energy
E. The lines displayed in Figure 2.1 represent corresponding values of Z and E
where two types of interactions are equally probable. That is the cross sections
for the Compton effect o¢ is equal to the cross section for photoelectric effect
Uph OF pair production opp.

Photoelectric Effect

The photoelectric effect is an interaction of photons with matter, where the pho-
ton is completely absorbed in the process of liberating an atomic-shell electron.
For an incident photon of energy E., interacting with an electron bound by a
potential energy U,, the electron is liberated with kinetic energy E, = E, — U,.
The threshold photon energy for photoelectric effect to occur, assuming the
target atom is at rest, is E;, > U,. The dependence of the cross section for pho-
toelectric effect on atomic number of the medium and incident photon energy
is roughly

n

(o

ph X 77/2, (25)
E’Y

where 1 is dependent on the Z-value of the target material, and varies approx-
imately between 4 for low-Z materials and 4.8 for high-Z materials.

Here photons are included as particles.
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Figure 2.1: The relative importance of the three primary photon interactions.
Solid lines represent combinations of material atomic number Z and photon

energy for which two interaction probabilities are equal. Data from Berger
(2010).

Photoelectric effect is the dominant photon interaction for low energies. In
terms of total cross section and energy transferred to secondary electrons, photo-
electric effect also dominates. Since the atomic-shell binding energies for most
elements are in the order of a few eV to a few keV the energy of the liberated
electron is close to the incident photon energy.

Compton effect

Compton effect (or incoherent scattering) is a process of inelastic scattering of a
photon with a "loosely” bound electron. The situation is often approximated by
inelastic scattering of a photon with a free electron. Contrary to the photoelec-
tric effect, the incident photon is not absorbed during the Compton interaction,
but rather loose some of its energy and is deflected from its initial direction. The
energy lost by the photon is transferred to the electron, which is liberated, thus
ionizing the atom. The kinetic energy of the liberated electron E, is dependent
on the scattering angle ¢ of the photon by

E.=E,—E), (2.6)
1
1+ (Ey/mec?) (1 —cosb) ]’

—E, |1- 2.7)
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where E,, and E!, is the energy of the photon before and after scattering respec-
tively, m, is the electron mass, and c is the speed of light in vacuum. It is evident
from Equation (2.7) that the maximum energy of the liberated electron E, max is
obtained for photon scattering angle 8 = 7 (full reflection of the photon), such

that
1

1+ 2(E,/mec?) |
The maximum energy of the liberated electron as a ratio of the incident pho-

ton energy is depicted in Figure 2.2 for incident photon energies from 1keV to
10MeV. It is evident from Figure 2.2 that the maximum energy of the liberated

Eemax = Ey |1 2.8)
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Figure 2.2: The maximum energy of Compton electrons E.max as a ratio of the
incident photon energy E.,, see Equation (2.8).

electrons by Compton scattering of low and medium energy photons signifi-
cantly lower than the energy of the incident photon. Thus, the Compton effect
contributes to quite low-energy secondary electrons.

For energies greater than the rest mass of the electron, the dependence of
the cross section for Compton scattering on atomic number of the medium and
incident photon energy is (from the Klein-Nishina formula)

V4
oc X —. 2.9
C*E (2.9)
However, for low incident photon energies, where the photon energy becomes
comparable to the binding energy of inner-shell electrons of the target material
this dependence does not hold. In reality, the Compton cross sections decrease
rapidly for incident photon energies below the electron rest mass.
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Pair Production

Pair production refer to an absorption process of photons in the presence of a
coulomb field (of the atomic nucleus). Here the incident photon is transformed
into a electron-positron pair. Pair production has a lower threshold energy E,, 4,
equal to the combined rest mass of the produced particles, E, = 2mec? =
1.022 MeV. Above this threshold energy the dependence of the cross section of
pair production is

opp x Z* - In(E,), (2.10)

while becoming completely independent of photon energy for very large en-
ergies. Pair production is obviously only an important interaction for photon
energies above the threshold energy, and thus only little focus is given to the
process here.

Photon Attenuation

The interaction cross sections is the microscopic description of interaction prob-
abilities. It is convenient to express the interaction probabilities for photons in
terms attenuation coefficients. The linear attenuation coefficient y is defined as the
mean faction dN/N of photons that undergo some interaction after traversing

a distance d/ in a material
1 dN

FE AN
Since u will be heavily dependent on the density p of the material it is custom-

ary to express y relative to the material density. Defining the mass attenuation
coefficient y/p in this way

@2.11)

U 1 dN

L=, 2.12

p pd N (12)
does in part eliminate this large dependence. The mass attenuation coefficient
and cross sections are related by

% = %O}Ot, (213)
where Ny is the Avogadro constant and M is the molar mass of the material.
Since dose is defined from the energy deposited in the material and, as we
have seen previously in this chapter, different photon interactions lead to dif-
ferent energy distributions of secondary electrons, it is relevant to assess the
energy transferred to charged particles. Equivalent to the mass attenuation co-
efficient describing the mean fraction of photons undergoing interactions after
traversing some distance in a material, the mass energy-transfer coefficient p./p
is introduced to describe the mean energy transferred to kinetic energy of sec-
ondary electrons by photon interactions dR /R after traversing a distance d!
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of material
pe 1 dRy

ppd R
Some fraction g of the kinetic energy transferred to secondary electrons will be
lost, on average, to radiative processes such as emission of bremsstrahlung pho-
tons. The mass energy-absorption coefficient is therefore introduced to describe the
mean fraction of the energy transferred to kinetic energy of secondary electrons
which gets absorbed in the material

(2.14)

Hen Wir
ren M — o). (2.15)
> o (1-3)

The fraction g is material specific and depends on the movement and energy

deposition of electrons in the material. A general description of charged particle
interactions with matter is however outside the scope of this thesis.

2.2.2 Dosimetric Quantities
Fluence

For relating the interaction probabilities of individual particles to dosimetric
quantities, such as absorbed dose, the number of particles entering a volume of
interest is considered. The fluence ¢ is defined as the number of particles dN
that enters a spherical volume of cross-secional area da by

dN
9= (2.16)

Kerma

The kinetic energy released per unit mass, kerma K, is defined as the sum of
kinetic energy of all charged particles transferred from primary uncharged par-
ticles (e.g. photons) dE; in a medium of mass dm

_ dEtr

K=-1". (2.17)

Since kerma is a quantity that describes the total energy transferred from un-
charged to charged particles, and the mass energy-transfer coefficients are a
measure of the probabilities for these kinds of interactions to occur, these quan-
tities are closely related

K= E¢%, (2.18)

for monoenergetic photons of energy E. Similar to the mass energy-absorption
coefficients only accounting for the fraction of generated secondary electrons
not lost to radiative processes, so can the collision kerma K. be defined as the
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fraction of the kerma not lost to radiative processes, and thus contributing to
local energy deposition, by

Kot =K(1-g), (2.19)

= Eplten, (2.20)
o
again, for monoenergetic photons. Kerma is particularly used in dosimetry

protocols for calibration of dosimeters in low and medium energy x-ray beams
(Aukett, Harrison, et al. 1996; Ma et al. 2001)

Absorbed Dose

The absorbed dose to a material is, according to Equation (2.2), a measure of the
energy deposited in an infinitesimally small region of the medium. A combina-
tion of information on the incident photons with the mass energy-absorption co-
efficients of the material will therefore be sufficient for calculating the absorbed
dose. Assuming charged particle equilibrium (CPE), the dose in a medium is

exactly the collision kerma
CPE

D =" K. (2.21)
The relationship between absorbed dose D to a medium and the mass energy-
absorption coefficient can then be expressed as

D = E¢—, (2.22)
for monoenergetic photons, and more generally as

Emax
p & / E<p% dE, (2.23)
0

for a distribution of primary photon energies with maximum energy Emax. Here
both the photon fluence and the mass energy-absorption coefficient is of course
functions of photon energy.

2.3 Radiation Dosimeters

A dosimeter is in principle any detector which undergo some quantifiable reac-
tion (heat, charge, chemical change, emission of light, etc.) after being subject
to some incident radiation, producing a defector response r which is a measure
of the absorbed dose D. The detector response is typically affected by several
factors such as radiation type, radiation energy, environmental influences (tem-
perature, humidity, ...) etc. Calibrations in terms of some reference conditions
is therefore crucial for the standardization of use of such dosimeters.
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The approach for dose measurements is thus to establish a calibration coef-
ficient Np,, o for converting dosimeter response to dose to water in radiation
beam quality Q as

Npwo = 228, (224)
Q
under reference conditions. Correction factors k; for any influence factor i can
then be applied for the use of the calibration coefficient in non-reference con-
ditions. Note that the calibration coefficient is not necessarily a independent of
dose. The absorbed dose to water can then be determined from the dosimeter
response as

DW = rND,w,Q Hkl (225)
i

The calibration coefficient is, for the end user, typically obtained over a se-
ries, or chain, of calibrations between different dosimeter types and irradiation
facilities. Also, it is clear that at some initial point in this calibration chain the
absorbed dose must be determined by absolute measurements. Classification of
different levels of dosimetry is therefore introduced.

Absolute dosimetry is where the dose measurement is done with a primary
measurement standard. A primary measurement standard is of the highest metro-
logical quality and allows for the determination of the unit of a quantity from
its definition. That is, a direct measurement of the dose from its definition.
Dosimeters used for this purpose include water and graphite based calorime-
ters, ionization chambers (ICs), and chemical dosimeters (particularly the Fricke
dosimeter) (ICRU Report 64 2001). The absolute measurement of dose can be
utilized to determine calibration coefficients for other dosimeters according to
Equation (2.24).

Reference dosimetry is where the dose is measured at the user beam under
well-established reference conditions, using a dosimeter which is calibrated at
a standards laboratory under matching reference conditions. The dose in the
user beam is the determined according to Equation (2.25). ICs are typically
used as reference dosimeters.

Relative dosimetry is when the dose measurement in the user beam is carried
out under non-reference conditions. The deviations from reference conditions
can be accounted for by use of relevant ratios (mass energy-absorption coeffi-
cients, stopping powers, etc.) and other appropriate corrections (Andreo, Burns,
Nahum, et al. 2017).

2.4 Traceabillity

The absolute dosimetry carried out at primary standard laboratories around
the world are transferred to the end user (hospitals, laboratories, etc.) by a
series of calibrations. A secondary standard is calibrated directly against the
primary standard and is used for calibration of user instruments. This chain of
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calibrations ensure that the dosimeter applied at the end user has a calibration
that is traceable to a primary standard.

Primary standards must, on the other hand, be validated by comparison
with other primary standards to ensure agreement and consistency on doses
determined by calibrations traceable to different primary standards. An inter-
national framework for traceability in dosimetry, centered around the Bureau
International des Poids et Mesures (BIPM), was established in 1958 enabling
international comparisons and traceability to the SI. The BIPM works with pri-
mary standard dosimetry laboratories (PSDLs) to arrange international compar-
isons. The PSDLs supply calibrations for national secondary standard dosime-
try laboratories (SSDLs), who further supplies tertiary standards and end users
with calibrations, elongating the calibration chain but conserving traceability to
the primary standard.

The BIPM also provides calibrations to the International Atomic Energy
Agency (IAEA) to extend traceability worldwide, and to countries without ac-
cess to the ionization dosimetry standards at BIPM. The international arrange-
ment of traceability, the International Measurement System (IMS), is sketched
in Figure 6.2.

— PsDLs |---{ BIPM }--- PSDLs |——

([ Uses | [ Users | [ Users | [ Users | [ Users |

Figure 2.3: The IMS for traceability in radiation dosimetry. Solid lines represent
calibrations and dashed lines represent comparisons. The figure is reproduced
from Andreo, Burns, Hohlfeld, et al. (2000).

As the calibrations continue on downwards in Figure 6.2, the accumulated
uncertainties on the calibrations increase. To ensure reasonable uncertainties at
the user level it is therefore crucial to minimize the added uncertainty to the
calibration chain in each step.

2.5 The Alanine Dosimeter

The dosimeter under investigation in the present thesis is the alanine/EPR
dosimetry system. Alanine is one of the simplest amino acids. The L isomer L-
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a-alanine has been used extensively as a dosimeter since the early 1960’s when
its use was first described by Bradshaw et al. (1962). Dosimetry using alanine
is based on the generation of stable free radicals by ionizing radiation, see Fig-
ure 2.4, and a measurement of the EPR-response is related to the free radical
concentration by EPR spectroscopy. For some time, the stable alanine radical
(SAR) shown in Figure 2.4 was considered the sole contributor to the EPR signal
(Malinen et al. 2003). The EPR signal obtained is, however, not due to a single

o) 0
o H
\c/c\o NS

| |

CH3 CH3

HaN*

Figure 2.4: Chemical formula for L-a-alanine with SAR production by radia-
tion induced ionization. The SAR was for some time believed to be the only
contributor to the EPR signal.

free radical species, as could be falsely interpreted from Figure 2.4, but rather
several stable free radical species occur in varying relative amounts (Sagstuen
et al. 1997; Malinen et al. 2003).

Alanine can be used as a dosimeter in its powder form, however, for most
common applications the powder is mixed with a binder material such as paraf-
fin wax, polyethylene, cellulose, etc. (Hansen 1984; Arber and Sharpe 1993;
Gall et al. 1996) to form pellets or films. The alanine dosimeter is used for
many applications as both transfer and reference standard dosimeter, as well as
secondary standard dosimetry system (Anton 2005; ICRU Report 80 2008).

The principle behind EPR spectroscopy is utilization of the splitting of the
electron energy levels due to an external magnetic field (the Zeeman effect) to
quantify the number of radicals in a sample. In an external magnetic field By
the magnetic moment of the free electrons align either parallel or antiparallel to
the magnetic field, resulting in an energy difference AE between the two spin
states of

AE = ,uBgeBO/ (226)

where pp is the Bohr magneton and ge is the Landé factor of an electron. Since
electrons are Boltzmann distributed, more electrons will occupy the lower en-
ergy states. However, the electrons can switch between energy states by either
emission or absorption of photons with energy equal to the energy difference
AE. Exposing the sample to a fixed microwave frequency with energy AE re-
sults in a net absorption of the microwave energy. The EPR spectrum is gener-
ated by sweeping across a range of magnetic field strengths measuring this ab-
sorption, typically by reflection. For the present work using EPR spectroscopy
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Figure 2.5: Typical EPR-response R of an alanine pellet dosimeter as a function
of dose. The dashed line is a fit of Equation (2.27) to the experimental data.

for alanine pellet dosimeters, the EPR response R refers to the peak-to-peak am-
plitude of the first derivative of the measured absorption spectrum normalized
to the mass of individual pellets.

A typical relation between EPR-response of alanine pellet dosimeters as a
function of dose is shown in Figure 2.5. This response curve is measured for
alanine pellet dosimeters purchased from Harwell Dosimeters (Batch BX608)
irradiated at the Rise High Dose Reference Laboratory (HDRL) cobalt-60 Gam-
macell (GC) 3. The alanine pellets are cylindrical with height 2.7 mm and diam-
eter 4.8 mm, and composition of 91 % L-ax-alanine and 9 % paraffin wax binder.
The EPR measurements were carried out using a Bruker EMXmicro spectrom-
eter, operating at 9.53 GHz, setting microwave power to 2.23 x 1072 mW with
magnetic sweep width 15.0G and modulation amplitude 2.0G. The general
dependence of the EPR-response of alanine pellet dosimeters on the dose is
linear at low doses and exponentially saturating at high doses following the
expression

R(D) = Ry {1 —exp (50)] , 227)

where Ry is the maximum detector response at full saturation, and Dy is the
characteristic dose of the detector. For the data presented in Figure 2.5 the char-
acteristic dose is determined to be Dy = 57.9 kGy with maximum detector re-
sponse Ry = 2.3 x 10%.

A response function like the one depicted in Figure 2.5 can be used for
traceable dose measurements using alanine pellet dosimeters, provided that
the dose measurements used to establish the response curve are traceable to
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national standards or the same beam quality. Since the response of the alanine
pellet dosimeter is dependent on different environmental conditions such as
irradiation temperature, humidity, and general fading of signal over time, a
correction to reference conditions will need to be applied.

The response of the alanine dosimeter is linearly dependent on the irradia-
tion temperature, with temperature coefficients typically in the range 0.1°C~!
to 0.3°C~! for irradiation temperatures in the range —10°C to 50 °C. For tem-
peratures above 50 °C and below —10°C the temperature coefficient deviates
significantly from the linearity (Nagy et al. 2000; Desrosiers et al. 2004; Sharpe
et al. 2009). The variation in temperature coefficients in the literature implies
that temperature coefficients need to be determined for individual alanine pellet
dosimetry systems, including EPR-spectrometers with corresponding settings.
For instance, measurements at Riss HDRL show that the temperature coeffi-
cient takes values of 0.11°C7!, 0.13°C™!, and 0.18°C! for the same alanine
pellet dosimeters, irradiated in a cobalt-60 GC with dose 10kGy in the tem-
perature range 15 °C to 55 °C, for EPR-response measured on a Bruker e-scan,
Bruker EMS-104, and Bruker EMX micro spectrometer, respectively. The in-
duced signal in the alanine dosimeter fades a few percent during the first few
hours after irradiation, and over longer durations of storage, in the order of
years, the relative decrease in signal due to fading is heavily dependent on stor-
age conditions like temperature and relative humidity (Sleptchonok et al. 2000).
The impact of fading due to humidity can however be significantly reduced by
storing the dosimeters under equal conditions pre- and post-irradiation (Arber
and Sharpe 1993).

Alanine dosimeters, in the shape of pellets and films, are used for dose mea-
surements for a wide variety of beam qualities. Since a typical calibration of the
alanine EPR-response per dose is performed for irradiation of dosimeters in a
cobalt-60 reference field with traceability to national standards, it is important
to characterize the relative response Fg g, of the alanine dosimeters in the differ-
ent beam qualities where the dosimeters are used. The relative response of the
alanine dosimeter in a beam quality Q compared to a reference beam quality
Qo is described by

. (’/D)

Q= (R/D)g,

Several studies of alanine pellet dosimeters irradiated in high energy (> 6 MeV)
electron beams have shown a sub-unity relative response ranging from 0.95 to
0.99 (Bergstrand, Bjerke, et al. 2005; Zeng, McEwen, et al. 2005; McEwen, Seph-
ton, et al. 2006; Voros et al. 2012; Anton, Kapsch, Krauss, et al. 2013; McEwen,
Sharpe, et al. 2015). Recently, a consensus paper was published carrying out
an analysis of the available literature data, recommending a correction factor
fco—e = 1.014 to be applied to the dose measured using a cobalt-60 calibration
independent of electron energy (McEwen, Miller, et al. 2020). Similar studies
for irradiations in high energy x-ray fields show a smaller decrease in detec-

(2.28)
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tor response per dose compared to high energy electrons. On average a 0.5%
decrease in detector response relative to cobalt-60 irradiations is observed in-
dependent of energy (Bergstrand, Shortt, et al. 2003; Anton, Kapsch, Krystek,
et al. 2008; Anton, Kapsch, Krauss, et al. 2013).

The decrease in relative detector response is much more pronounced for x-
rays with HV < 300kV. This is expected due to the rather large decrease in the
ratio of mass energy-absorption coefficients of alanine to water for monoener-
getic photon energies < 100keV. The energy dependence of the alanine pellet
dosimeter for low and medium energy x-rays will be discussed in more detail
in Chapter 3.



Chapter 3

Energy Dependence

Several studies concerning the energy dependence of the alanine pellet dosime-
try system have been published in recent years (Zeng and McCaffrey 2005;
Waldeland et al. 2010; Anton and Biiermann 2015; Khoury et al. 2015). The
energy dependence has been known for several decades (Coninckx et al. 1989;
Hansen et al. 1989). However, renewed interest in replacing radioactive sources
for industrial purposes with self-shielded low energy x-ray irradiators has in-
creased the demand for a full characterization of this energy dependence (Dodd
and Vetter 2009). More recent studies have suggested that the energy depen-
dence is partly due to a shift in dose-to-detector to dose-to-water ratio for low
energy x-rays relative to a reference field (typically cobalt-60), and partly due
to a decrease in intrinsic detector efficiency.

In the following chapter the current status of the characterization of the en-
ergy dependence of the alanine pellet dosimeter will be presented. The process
of determining the energy dependence is illustrated by an experimental ap-
proach in low and medium energy x-ray fields. Issues regarding translating
the energy dependence from idealized experimental setups to practical use in
more complex geometries, e.g. small self-shielded irradiators, will be discussed,
including what characterization is required for use in traceable dosimetry.

The results presented in this chapter, based on paper I and III, are used to
highlight the issues concerning alanine pellet dosimetry at low x-ray energies.
All uncertainties listed, in writing or illustrations, in the following chapter are
stated at k = 1.

3.1 Dosimeter Response

3.1.1 General Considerations

A reduction in the generation of stable free radicals per dose to water for ala-
nine pellets irradiated with low energy x-rays relative to a cobalt-60 reference
is expected from simple considerations of the mass energy absorption coeffi-
cients. For monoenergetic photons the deposited dose in a medium D4 can

19
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be calculated by

Dined = E¢(E) (*;) K (3.1)

where E is the photon energy, ¢(E) is the photon fluence in the medium, and
[Men/ P)med is the mass energy absorption coefficient for the medium. Assuming
large detector volume compared to the range of secondary electrons the ratio
of dose to a detector Dge; to Dpyeq can be expressed as (Andreo, Burns, Nahum,
et al. 2017)

Dget _ (Men/P) et = (Ven>det (3.2)
Dmed (Ven /p)med P

The alanine to water ratio of mass energy absorption coefficients relative to
the value for a cobalt-60 reference beam quality Qg is shown in Figure 3.1. The

med

L] L] L] L
10° 10! 10? 10° 10*
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Figure 3.1: Alanine to water mass energy absorption coefficients relative to the
value at for a cobalt-60 reference beam Q. Data from Hubbell and Seltzer
(1995).

subscript ‘Q, Qp’ on the ordinate-label refers to the ratio of monoenergetic value
Q to cobalt-60 reference value Qg. By comparing Equation (3.2) with Figure 3.1
it is observed that the relative D,j, to D,y ratio decreases significantly for photon
energies below approximately 100keV. This indicates a lower dose to alanine
compared for the same dose to water when irradiated at low energy x-rays
relative to cobalt-60 irradiations. A smaller dose to the alanine pellet results
in a lower generation of stable free radicals, and thus the response per dose to
water decreases.

The effect sketched out here is obviously not the full story. Firstly, we are
not encountering monoenergetic photon beams when using x-ray generators.
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Secondly, the derivation of Equation (3.2) requires that secondary electrons de-
posit their energy locally, and that the photons fluence at the detector position is
identical for the medium and the detector. This section does, however, illustrate
the energy dependence introduced by the variation in interaction probabilities
between detector material and medium. For a full determination of the dose
ratios MC calculations are the optimal approach.

3.1.2 Experimental Determination of the Relative Response

An experimental determination of the relative response Fg o, is obtained by ex-
amination of the EPR response R per dose to water D,, delivered to the alanine
pellet dosimeter at kV x-ray beam qualities Q relative to a cobalt-60 reference
quality Qo
L (R/Dw)g
Q.Qo (R/DW)QO.
In this thesis the relative response was determined for three x-ray beam qualities
obtained using two different x-ray tubes and geometries.
The first x-ray beam quality considered was a low filtered 40 kV beam with
a first HVL of 0.08 mm of aluminum, corresponding to an effective energy of
9keV. This set of irradiations was carried out at the Center for Nuclear Tech-
nologies (Nutech) — now Department of Health Technology (Health Tech) — at
the Technical University of Denmark (DTU) using a Varian VF-50] x-ray tube. A
detailed description of the x-ray field and irradiation geometry can be found in
Andersen et al. (2003) and Paper 1. Measurement of D, was performed using
a PTW 23344 parallel plate ionization chamber with a designated PTW 2962
polymethyl methacrylate (PMMA) slab phantom, designed for use in soft x-ray
beams. For irradiations of alanine pellet dosimeters, the ionization chamber
and designated PMMA slab, were interchanged with an Acrylonitrile butadi-
ene styrene (ABS) holder containing four alanine pellets with front face at the
phantom surface. The irradiation geometries are sketched in Figure 3.2. The
ionization chamber measures the dose at the surface position, while the EPR
readout of the irradiated alanine pellets corresponds to the average value over
the pellet dimensions. The EPR response must be corrected to the surface value
to obtain comparable quantities. A correction factor k. for this purpose was
determined by the ratio of homogeneous surface dose Dy deposition to actual
dose D(z) as a function of depth in the pellet z

(3.3)

Zp'Do

N fOZP D(z)dz’ G4

vol

where zp, is the pellet thickness. The depth dose curve inside the pellet volume
is obtained by MC calculation, and a correction factor of ky, = 1.84 +0.03 is
obtained. The measured EPR response, both corrected and uncorrected, of the
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Figure 3.2: Sketch of the irradiation geometry used for the Varian VF-50] x-ray
tube irradiations, showing ionization chamber placement (a) and alanine pellet
dosimeter placement (b) in the PMMA phantom. Figure adopted from Paper L
Dimensions are not to scale.

irradiated alanine pellets normalized to the mass of individual pellets is shown
in Figure 3.3. The relative response of the alanine pellet dosimeter in this kV x-
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Figure 3.3: Measured EPR response R per mass of individual alanine pellets
irradiated in a 40kV x-ray field. For the EPR response after irradiation in the
40kV x-ray field, also values corrected for dose gradient in the alanine pellet
are shown.

ray field is obtained, according to Equation (3.3), by the ratio of the slopes of the
response functions. Using the dose gradient corrected EPR response function
for the x-ray field a value of Fé(,)éX = 0.650 £ 0.024 is obtained.

A second set of irradiations was carried out at National Physical Labora-
tory (NPL) using two beam qualities with HVs 135kV and 280kV and HVLs
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0.50 mm and 4.0 mm of copper, respectively, corresponding to effective energies
59keV and 168keV. Here a PTW 30012 Farmer type ionization chamber was
used to obtain the Dy, at 2cm water equivalent depth. Measurements was car-
ried out in a solid water phantom, and an ionization chamber dummy made
of solid water was used to place the alanine pellets with central position at
the effective point of measurement of the ionization chamber. The geometry
is sketched in Figure 3.4. A more detailed description of beam qualities and
irradiation conditions are given in Paper IIL
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Figure 3.4: Side view of solid water geometry with ionization chamber dummy
containing alanine pellets at the effective point of measurement of the actual
ionization chamber.

MC calculations of the depth dose curve inside the alanine pellet volume
showed a constant dose gradient for both beam qualities. The EPR readout
corresponds directly to the Dy, value at the central point of the pellet (An-
ton, Hackel, et al. 2015). Therefore, a correction for the dose gradient similar
to Equation (3.4) is not necessary in this case. The measured EPR response
normalized to individual pellet mass is shown in Figure 3.5 as a function of
D,. The relative response obtained for the 135kV and 280kV NPL x-ray beam
qualities was determined, as the ratio of slopes, to Fé3(5210<V = 0.762 +0.021 and

FZOKY = 0.941 £ 0.025 respectively.

The relative responses determined for the three x-ray beam qualities are
shown in Figure 3.6 together with literature values for the relative response for
comparison introduced in Section 3.1.3.
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Figure 3.5: Measured EPR response R per mass of individual alanine pellets
irradiated at the NPL 135kV and 280kV beam qualities.

3.1.3 Literature Overview of Relative Response

Several experimental studies of alanine exposed to kV x-rays have been con-
ducted in the previous decades. Table 3.1 show the most relevant literature
references where the relative response of alanine pellet dosimeters are inves-
tigated, either as the primary scope of the paper or as a biproduct for other
studies. The beam quality identifiers HV and effective energy E. is listed to
give an idea of the energy regime under investigation. Common for these stud-
ies is that the relative response Fg o, of x-ray beam quality Q is listed as EPR
response R per D, relative to a cobalt-60 reference quality Qg according to
Equation (3.3).

Hansen et al. (1989) measured the relative response of alanine pellet dosime-
ters in a single 250 kV x-ray beam with effective energy of approximately 90 keV.
The relative response was determined to be 0.82 4= 0.03 and 0.82 4 0.06 for two
different alanine pellet compositions (95 % L-x-alanine and 5 % binder and 75 %
L-a-alanine and 25 % binder, respectively).

Coninckx et al. (1989) investigated the alanine dosimetry system as potential
reference dosimetry system for use in accelerator radiation environments at
CERN. The energy dependence of the alanine dosimeter was measured at four
x-ray qualities with effective energies between 40keV to 120keV displaying a
relative response in the range 0.75 to 0.95. The method for establishing the
reference dose to water is, however, not described in detail, and the values for
the relative response, and associated uncertainty, are therefore estimated from
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Table 3.1: Overview of literature data on the relative response of the alanine
pellet dosimeter in kV x-ray fields.

Reference HV, kV Eqi, keV  Note

Hansen et al. (1989) 250 90

Coninckx et al. (1989) - 40-120 Values extracted from
graph.

Zeng and McCaffrey (2005) 150 71.5 Air kerma reference.

Chen et al. (2008) 80-250 32-145 Values extracted from
graph.

Waldeland et al. (2010) 50-200 32-99

Khoury et al. (2015) 125 - In blood irradiator RS-
2400.

Anton and Bliermann 30-280 15-151 Very low uncertainties.

(2015) Compared directly to

water calorimeter pri-
mary standard.

Nasreddine et al. (2020) 50-100 27-43 Values obtained
through private com-
munication.

Figure 2 of their publication.

Zeng and McCaffrey (2005) measured the relative response of alanine pellet
dosimeters in a 150kV x-ray beam with effective energy 71.5keV obtaining a
value of 0.839 & 0.007. Here, the response of alanine is in terms of air kerma
instead of dose to water making direct comparison difficult.

Chen et al. (2008) studied the enhanced sensitivity of alanine pellet dosime-
ters doped by iodine atoms, as well as the energy dependence of non-doped
alanine pellet dosimeters as a reference. They report a similar decrease in de-
tector response as the other publications but does not specify exact values. The
values depicted in Figure 3.6 and other figures in the present thesis are extracted
from Figure 3 of their publication.

Waldeland et al. (2010) presented the first larger study of the energy depen-
dence of the alanine pellet dosimeter, using x-ray beam qualities in the range
50kV to 200kV, with effective energies ranging from 32keV to 99keV. An al-
most linear dependence on the effective energy was observed for this range of
beam qualities.

Anton and Biiermann (2015) presented a detailed study of the alanine re-
sponse for two series of x-ray qualities. A low energy TW series ranging from
30kV to 100kV and a medium energy TH series ranging from 70kV to 280kV.
A very low uncertainty was achieved by using the Physikalisch-Technische Bun-
desanstalt (PTB) water calorimeter primary standard for determining the refer-
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ence dose to water. Results were presented as a function of the mean energy
of the x-ray beam with respect to photon fluence. For better comparison with
other published data the effective energy is used when depicting their obtained
data in the present study (the effective energy is here calculated from their listed
HVLs).

Recently Nasreddine et al. (2020) added to the existing literature data by
investigating the response of alanine detectors irradiated at x-ray beam qualities
in very close resemblance to each other, using multiple instances of the same
HV but with varying filtration. Some variation was observed, however, within
experimental uncertainties, results was in agreement with the somewhat well-
defined relation between the relative response and effective energy observed by
Waldeland et al. (2010) and Anton and Bliermann (2015).

The relative responses reported in these studies are shown in Figure 3.6 as
a function of the effective energy (or equivalent energy as stated by Coninckx
et al. 1989), together with experimentally determined values described in Sec-
tion 3.1.2. A general trend is apparent in the data, somewhat in agreement with
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Figure 3.6: Literature values for the relative response Fg o, of the alanine pellet
dosimeter in kV x-ray fields, quantified by their effective energy E., relative to
a cobalt-60 reference field.

the energy dependence of the ratios of mass energy absorption coefficients in
Figure 3.1 — the relative response is decreasing for lower values of the effective
energy and converging towards unity as the effective energy increases above
100 keV. For the very low end of the energy range the data is scarce, and below
30keV only Anton and Biiermann (2015) are contributing. For larger energies
more individual studies are available, introducing a significant spread in the
experimentally determined values for the relative response.
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It is not obvious that the effective energy (or equivalently the HVL) of the
x-ray beam should be sufficient characterization to unanimously determine the
relative response of the alanine pellet dosimeter. Different data sets show dif-
ferent slopes and 'convergence rate’, e.g. Coninckx et al. (1989), Waldeland et al.
(2010), and Anton and Biiermann (2015). This effect may just be within mea-
surement uncertainties, but it could also indicate that knowledge of the effective
energy (or HVL) of the x-ray beam is not sufficient information to accurately
determine the relative response.

The experimentally determined values for relative response are all' obtained
under well-defined laboratory conditions. This includes well characterized
beams in a suitable irradiation geometry (phantom size and material, source
to surface distance (SSD), low scatter conditions, etc.). If and how the relative
efficiency is affected when translated to more complex irradiation conditions
(e.g. blood irradiators where several x-ray sources may be present) is not clear.
The most practical tool for investigating the influence of changing geometry is
by MC calculations. This kind of investigation requires validation of the MC
calculations ability to reproduce the observed relative response.

3.2 Monte Carlo Calculation of Dosimeter Response

Direct experimental determination of the relative response of dosimeters in
complex fields like commercially available small self-shielded x-ray irradiators
is a difficult task. Assuming the use of ionization chambers for D,, measure-
ments, issues concerning the shift from reference conditions in which the cham-
ber is calibrated, placement in irradiation cavity including wiring between ion-
ization chamber and electrometer, etc. are introduced.

A practical alternative to direct measurements is the use of MC calculations.
Assuming well known geometries, field size, and spectral distribution of pho-
tons, the relative ratio of doses Hg g, can be calculated as

(Dala/Dw)Q

H = = 3.5
Q0 (Dala/DW)QU ( )

If the decrease in relative response of the detector at low photon energies is
solely an effect of varying dose ratios, then the relative response is simply

Fo,0, = Ho,0,- (3.6)

For the beam qualities investigated in the present study calculation of the
relative ratio of doses was carried out by constructing the irradiation geometries
sketched in Figure 3.2 and Figure 3.4 with the cavity usercode of the EGSnrc

IFor all listed studies where detailed information on the irradiation geometry is given.
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MC toolkit (Kawrakow et al. 2000). The reader is referred to Paper I and Pa-
per III for a detailed description of calculations. For modeling of the alanine pel-
let dosimeters, a material data file with a mixture of alanine and paraffin wax,
by ratio specified by the manufacturer, was constructed using bulk density. For
calculations using alanine in high energy beams, both electron and x-ray, care
should be taken when applying a density correction to the electron stopping
powers, as the bulk density is considerably lower than the crystalline density
(Zeng, McEwen, et al. 2005; Anton, Kapsch, Krauss, et al. 2013; ICRU Report 90
2016). The calculated value for the relative ratio of doses for the 40kV beam

quality is H4QO(5V = 0.707 £ 0.017, and for the irradiations carried out at NPL the

calculated values are Hg%kv = 0.863 £ 0.020 and H(2280Q1;V = 0.990 £ 0.023. The
calculated relative ratio of doses overestimates the measured relative response
by 8.1 %, 11.0 %, and 4.6 %, indicating an additional contribution to the decrease
in relative response not accounted for in the MC calculations.
Calculated Hg g, values for two large sets of primary x-ray spectra (see
Section 5.3 for a description of the spectra) are shown in Figure 3.7, together
with the experimentally determined Fg o, values. The Hp o, values shown in
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Figure 3.7: MC calculated relative dose ratios Hp o, using sets of low (red lines)
and medium (blue lines) energy x-ray spectra, see Section 5.3 for details. Data
points represent literature values of the relative response Fg o,

Figure 3.7 are calculated for an alanine pellet placed at 2cm depth in a water
phantom with a parallel x-ray beam. Therefore it does not necessarily represent
identical geometries as used to obtain the experimental Fg o, values. However,
it does illustrate the general tendency of overestimating the relative response
of the dosimeter as is observed for the three beam qualities studied here, and



3.3 Experimental Determination of Relative Efficiency 29

which is also reported by Zeng and McCaffrey (2005), Waldeland et al. (2010),
and Anton and Biiermann (2015).

The interpretation of this discrepancy is that Equation (3.6) does not hold.
The underlying assumption of Equation (3.6) is that the induced response in the
detector per dose to detector material is independent of photon energy — that is
the relative efficiency Gg o, is unity. The relative efficiency can be written as

(r/Dala)Q

G = (r/Dala)QO (3.7)

The relation between the relative response and the two contributors is then

Fo,0, = Go,0, - Ho,Qp/ (3.8)
(T/DW)Q (V/Dala)Q (Dala/Dw>Q

= . . 3.9
(r/DW>QO (r/Dala)QO (Dala/DW)QO ( )

From Equation (3.8) it is clear that the relative efficiency can be determined by
the ratio of Fg o, to Hp g,- The experimental determination of G o, requires
sufficiently detailed information about x-ray field and irradiation geometry to
reliably perform MC calculations of Hg g, .

3.3 Experimental Determination of Relative Efficiency

An experimental determination of the relative efficiency of the alanine pellet
dosimeter subject to irradiation in the three LE x-ray beam qualities considered
here can now be determined according to Equation (3.8). The determined values

are G‘gg;’ = 0.919 + 0.040, G135QISV = 0.890 + 0.032, and (;280kv 0.954 + 0.034.

These experimentally determined GQ Q, values are shown as a function of the
effective energy of the x-ray beam in Figure 3.8 together with literature values.

The literature values shown in Figure 3.8 are obtained from Zeng and Mc-
Caffrey (2005), Waldeland et al. (2010), and Anton and Biiermann (2015). both
Zeng and McCaffrey (2005) and Waldeland et al. (2010) directly compute the
relative efficiency in their studies, while Anton and Biiermann (2015) present
experimentally determined values for the relative response and MC calculations
of the relative ratio of doses for all beam qualities under investigation, and the
Go,q, values listed for Anton and Biiermann (2015) here is obtained by taking
the ratio of these values.

It is difficult to conclude much about the energy dependence of the relative
efficiency from the available data, other than a significant decrease is observed
for low energy x-rays. Different trends in the energy dependence can be deter-
mined from Figure 3.8, such as a local increase around 20keV to 30keV. The
Waldeland et al. (2010) data indicate a steadily increasing relation for effective
energies between 30keV and 100keV, while the Anton and Biiermann (2015)
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Figure 3.8: Experimentally determined values of the relative efficiency Gg o, as
a function of effective energy of the primary x-ray beam.

data indicate almost constant value in the same energy range. The deviations
between relative efficiency at specific energies determined in different studies
can however be resolved by consideration of the experimental uncertainties. It
may also be a consequence of the effective energy not being sufficient informa-
tion to uniquely determine the relative efficiency.

3.4 Characterization of the Relative Efficiency

The experimental data on relative efficiency of the alanine pellet dosimeter in
kV x-ray fields indicate an overall trend of decreasing efficiency for decreas-
ing effective energy of the primary beam. Some variation in the determined
values for Gg ¢, is observed for similar effective energies. However, since the
experimental uncertainty is relatively large compared to the decrease in relative
efficiency, the differences are not significant regarding uncertainties.

The deviations may however occur because of differences in irradiation ge-
ometry. The data obtained from Anton and Biiermann (2015) consist of two
distinct sets of irradiations. A low energy set where the pellets are placed at
the surface of a PMMA phantom similar to the 40kV irradiation of Paper I,
and a medium energy set where the pellets are placed at 5cm depth in a water
phantom. In the study by Waldeland et al. (2010) the alanine pellets are placed
in a solid water phantom at 2cm depth, similar to the 135kV and 280kV irra-
diations of Paper III. Since the beam profile changes as it is attenuated through
the phantom material, this may significantly affect the relative efficiency.
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Even if all experimental data were obtained for similar geometries, it is not
obvious that the effective energy should be sufficient to fully characterize the
energy dependence of the relative efficiency, and thus of the relative response,
of the dosimeter. Furthermore, it is not clear how the relative efficiency of
the alanine pellet dosimeter is affected when transferred to non-standard x-ray
fields.

The issue of determining the relative response of the alanine pellet dosimeter
directly in a non-standard field, where ionization chambers can not easily or
reliably be used, still stands. If the relative efficiency of the dosimeter placed in
a specific geometry could be determined independently of a relative response
measurement, then the relative response could be calculated by combination
with a MC calculated relative ratio of doses according to Equation (3.8).

One approach for independently determining the relative efficiency of the
alanine pellet dosimeter is the use of the microdosimetric one-hit detector
model (OHDM). Olko (2002) applied the microdosimetric OHDM to calculate
the relative response of alanine dosimeters irradiated by monoenergetic pho-
tons. The results showed a decrease in the relative efficiency comparable to the
experimentally determined values.






Chapter 4

The Microdosimetric One-Hit Detector
Model

Microdosimetry accounts for the discreteness of the dose deposition. The in-
teractions of ionizing radiation (particles and photons) with matter can usually
be treated by use of the mean values, e.g. average dose D to a given volume of
material. This is the so-called non-stochastic version of dose (Rossi and Zaider
1996). Microdosimetry defines a volume of interest (target volume) where en-
ergy deposition events are considered. An ionizing particle passing through the
target volume producing at least one ionization is called a single-event. When
the single-event leads to the generation of a detector response (e.g. a free radical
in alanine) this event is called a hit. The distribution of energy deposited inside
the detector volume is not uniform since the energy transfer occurs in discrete
events (Olko 2002).

The following chapter introduces the basics quantities of microdosimetry
are introduced with a one-hit detector model (OHDM) for calculating a detec-
tor efficiency. The evaluation of microdosimetric distributions from MC calcu-
lated particle tracks is subsequently described, followed by an application of
the OHDM calculation of the detector efficiency.

This chapter is based on the results of paper IV.

4.1 Microdosimetric Quantities

For interactions of ionizing radiation with matter, energy is transferred by ion-
izations and excitations. The stochastic quantity related to this transfer of en-
ergy is the energy deposited €; in a single interaction i, defined by (ICRU Report
36 1983)

€ = €in — €out + Q, (4.1)
where ¢j, is the energy of the incident particle, €oyt is the sum of the energies of
all particles leaving the interaction, and Q is the total decrease in rest mass of

the atom and all involved particles. ¢; is a stochastic quantity and is subject to
random fluctuations for any given incident particle. The combined contribution

33



34 4 The Microdosimetric One-Hit Detector Model

of energy depositions in a volume V is the energy imparted e

£ = Zsi. (4.2)

For an average energy expended per ionization produced, W, in the medium the
energy imparted can be expressed as

e=7j-W, (4.3)
where j is the total number of ionizations in the volume. Dividing the energy
imparted by the mass m of the volume, the specific energy z is obtained

€
= . 4.4
z= = (44
The mean value of the specific energy z is the mean energy imparted €

_ €
zZ=—

(4.5)

§.

The mean specific energy is the stochastic equivalent of the non-stochastic quan-
tity of absorbed dose D which is defined from the mean specific energy as
D = lim z. (4.6)
m—0
For the definition of the energy imparted in Equation (4.2) the sum is of a
finite number of discrete events. This would imply that the energy imparted
is described by a non-continuous function. The specific energy can be approxi-
mated as a continuous random variable for sufficiently large number of interac-
tions. In this case the probability that the specific energy produced in multiple
energy transfer events in the interval [z,z+ dz] is f(z)dz. Usually only one
track overlaps the target volume for low doses where D < z, which moti-
vates the consideration of a single-event frequency distribution fi(z) (Horowitz
2006). Here the subscript refers to the single-event consideration, rather than
the general multi-event frequency distribution f(z). The single-event frequency
distribution measures the distribution of z with the restriction that all energy
deposits occur as single events (Rossi and Zaider 1996).
The expectation value of fi(z) is the frequency mean specific energy zg which
in turn is the first moment of the frequency distribution

/Ooozfl(z)dz
./(;oofl(z) dz

Typically f1(z) is normalized to a single event and the denominator in Equa-
tion (4.7) is unity. Single event distributions are independent of the dose, but do
depend on the characteristics of the ionizing particle track and the target shape,
size, and composition. zf is the average dose deposited in the target volume by
single events.

e 47)
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4.2 Detector Response in Microdosimetry

The microdosimetric OHDM is applied in the present study to explore the rela-
tive efficiency of the alanine pellet detector. The OHDM is a phenomenological
model based on the multi-hit and multi-target theories originally applied to
describe inactivation of microorganisms. Here it is assumed that a detector
contains a single type of target which can tolerate a certain amount of hits (en-
ergy deposition events) before it is affected (cell death in the microbiological
case or signal production for ionizing radiation detectors). The hits in the tar-
get are assumed to be independent of each other and as such, the process can be
described by Poisson statistics. The probability that no effect occurs (survival
S) after n hits can be described as a function of D by (Kellerer 1985; Horowitz
2006)

n—1 ,—aD v
S(D) = ;)76 V(!“D) , (4.8)

where « is a saturation parameter.
As the name suggests, one-hit detectors are the special case of n = 1. Here
the probability of survival reduces to the simple, purely exponential function

S(D)=e"P, (4.9)

In this case a can be interpreted as the mean number of hits in the target per
unit absorbed dose. For n > 1 Equation (4.8) describes the survival function
for some biological systems (see for instance the survival curves presented in
Chapter 7).

The probability of survival can be expressed in terms of the microdosimetric
single-event frequency distribution as (Zaider 1990)

5 (D) = exp {—Z /Ooo (1—e™) f(z) dz| . (4.10)

The physical interpretations of the different parts of Equation (4.10) are
* zp: The average dose deposited by single energy deposition events.

* D/zr: The average number of events taking place in the target volume
after irradiation of dose D.

* 1 —exp(—az): The probability of an effect occurring after deposition of
specific energy z.

* J5 (1 —e7%) fi(z) dz: The probability that an effect occurs in the target
volume per energy deposition event.
o — fo (1 —e %) f1(z) dz: The number of effective hits after irradiation of

dose D.
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The probability that a detector response R(D) is produced is the comple-
ment probability of the probability of survival

R(D)=1-S(D) (4.11)

=1-exp {—Z /Ooo (1—e™) fi(z) dz] . (4.12)

This is the normalized response function of a one-hit detector. The characteristic
dose Dy in

R(D) =1—exp <—50> , (4.13)

can be estimated as

ZF
Dy = , 4.14
RIS TABEE a
assuming that Equation (4.13) is the characteristic response function of one-hit
detectors (see Figure 2.5).

For low doses D < zf the response function can be further simplified by the
truncated Taylor expansion of the exponential function (e* ~ 1 + x), obtaining

R(D) = = 0°° (1— e fi(z) dz. (4.15)

The relative efficiency of a one-hit detector defined by

G {R/D)g (4.16)
QIQ = 4 :
C(R/ D)Qo
can then be expressed with the microdosimetric OHDM as
—zxz Q
. = [Ta-e) e
Go,0, = , (4.17)
QQo i / (1 —zxz) fQO( )dz
70 Jo
F

where the superscript Q and Qy refer to the relevant beam qualities. The cal-
culation of the relative detector efficiency using the microdosimetric OHDM
depends on the free parameters of the model. These parameters are the target
diameter d (assuming a spherical target) and the saturation parameter a. The
target diameter does not appear directly in Equation (4.17) but the frequency
distribution of specific energy depends on the target size and shape.
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4.3 Monte Carlo Approach for Calculating Microdosimetric
Distributions

The scoring of microdosimetric distributions is based on the evaluation of MC
calculated ionizing particle track structures. The Geant4-DNA MC toolkit is used
here in order to track particles to very low energies in water (Incerti 2010a;
Incerti 2010b; Bernal et al. 2015; Incerti et al. 2018). Figure 4.1 shows three
1keV electron tracks generated at the origin with momentum in the positive
z-direction. Each dot represents ionization positions.

x [nm] 20

Figure 4.1: (x, y, z)-coordinates for ionizations produced by three 1keV elec-
trons in water calculated using the Geant4-DNA Monte Carlo code. Each color
represents a single electron track. The black dot represents the origin.

The calculation of microdosimetric single-event frequency distribution from
particle tracks is done according to the method described by Kellerer and
Chmelevsky (1975), Kellerer (1985), and Rossi and Zaider (1996). The direct
method for calculating the frequency distribution considers randomly placed
target volumes of diameter d in the region of interest (detector volume) for
individual particle tracks, and scoring the specific energy in this region. The
region of interest can be interpreted as the bounding box of the particle track.
A two-dimensional sketch of this method of analysis is shown in Figure 4.2a.
This direct approach calculates accurate microdosimetric frequency distribu-
tions, but for large particle tracks the number of misses (randomly selected
target volumes with z = 0) increases dramatically and the computations get
very time consuming.

An alternative approach is using a weighted sampling procedure. Here
only the associated volume, where z > 0, is sampled. This can be obtained by



38 4 The Microdosimetric One-Hit Detector Model

d
—
//A\\
d 4 A T~
O (,—<\> [ f‘, N
/7 ~ - N
\ \ / |
O A ! | N 1® /¢ ® "
- T ° s~ o /
/ o \ ! TV ee 4
p \ p - 2%
1 N a - =
.
) N
\ /
N
DN
- =< /’ \\\
A S /. \y
’ \ .
/ {‘y * \ ¢ I
\ . . YO 7
\ v / So_ 7
/N _ -
A s - -
— = ST
/7 N 4 S
\ !
1 / |
\ . ! v I
* N // Xt /
N . ~_ -7
a) Uniform sampling - f(z) b) Weighted sampling — d(z)

Figure 4.2: A two-dimensional illustration of the process for obtaining micro-
dosimetric distributions. a) Uniform sampling resulting in the frequency dis-
tribution f(z). b) Weighted sampling resulting in the dose distribution d(z).
Filled gray circles represent the associated volume of the particle track, red
dashed circles represent a set of sampled target volumes, and gray dashed cir-
cles represent randomly selected energy transfer points for the weighted sample
procedure. Illustration inspired by Famulari et al. (2017).

randomly selecting an energy transfer point (ionization position) in the particle
track, and a randomly selected sampling point in the sphere of radius r = d/2
around the energy transfer point. A two-dimensional sketch of the situation is
shown in Figure 4.2b. Using this weighted sampling procedure regions of high
ionization density is favored by the choice of random energy transfer point with
a weight factor proportional to z, and the dose distribution of specific energy
d(z) is obtained rather than the frequency distribution. Like for the frequency
distribution, the probability that the specific energy produced in the interval
[z,z + dz] is d(z) dz if this weighted sampling procedure is used (Kellerer and
Chmelevsky 1975). As for the frequency distribution, the single-event dose distri-
bution dq(z) can be considered when only single particle track can be assumed
to overlap the target volume.

The frequency distribution and dose distribution of specific energy are re-
lated by

d] (Z) = :f1 (Z), (4.18)
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and equivalently (Kellerer and Chmelevsky 1975; Kellerer 1985)

z 'di(2)

hE) = =—.
/ z71d;(z) dz
0

(4.19)

Since the weighted sampling procedure, per definition, ensures at least one
ionization present per target volume (z > 0) the computation time is heavily
reduced relative to the uniform sampling method.
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Figure 4.3: Cumulative frequency distribution of ionizations for single tracks
obtained using the weighted sampling procedure (solid lines) and the uniform
sampling procedure (dashed lines) for target diameter 4 = 20 nm.

To validate the equality of the two procedures, a set of single-event fre-
quency distributions were calculated using the respective procedures. The ob-
tained distributions of ionizations are shown in Figure 4.3 presented in cumula-
tive form. The cumulative distributions shown in Figure 4.3 are for a single par-
ticle track at 1keV, 5keV, and 10keV with target diameter d = 20 nm. This low
energy and single track sample is chosen to reduce computation time, while the
equality of the single-event frequency distributions obtained through the two
procedures can still be confirmed.

In order to convert the number of ionizations j into specific energy z, an
arbitrary value for the average energy expended per ionization produced of
W = 30eV is chosen similar to Olko (2002). This scaling is not critical since, for
the response of the alanine pellet dosimeter, the signal is induced by ionizations
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Figure 4.4: Microdosimetric single-event dose distribution of specific energy
for 1keV, 10keV, 100 keV, and 200 keV electrons in water, using target diameter
d = 10nm.

and not the overall energy deposition. The specific energy is then
. 6Wj

=7 4.20
Ptargetﬂda ( )

where Ptarget is the density of the target volume. The calculated normalized
single-event dose distribution of specific energy for 1keV, 10keV, 100 keV, and
200keV electrons with target diameter 4 = 10nm are shown in Figure 4.4. Here
multiple particle tracks are analyzed individually to obtain a general microdosi-
metric spectrum for each energy. A general characteristic of the dose distribu-
tion, evident from Figure 4.4, is that increasing electron energy results in a shift
in the distribution towards lower specific energies, as well as a convergence to-
wards a specific dose distribution for higher energies. This would imply that
composite microdosimetric spectra e.g. from photon spectra with a range of
secondary electron energies, is quite sensitive to the fraction of low to high en-
ergy secondary electrons. The greater mean specific energy for lower energies
is obtained by an increased mean number of ionizations occurring in the target
volume, implying a greater ionization density.

4.4 Microdosimetric Distributions for Photons

Photons interact with matter via the usual processes (photoelectric effect,
Compton effect, pair production, etc.) transferring energy to secondary elec-
trons. The distribution of secondary electrons propagates through the detector,
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depositing their energy along the way, producing the response (detector sig-
nal, cell death, etc.). The microdosimetric distributions for a primary beam of
photons can thus be obtained by considering the secondary electrons produced
in the medium. If the initial energy distribution of secondary electrons ¢(E)
produced in the medium by the primary photon beam is known, then the mi-
crodosimetric dose distribution of specific energy can be calculated by folding
in the dose distribution of electrons (Figure 4.4) in with the secondary electron
spectrum (0lko2006)

/ d1(z, E)p(E)E dE
di(z) = )
/cp(E)E dE

For energies below approximately 1000 keV only photoelectric and Comp-
ton effect are relevant processes for ionizations in the medium. In the present
study the initial energy distribution of photo- and Compton electrons are
calculated using the Geant4 MC toolkit (Agostinelli et al. 2003) using the
GAEmDNAPhysics_option2 electromagnetic model.

(4.21)

4.4.1 Cobalt-60 Reference Field

A cobalt-60 reference beam is used as an example of the calculation of mi-
crodosimetric distributions in photon fields. The microdosimetric single-event
frequency distribution of a reference beam quality Qo is required for the cal-
culation of the relative efficiency of a dosimeter according to Equation (4.17).
The reference beam quality used here is a Nordion GC220 Gammacell located
at the Rise HDRL. The spectral distribution of photons at the central region
in a reference geometry with dose to water measurements with alanine pellet
dosimeters traceable to NPL is shown in Figure 4.5.

The initial energy distribution of photo- and Compton electrons produced
in an alanine pellet placed in the irradiation geometry by the primary pho-
ton beam is also shown. The two peaks in the secondary electron spectrum
at approximately 0.96 MeV and 1.12MeV corresponds to the maximum energy
of Compton electrons produced by primary photons with energies in the two
peaks in the cobalt-60 spectrum.

The dose distribution of specific energy obtained by folding the secondary
electron spectrum with the dose distribution for monoenergetic electron beams
according to Equation (4.21) is shown in Figure 4.6 for target diameter 10 nm,
20nm, and 30 nm. The shape and position of the dose distributions in Figure 4.6
are affected by the target diameter in two ways — greater target diameter entails
that more ionizations, and thus greater energy deposition, occurring in the tar-
get volume, and at the same time the increase in target diameter result in a
greater mass of the target volume. The combined effect is evident in Figure 4.6,
where an increase in target diameter shifts the dose distribution towards lower
mean specific energies. The mean specific energy follows a power function of
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Figure 4.5: Primary photon energy spectrum at the central region of the HDRL
cobalt-60 Gammacell (blue) and secondary electron energy spectrum produced
in an alanine pellet irradiated in the central position (red) calculated using the
Geant4 MC toolkit. Both spectra are normalized to unit area under the curve.
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Figure 4.6: Microdosimetric single-event dose distribution of specific energy
for alanine pellets in the HDRL cobalt-60 Gammacell. Different distributions
are shown, illustrating the dependence of the microdosimetric distributions on
target volume. Target volumes shown are d = 10nm (red), d = 20nm (blue),
and d = 30nm (black). The vertical dashed lines represent the first moment of
each dose distribution.
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the diameter of the spherical water targets (see Figure 4.7) of the form

F _, < d )Cl, 4.22)

Gy:O nm

where the parameters ¢y and c; can be determined by regression analysis. For
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Figure 4.7: Mean specific energy zr in a spherical water target of varying diam-
eter d for irradiations in the HDRL cobalt-60 gammacell (dots), and a regression
of the form Equation (4.22) (dashed line).

the microdosimetric distributions obtained for the cobalt-60 Gammacell the co-
efficients are ¢y = 1.01 x 107 and ¢; = —2.74.

4.5 Free Model Parameters

The microdosimetric OHDM, with relative efficiency described by Equa-
tion (4.17), depends on the free model parameters « and 4. For the model
to best describe the relative efficiency of the alanine pellet dosimeter irradiated
in kV x-ray fields, experimental data for the relative efficiency in well-known
fields is used to determine the optimal set of model parameters. Several stud-
ies of the relative response and efficiency of the alanine pellet dosimeter in kV
x-ray fields are available in the literature (Zeng and McCaffrey 2005; Waldeland
et al. 2010; Anton and Biiermann 2015). For fixing the free model parameters
detailed knowledge of the x-ray spectra and irradiation geometry is required
in addition to the experimentally determined values for the relative efficiency.
For this purpose, the data published by Waldeland et al. (2010) is chosen. Here
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a detailed description of dosimeter, irradiation geometry, and the generation
of x-ray spectra is given. The beam modalities used in their study, as well as
the measured relative efficiency of the alanine pellet dosimeter, are listed in Ta-
ble 4.1. In their work x-ray spectra were calculated using the SpekCalc software

Table 4.1: List of beam modalities produced based on the work of Waldeland
et al. (2010), with their corresponding, experimentally determined, relative effi-
ciency GEQX,}()QO'

Potential [kV] Eqg [keV] Filtration [mm] HVL [mm)] GoP

Q,Qo
Nominal Al Cu Al Cu
50 32 42 - 2.6 - 0.93 +0.04
70 36 4.0 - 3.4 - 0.92 +0.04
100 43 44 - 5.0 - 0.93 +£0.04
120 54 7.0 - - 0.39 0.94+0.04
135 62 10.5 - - 058 0.94+0.04
150 76 4.0 0.53 - 094 0.9440.04
180 83 6.0 0.53 - 1.16  0.95+0.04
200 99 6.0 0.99 - 1.73 097 £0.04

(Poludniowski 2007; Poludniowski and Evans 2007). The same method was ap-
plied here, using the specifications of the filtration, SSD, and HVL used in their
study.

The input potential of the beam modalities was adjusted to match the HVL
as described by Waldeland et al. (2010). Initial secondary electron spectra pro-
duced in an alanine pellet by the primary photon beams was calculated for the
irradiation geometry in Geant4, similarly to the procedure described in Sec-
tion 4.4. The microdosimetric distributions associated with the respective beam
modalities is then calculated by folding of the secondary electron spectrum with
the monoenergetic electron distributions according to Equation (4.21).

The optimal set of model parameters # and d can now be determined by

. . . . . . exp
comparison of experimentally determined values of the relative efficiency G,

with model calculated values GS‘BO for a wide range of of beam parameters.
The choice of saturation parameter « is evaluated for any given target diameter
d by minimizing the relative least squares M
Gexp o Gcalc 2
M=y (QfQO L (4.23)
Q “o0

where the sum over Q represent the inclusion of all beam modalities listed
in Table 4.1. As an additional constraint a secondary electron spectrum for a
primary cesium-137 field, with unity relative efficiency, is also included in the



4.5 Free Model Parameters 45

analysis. The calculated relative least squares for a wide range of model pa-
rameters are shown in Figure 4.8. The value of the saturation parameter which
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Figure 4.8: Parameter M (see Equation (4.23)) as a function of the saturation
parameter « for different target diameters d in water.

best reproduce the literature data is then determined by locating the minimum
of M for each target diameter. From Figure 4.8 it appears that target diameters
in the range 10nm to 30 nm are all able to reproduce the set of experimentally
determined relative efficiencies equally well (the minimum values of M are
roughly equal). Therefore, the minimization of M is not sufficient to determine
the best value for the target diameter, and its associated saturation parameter,
only optimal saturation parameter for each target diameter.

To establish a single optimal set of model parameters the ability of each set to
predict response function and linearity index in the HDRL cobalt-60 Gammacell
was examined. The detector response as a function of dose can be calculated by
Equation (4.12), using the single-event frequency distribution for alanine pel-
lets irradiated in the Gammacell for different target diameters, with saturation
parameter determined from Figure 4.8. The calculated response functions are
shown in Figure 4.9 together with measured response of alanine pellets irra-
diated in the Gammacell shown in Figure 2.5. The linearity index f(D) is the
response per dose normalized to a specific dose point is defined as

(R/ D )dose
D) = 5. 4.24
f( ) (R/D)ref. dose ( :
The calculated and measured linearity index are shown in Figure 4.10, with the
reference dose chosen at 1kGy.
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Figure 4.9: Top: Measured (black dots) and calculated (solid lines) response
function of alanine pellets irradiated in the HDRL cobalt-60 Gammacell. Bottom:
Relative difference between measured and calculated response. Colors match
the legend in the top part of the figure.

The relative difference between measured and calculated response function
and linearity index is shown in the bottom parts of Figure 4.9 and Figure 4.10.
In both cases model calculations using the parameter set d = 10nm and « =
2.86 x 107> Gy ! show the best agreement with experimental data. This set of
parameters is therefore adopted for use in the model for further calculations.

The comparison between measured and calculated response, and linearity,
curves for the alanine pellet dosimeter assumes that the measured saturation of
EPR-response is purely due to an intrinsic effect of the dosimeter. That is, that
the peak-to-peak height of the first derivative of the EPR spectrum is directly
proportional to the concentration of stable free radicals. Different factors such
as spectrometer settings (specifically the microwave power) and beam qual-
ity, altering the ratio of free radical species, may influence the response curve
(Wieser and Girzikowsky 1996, Malinen et al. 2003). In the present work the
comparison is used to settle on a specific choice of model parameters, from a
set which all, according to Figure 4.8, appear to reproduce literature values of
the relative efficiency equally well.
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Rel. diff. [%)]

Figure 4.10: Top: Measured (black dots) and calculated (solid lines) linearity
index of alanine pellets irradiated in the HDRL cobalt-60 Gammacell. Bottom:
Relative difference between measured and calculated response. Color coding is
identical to Figure 4.9.

4.6 Evaluation of Model Uncertainty

To evaluate the uncertainty of model calculations a sensitivity analysis was car-
ried out concerning the uncertainty of the literature values of the relative ef-
ficiency used to determine the optimal parameter set. Random values for the
relative efficiency, within the uncertainty bounds listed in Table 4.1, was gener-
ated for each beam quality and used in the process for determining the optimal
parameter set described in the previous sections. This was done for 4 x 103
iterations. Figure 4.11 show the resulting distribution of optimal saturation pa-
rameter for target diameter d = 10nm. A Gaussian fit to the distribution was
performed to determine the standard deviation of the saturation parameter for
this particular target diameter, and a value of ¢, = 5.97 x 107®Gy~! was ob-
tained.

The standard deviation appears to be large relative to the determined op-
timal value (= 21 %), however, the actual uncertainty on the resulting model
calculation is not necessarily as large.

In order to evaluate the model uncertainty, only the variation in saturation
parameter for a specified target diameter is considered. Doing a full analysis
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Figure 4.11: Distribution of saturation parameter « for target diameter d =
10nm for a random sample of relative efficiency for evaluation of optimal pa-
rameter sets. The black line represents a Gaussian fit to the distribution.

of optimal model parameter sets results in a distribution of target diameters as
well. This is not included in the uncertainty evaluation here, since the transition
from a mix of distributions to a single standard deviation is not feasible.

For the applications of the microdosimetric OHDM presented in the next
chapter, the evaluated uncertainty on the saturation parameter will be used to
estimate the uncertainty on the model predictions.



Chapter 5

Application of the Microdosimetric Model

The microdosimetric OHDM for calculations of the relative efficiency of alanine
pellet dosimeters is sensitive to the distribution of initial secondary electrons
created in the detector volume by the primary photon beam. The model can
therefore be applied to study the effect on the relative efficiency of the dosime-
ter from changes in external properties, e.g. beam quality, filtration, and at-
tenuation. A characterization of how the dosimeter response changes due to
these external properties are of importance when dosimetry is needed in non-
standard geometries where dosimetry using ionization chambers, which are
usually considered as the golden standard, are not possible.

In the following chapter the microdosimetric OHDM is applied to different
x-ray fields to evaluate the dependence of the alanine pellet dosimeter relative
efficiency on photon energy, beam quality, and external factors.

This chapter is based on the results in paper IV.

5.1 Monoenergetic Photons

As a first application of the model the energy dependence of the relative
efficiency is investigated by considering a set of monoenergetic photon pri-
maries. A test geometry consisting of a box of crystalline alanine with den-
sity paa = 1.42 gcm’?’ irradiated with monoenergetic photons was created in
Geant4. For each energy, the energy distribution of initial secondary electrons
produced in the test detector was scored for 10° primary photons. This utilized
geometry is somewhat unrealistic, however the computation time for scoring
of secondary electrons is significantly lower than for a more realistic geometry,
like the ones considered in Section 4.4 and Section 4.5. To test the agreement
between this idealized geometry and a more realistic version, the initial energy
distribution of secondary electrons was also calculated for some monoenergetic
primary photons in the geometry used in Section 4.5, described by Waldeland
et al. (2010). The number of primary photons used was increased to 108 for
these calculations to get comparable statistics. Calculated secondary electron
energy spectra for photon energies 50keV, 100keV, and 110keV for both ge-

49
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ometries are shown in Figure 5.1. Included in the figure is also the relative
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Figure 5.1: Calculated secondary electron energy spectra for monoenergetic
photon primaries in a test geometry consisting of a box of crystalline alanine
and a more realistic ‘full’ geometry. See body text for details.

difference between the energy distribution from the two applied geometries.
Excellent agreement is observed between the two cases, implying that the con-
tribution to the secondary electron spectrum from electrons produced in the
surrounding material is negligible for these energies. The general appearance
of the spectra is a bit peculiar compared to what is observed for primary x-ray
spectra. The single peak in each spectrum located at the primary photon en-
ergy is due to electrons produced by photoelectric effect. The peak intensity
decreases for higher energies as the Compton effect becomes the more domi-
nant process for ionization of the medium. The sharp edge of the lower energy
part of the spectra correspond to the maximum allowed energy of Compton
electrons, 8.2keV, 28.1keV, and 33.1keV for the 50keV, 100keV, and 110 keV
photons, respectively. The empty region between the Compton edge and the
photoelectrons is typically not present in secondary electron spectra produced
by primary photon spectra, since the continuous primary photon energy distri-
bution allows for different locations of the Compton edges and photoelectron
peaks. However, for hard-filtered x-ray and/or low energy x-ray beams, this
effect may still be present (see e.g. Figure 7 in Paper 1V).
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The calculated secondary electron spectra for monoenergetic photons were
folded with the microdosimetric distributions for monoenergetic electrons as
described in Section 4.4, and the relative efficiency is calculated according to
Equation (4.17). The calculated relative efficiency of an alanine pellet dosime-
ter, with 20, model uncertainty, as a function of the primary photon energy is
shown in Figure 5.2.
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Figure 5.2: Top: Relative efficiency Gg g, calculated with the microdosimetric
OHDM for monoenergetic primary photons. Calculations done using model
parameters d = 10nm and a« = 2.86 x 107> Gy~!. Dashed lines represent 20,
model uncertainty. Bottorn: The mean specific energy for target diameter d =
10nm.

Also shown is the mean specific energy calculated according to Equa-
tion (4.7). All model calculations are done using the optimal parameter set
determined in Section 4.5. The mean specific energy is a measure for how lo-
calized the dose deposition occurs, and as such it may not come as a surprise
that it is directly correlated to the relative detector efficiency. Local and op-
posite extrema are observed for the relative efficiency and the mean specific
energy at roughly 20keV and 50keV. These local extrema occur as the fraction
of secondary electrons produced by Compton effect increases. These electrons
have much lower energies than photoelectrons for the same primary photon
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energy. The low energy electrons have higher linear energy transfer (LET) and
thus exhibit a more localized dose deposition.

Literature values for experimentally determined relative efficiency are
shown on top of the model calculations as a function of the effective energy
of the primary photon beam (Zeng and McCaffrey 2005; Waldeland et al. 2010;
Anton and Biiermann 2015; Hjerringgaard et al. 2020). Unpublished data from
Paper III is also included. The literature data obtained from Anton and Biier-
mann (2015) is not listed directly in their paper, but is determined by taking
the ratio of the relative response to the MC calculated dose ratios (Table 6 and
Table 7 of their paper). In general, good agreement is obtained between the
model calculations and literature data for this somewhat simplified compari-
son — the overall trend in the experimental data is reproduced by the model
calculations, as well as the local extrema of the model appear to be present in
the experimental data also.

As discussed before, it is not obvious that a single beam qualifier like the
effective energy of the x-ray beam is sufficient to characterize the variation of
the relative efficiency of the dosimeter. Therefore, some of the discrepancies
between model calculations and experimental data may simply be due to the
fact that other beam parameters have to be taken into account.

5.2 Linearity Index

The calculated response function R(D) and linearity index f(D) of an alanine
pellet dosimeter irradiated in the HDRL cobalt-60 Gammacell and by monoen-
ergetic 10keV photons is shown in Figure 5.3. As discussed previously, the
relative efficiency of a dosimeter irradiated in beam quality Q with respect to
reference beam quality Q is, for low doses, the ratio of the slopes of the respec-
tive response functions, see e.g. Equation (4.16). It is important to note that the
dose considered here is the dose to detector material, not water. The ratio of
slopes for the two response functions, in the linear low dose region, is therefore
exactly the the relative detector efficiency shown in Figure 5.2.

The decrease in induced response per dose for low energy photons directly
results in an increase in dose to detector required for saturation of response, as
shown in the bottom part of Figure 5.3. The effect is however small and should
not be of importance for most routine applications.

5.3 Set of X-ray Spectra

A variety of x-ray tube HVs can have the same HVL (and thus effective energy
according to Equation (2.1)) depending on the filtration thickness and materials,
anode material and angle, etc. Despite the identical HVL the spectral distribu-
tions are thus different, resulting in different secondary electron spectra as well.
The dependence of the relative dosimeter efficiency on other beam characteris-
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Figure 5.3: Top: Calculated response function R(D) for an alanine pellet dosime-
ter in the HDRL cobalt-60 Gammacell (red) and in a monoenergetic 10 keV
photon field (blue). Bottom: Linearity index f(D). Calculattions are done
using the microdosimetric OHDM with model parameters d = 10nm and
a =286 x 107> Gy L.

tics should therefore be characterized. For this purpose, a set of x-ray spectra
with HV in the range 40kV to 300kV with varying filtration was produced
using the SpekCalc software. The range of the HVs and HVLs was chosen to
cover the range of variations in these parameters reported by North American
clinics (see Figure 2 of Ma et al. 2001). This range is chosen since it gives an
indication of the beam quality range for which a characterization of the relative
detector efficiency would be of importance.

In general, the x-ray spectra were calculated using anode angle 30°, 1 mm
beryllium filtration, and 1000 mm of air. The variation in HVL was obtained
by varying the thickness of an additional aluminum or copper filtration of the
beam. The set of x-ray spectra was divided into two groups — an LE set ranging
from 40kV to 170kV, where the additional filtration added was aluminum, and
an ME set ranging from 100kV to 300kV where the additional filtration was
coppetr.

Initial secondary electron spectra was calculated using the same irradiation
geometry and alanine pellet size and composition as was used for fixing the
free parameters of the model in Section 4.5. This geometry is based on the
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information from Waldeland et al. (2010). The calculated relative efficiency
of the alanine pellet dosimeter for these beam quality ranges are shown in
Figure 5.4 and Figure 5.5 respectively.
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Figure 5.4: Relative efficiency calculated using the microdosimetric OHDM for
a set of LE x-ray spectra obtained using the SpekCalc software. The model
parameters used for the calculation is d = 10nm and & = 2.86 x 107> Gy~ L.

For the LE set in Figure 5.4 the relative efficiency varies between roughly
5.0% and 7.0 %, with a local minimum around HV 100kV and HVL 8 mm of
aluminum. An HVL of 8 mm of aluminum corresponds to an effective energy
of approximately 50 keV, which is exactly the location of the local minimum of
relative efficiency for monoenergetic photons shown in Figure 5.2. Overall, the
range of HVLs shown in Figure 5.4 correspond to effective energies in the range
of 15keV to 90keV.

For the ME set in Figure 5.5 the relative detector efficiency is steadily increas-
ing for increasing HV and HVL. For HVLs above 2 mm of copper the variation
in relative efficiency is practically determined by the HVL. The effective ener-
gies corresponding to the range in HVLs in the medium energy set is between
45keV to 200 keV corresponding to the steadily increasing part of Figure 5.2 for
energies above the local minimum.

The relative efficiency calculated for the two sets of x-ray spectra shown in
Figure 5.4 and Figure 5.5 is presented as a function of the HVL for all HVs in
Figure 5.6. A third order polynomial is fitted to each set respectively, and the
residuals is shown in the bottom part of Figure 5.6. In general the residuals
are within 0.5 %, however for the low HVL part of the medium energy set the
residuals increase to around 1%, due to a variation in the calculated relative
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Figure 5.5: Relative efficiency calculated using the microdosimetric OHDM for
a set of ME x-ray spectra obtained using the SpekCalc software. The model
parameters used for the calculation is d = 10nm and & = 2.86 x 107° Gy 1.

Table 5.1: Fit to the relative response as a function of HVL for the two sets of
primary x-ray beam qualities. The fit is of the form G o, = Yi"a; - HVL'.

Energy range HVL unit a9 ay ap az
Low mm Al 0943 -321x107° 273x10% -1.19x10°
Medium mmCu 0927 190x102 -240x103 151x10™*

efficiency of 2% for the same HVL. The polynomial regression thus be used
to estimate the relative efficiency of the alanine pellet dosimeter in kV x-ray
fields with known HVL. The coefficients of the polynomial regression is listed
in Table 5.1.

5.4 Relative Response Calculation

It is important to keep in mind that the decrease in relative detector efficiency
is not the only factor to affect the response of the dosimeter in kV x-ray fields
relative to cobalt-60 reference fields. As discussed in Chapter 3 the ratio of dose
to dosimeter material Dy, to dose to water D,, is also energy dependent. A
full characterization of the energy dependence of the response of the alanine
pellet dosimeter in kV x-ray fields should therefore include both effects.
Taking the two sets of x-ray spectra discussed in the previous section as a
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Figure 5.6: Top: Model calculated relative detector efficiency as a function HVL
(gray) for the LE (left) and ME (right) sets of x-ray spectra. A third order poly-
nomial fit to each set is carried out (red). Botfom: Residuals of the polynomial
fit.

starting point, the ratio of doses in the x-ray qualities relative to a cobalt-60
reference Hg o, can be MC calculated. For this purpose, the dosrznrc usercode
of the EGSnrc MC software is used (Kawrakow et al. 2000). Here a standard
geometry consisting of an alanine pellet (based on the Harwell pellet dimension
and composition) placed at 2cm depth in a water phantom is constructed for
calculating Dgog. Dy is obtained by changing the dosimeter material to water
and scoring the dose in the same volume. For dose ratio calculation for the
cobalt-60 Gammacell the g usercode was used (see e.g. Paper I). For all x-ray
calculations a parallel beam was used. The calculated Hg g, values for the low
and medium energy set of x-ray spectra in this generic MC geometry is shown
in Figure 5.7 against the effective energy of the x-ray spectra. Also shown is
literature data for the relative response of alanine pellet dosimeters in kV x-ray
fields, plotted as a function of the effective energy of the beam. The literature
values for relative response is included to illustrate the discrepancy between
between pure dose ratio considerations and the observed energy dependence
of the dosimeter response.

Combining the effects of dose ratio energy dependence and relative effi-
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Figure 5.7: MC calculated relative dose ratios Hg o, using sets of low (red lines)
and medium (blue lines) energy x-ray spectra. Data points represent literature
values of the relative response Fp g,

ciency of the dosimeter, see Equation (3.8), a model predicted value of the
relative response for the two sets of x-ray spectra can be obtained. The cal-
culated relative response for the LE and ME x-ray sets are shown in Figure 5.8
as a function of effective energy. Also shown is literature values for the relative
response for comparison. In the same manner as in Figure 5.6 a polynomial
regression is done for each set of calculated Fg o, values. Good agreement be-
tween model calculation and experimental data is observed for effective ener-
gies above 30keV. In the very low energy regime the model calculation overes-
timates the relative response, and the discrepancy is not resolved by the spread
in relative response introduced by the variation in beam quality in the model
calculations.

A factor that could conceivably resolve this discrepancy is the fact that dose
gradients are not necessarily constant for these low energy irradiations, as was
seen for the 40kV irradiation in Chapter 3. If dose gradients are constant then
the EPR response measured corresponds to the dose in the center of the pellet
Anton, Hackel, et al. (2015). MC calculations of the dose distribution within the
alanine pellet dimensions were carried out for identical geometry as was used
for the calculation of Hg g, for the two sets of x-ray spectra. No significant devi-
ation from the assumption of constant dose gradient was however observed for
any of the individual LE beam qualities. Anton and Biiermann (2015) assumes
constant dose gradient for their low energy measurements, however, does not
specify how this is validated.

Another factor that may influence the discrepancy is the choice of geometry



58 5 Application of the Microdosimetric Model

| 1 /; ? - ]
o3| %/# } |
08| % %%’ |
___5,3# |
0.6 |- } ]

Fo,Q,

10! 102 10°
Eegt [keV]

Figure 5.8: The relative response F o, of an alanine pellet dosimeter irradiated
in kV x-ray fields calculated by combining the relative efficiency Gg g, from
Figure 5.6 and the relative ratio of doses Hg o, from Figure 5.7. Data points
represent literature values for Fg o, (see 5.7 for legend).

for the model calculations. The low energy (TW) set of Anton and Biiermann
(2015) is measured at the phantom surface, while the model calculations de-
picted in Figure 5.8 is for alanine pellets positioned at 2cm depth in a water
phantom.



Chapter 6

Alanine Dosimetry for Low Energy X-rays

With the increasing demand for replacement of radioactive sources by small
self-shielded low energy x-ray irradiators, and taking into account the energy
dependence of commonly used transfer dosimetry systems, a consensus on the
dosimetric approach is needed. A general approach for using alanine dosime-
try in industrial low energy x-ray fields, taking blood irradiators as a starting
point, is described in this chapter. The goal is to determine a quality correction
factor kg to be applied to dose measurements based on a dose-to-water calibra-
tion obtained by cobalt-60 irradiation. It is desirable that laboratories offering
dose measurements and calibration services for low energy x-ray facilities use
the same kg factor for the same effective energies in order that traceable dose
measurements from these laboratories are based on the same correction.

In the following chapter specifications of commercially available blood irra-
diators will be described, with focus on the difficulties that lack of information
on the x-ray field entails on the application of an alanine pellet dosimetry sys-
tem. A general approach for the application of literature data on the relative
response of alanine pellet dosimeters will be described including estimation of
uncertainty. Furthermore, a schematic traceability chain and associated uncer-
tainty budget for this approach are shown and discussed.

Further work towards a consensus on the kg factor for low energy x-ray
dosimetry using alanine is needed, and a collaboration on this subject between
DTU Health and NPL has been initiated.

6.1 Blood Irradiation

Before transfusion involving certain immunocompromised patients, blood
products are irradiated for inactivation of viable lymphocytes. This process
helps prevent transfusion associated graft-versus-host disease (GVHD). While
GVHD is rare, it is fatal in approximately 90 % of cases (Greenbaum 1991;
EDQM 2015). Traditionally gamma irradiators consisting of sealed cesium-137
radionuclides have been used, but the potential of misuse of radionuclides and
the corresponding increase in price and difficulty of purchasing has encouraged
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an increasing demand for x-ray alternatives (Dodd and Vetter 2009).

Guidelines for the irradiation of blood products state a typical required dose
range of 25 Gy to 50 Gy, where 50 Gy is an upper limit to avoid damaging other
cell components (EDQM 2015). Measurements of absorbed dose are typically
carried out within a blood equivalent volume with the intent of determining
the distribution of absorbed dose within the irradiated volume. Measurements
of dose distribution is typically carried out in a polystyrene phantom, which is
considered blood equivalent for cesium-137 photon energies (ISO/ASTM 51939
2017). Different approaches are used to ensure uniform dose delivery to the
product, mainly rotation of the product or multiple radiation sources placed
around the product.

Commercial self-shielded x-ray blood irradiators are available from several
manufacturers, however information on x-ray tube specifications is not easily
available. In Europe and North America, the most notable blood irradiators
are manufactured by Rad Source Technologies and Best Theratronics. The Rad
Source Technologies blood irradiator RS 3400 consists of six canisters that rotate
a central x-ray source. The x-ray source consists of a long filament surrounded
by a cylindrical target material, emitting photons in all directions orthogonal
to the filament. Other irradiators from Rad Source Technologies use the same
x-ray tube technology, for instance the RS 2400 designed for Sterile Insect Tech-
niques (SITs). A characterization of the RS 2400 x-ray tube carried out by Wag-
ner et al. (2009) indicated an effective energy of the x-ray tube of approximately
88keV, for a HV of 150kV, using aluminum as attenuating material. The HV
is adjustable, and as such the effective energy is not a fixed value for the tube.
Best Theratronics' have two available blood irradiators, the Raycell Mk1 and
Mk2. The Raycell Mk2 consists of two opposing x-ray tubes with HV of 160 kV
resulting in an average photon energy between 60 keV and 80 keV.

Alanine pellet dosimeters are recommended for both reference and routine
dosimetry in blood irradiation by ISO/ASTM 51939 (2017). However, as dis-
cussed in Section 3.1.3, several experimental studies have been carried out dur-
ing the last few decades, characterizing the energy dependence of the alanine
pellet dosimeter in low energy x-ray fields. Therefore, for use of the alanine pel-
let dosimeter as a routine dosimetry system for blood irradiators, agreement on
how to apply a quality correction factor to the cobalt-60 calibrated dose mea-
sured by alanine pellet dosimeters should be reached by institutes providing
routine dosimetry services using alanine pellet dosimeters.

6.2 Application of Literature Data

Several authors have investigated the energy dependence of the alanine pellet
dosimeter in low energy x-ray fields. A brief description of the available litera-
ture data was given in Section 3.1.3. For the evaluation of applicable values of
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the relative response for use in dosimetry for x-ray blood irradiators different
approaches concerning inclusion of literature data may be considered. A first
approach would obviously be to include all available data. This approach would
include a rather large spread in relative response, primarily due to the inclusion
of data from Coninckx et al. (1989) and Chen et al. (2008) where the values for
the relative response, and associated uncertainty, can only be estimated from
graphs. Therefore, to filter the data, it is chosen to use only recent data, where
exact values of the determined relative response with stated uncertainty, deter-
mined using dose to water in a cobalt-60 field as reference. Furthermore, only
data sets including beam qualities in the relevant effective energy range energy
range for dosimetry in this type of x-ray irradiator is applied. The relevant
effective energy range is estimated to be between 50keV and 100keV. Exclud-
ing literature data on this basis leaves the more recent data by Waldeland et al.
(2010), the TH-series from Anton and Biiermann (2015), and the data presented
in Paper III and described in Chapter 3, see Figure 6.1.
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Figure 6.1: Selected literature values for the relative response of alanine pellet
dosimeters irradiated in low energy x-ray fields.

The relationship between relative response and effective energy in the re-
gion of interest is determined from the literature data by performing a 2nd
order polynomial regression, weighted by a factor of 1/u? where u is the k = 1
uncertainty on the relative response, to the combined data. The uncertainty on
the value of the relative response determined from the regression analysis is
estimated by the lo-confidence bond. The regression and confidence band is
also shown in Figure 6.1.

Also shown in Figure 6.1 are the calculated values of the relative response
for the two sets of x-ray spectra from Figure 5.8 described in Chapter 5. The
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fitted and model calculated curve follow the Anton and Biiermann (2015) and
Waldeland et al. (2010) data, respectively. This is hardly surprising since the
fitting procedure includes weighting with the inverse of the uncertainties, fa-
voring the Anton and Biiermann (2015) data, while the free parameters of the
model is determined using the Waldeland et al. (2010) data. The model calcu-
lations of the relative response shows very little variation for a specific effective
energy. This prediction encourages the use of effective energy as the sole beam
qualifier for determining the relative response from literature data. Based on
these observations, it is assumed that traceable dosimetry can be established by
using literature data on the relative response to determine a quality correction
factor.

6.3 Estimating the Relative Efficiency

The main challenge in estimating the relative efficiency of alanine pellet dosime-
ters in these small self-shielded irradiators is the determination of effective en-
ergy of the x-ray beam. Information about the x-ray tubes is scarce, and thus
estimation of the effective energy may be flawed. Wagner et al. (2009) measured
the effective energy of the RS 2400 irradiator, for SIT, using both aluminum and
copper as attenuating material. The details about how the measurements was
performed is not clear, however values of 88.5keV and 65.8 keV were obtained
using the aluminum and copper filtration, respectively. Effective energies de-
termined for x-ray beams of the same HV of 150kV as used by Wagner et al.
(2009) indicate a somewhat lower effective energy — Eo¢s = 71.5keV by Zeng and
McCaffrey (2005), Eo¢f = 76 keV by Waldeland et al. (2010), and Eq¢ = 67.6 keV
by Anton and Biiermann (2015).

Due to the lack of information regarding the beam specifications in these
types of fields, a general effective energy can be chosen as the average of the
limiting values of effective energies present in literature, with the lower limit
EL. = 67.6keV and upper limit ES. = 88.5keV, obtaining a mean effective
energy

_ EY. + EL
Eoff = % ~ 78 keV. (6.1)

Assuming a rectangular distribution between the limiting values an uncertainty
ug . can be estimated by
el

EY. — E-
up = el ~60keV, 6.2)
o 2.4/3

with relative uncertainty

ufeff

Lot _ 779, (6.3)
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Using the polynomial regression in combination with the mean effective en-
ergy yields an value for the relative response of Fg o, = 0.83 with an uncertainty
of 2.5 % estimated from the 1o-confidence band. To include the uncertainty of
the effective energy on the estimate of the relative response, the confidence band
value at E.¢ & ug,, was evaluated, see Figure 6.1, to determine the lower and

upper 1o limiting values ng Q, and FIQJ Q,- The combined uncertainty on the
relative response is then determined by
EY

50~ Fb0
MFQ,QO — %'0, (6.4)

yielding an estimate on the relative response of

Fo,0, = 0.83 £ 0.034. (6.5)

Due to the limited information available, the uncertainty presented here for the
relative response is an informed estimate rather than a rigorous calculation. The
corresponding quality correction factor kg is the inverse of the relative response,
resulting in

ko = 1.20 4 0.049. (6.6)

The dose to water in the low energy x-ray field D,, o can then be calcu-
lated from the dose to water determined from a cobalt-60 calibration Dy, g, by
multiplying with the quality correction factor as

Dy,0 = koDw,0,- 6.7)

The traceability of a dose measurement in a low energy x-ray field, for in-
stance a blood irradiator, is established by including the quality correction factor
and associated uncertainty in an established traceability chain for the dose to
water of alanine pellet dosimeters in a cobalt-60 reference field. A schematic of
the traceability chain, with accumulated uncertainties based on the traceability
for the Rise HDRL gammacells, for dose to water measurements in low energy
x-ray fields using alanine pellet dosimeters is shown in Figure 6.2.

It should be noted that the final uncertainty on D,, o is dependent on the
x-ray quality, and the available information on beam characteristics. If the ef-
fective energy of the x-ray field is well known, then the uncertainty on the
measured dose decreases. Also the value of the effective energy itself influ-
ences the final uncertainty on the dose measurement since the gradient of the
relative response changes with effective energy, see Figure 6.1.
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Figure 6.2: Schematic of a general traceability chain for dosimetry at low en-
ergy x-ray blood irradiation facilities with associated cumulated uncertainties.
The stated uncertainties are related to the traceability chain for the Rise HDRL
gammacells with traceability to the primary standard graphite calorimeter at
NPL.



Chapter 7

Microbicidal Effectiveness of Low Energy
X-rays

The radiation response, quantified by the dose-log survival curve, of spores
of Bacillus pumilus subject to different radiation qualities have been studied in
previous publications (Tallentire and Khan 1975; Tallentire, Miller, and Helt-
Hansen 2010; Tallentire and Miller 2015). The beam qualities under investiga-
tion consisted of high and low energy electrons, high energy x-rays, and cobalt-
60 gamma rays. Applications of low energy x-rays involving cell inactivation
and potentially sterilization are being introduced to the market. An example is
for decontamination of medicinal cannabis which is currently carried out using
cobalt-60 gamma rays (Hazekamp 2016) while self-shielded x-ray units, similar
to irradiators discussed in Chapter 6, are being made commercially available
(for instance the Rad Source Technologies RS 420 emitter). It is therefore of in-
terest to expand on the previous studies of the radiation response of B. pumilus
spores to include low energy x-rays.

The radiation response of B. pumilus spores subjected to kV x-rays will be
studied in the following chapter. Firstly, a description of the production of mi-
crobiological test filters, ensuring similar reference conditions for irradiations
in all beam qualities, will be given, followed by the experimental procedure ap-
plied. Dose measurements were carried out by alanine/EPR dosimetry, follow-
ing the procedure outlined in Chapter 6, assessing the validity of this approach.

The results presented in this chapter are based on Paper II.

7.1 Microbiological Test Filters

The microbiological test filters were produced in the same way as in the previ-
ous publications (Tallentire, Miller, and Helt-Hansen 2010; Tallentire and Miller
2015), with method based on the procedure described by Powers et al. (1957).
A test filter consists of a known amount of microorganisms homogeneously
placed on the surface of a cellulose acetate membrane. The exact procedure
for the production of test filters is given in Tallentire, Miller, and Helt-Hansen
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(2010), with a brief description of said procedure given below.

Spores was obtained from Crosstex as a suspension of B. pumilus spores
(ATCC strain 27142 LOT PU140) in water containing 2.5 x 10° spores/cm?. Ex-
tracts of the original suspension were used to produce diluted suspensions,
so-called donor suspensions (DSs), containing concentrations of viable spores
of B. pumilus ranging from 4 x 107 spores/cm? (DS 1) to 4spores/cm? (DS 8).
The spores were mounted on the cellulose acetate membrane using a sintered
glass filter funnel, using 10 cm® of individual DSs, obtaining test filters contain-
ing number of spores ranging from 4 x 10! spores/filter to 4 x 108 spores /filter.
The range of viable spores present on the test filters is chosen such that the dose-
log survival curve will cover several log cycles of inactivation. After the spores
have been mounted on the membrane, they were transferred to an open Petri
dish, placed in a laminar flow bench for drying, and the spores were eventually
stored in sealed Petri dishes in a refrigerator until use. An overview of the test
filters is given in Table 7.1.

Table 7.1: Overview of test filters produced for x-ray irradiations, showing test
filter name and suspension of B. pumilus spores, the number of spores present
on the test filter, the desired log surviving fraction after irradiation, and the
dose required for obtaining the desired log surviving fraction S (determined
from Figure 7.1.

Test filter  Spores on filter logS D [kGy]

DS 8 4 x 10! 0 0.0
DS 7 4 x 102 -1 2.5
DS 6 4 x 103 -2 4.3
DS 5 4 % 10* -3 5.8
DS 4 4 x 10° -4 7.2
DS 3 4 x 100 -5 8.4
DS 2 4 x 107 -6 95
DS 1 4 % 108 -7 10.6

The DS 8 test filter is used as a reference point for calculating the surviving

fraction S as |
mean colony count
S = ( Y Jos x conc. factor, (7.1)
(mean colony count)g g

where the concentration factor is the ratio of spore concentration of reference DS
8 to the DS under investigation. The mean colony count is the number of colony
forming units present on the test filters post irradiation, after 24 h incubation.
The incubation is carried out by placing the test filters on the surface of a tryptic
soy agar medium and keeping it at a stable temperature of 32 °C.

To allow for valid comparison of the microbicidal effectiveness of different
beam qualities, it is important to ensure identical reference conditions for the
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spores. This was obtained by placing individual test filters on top of a hydrated
filter pad inside a sealed 9 cm polymer Petri dish. This combined geometry will
be denoted a fest piece in the following sections.

7.1.1 Test Filter Validity

Immediately following the production of test filters, and over the duration of a
few weeks, a set of reference irradiations were carried out in the cobalt-60 gam-
macell 1 located at Risg HDRL to test the validity of the filter batch. Gammacell
1 has a dose rate of approximately 3.4 Gy min~! at the reference position.

The dose rate to the test filters was measured using alanine pellet dosimeters
placed in a similar geometry as is used for irradiation of test filters as test
pieces. The geometry consisted of two stacked Petri dishes, each containing
four alanine pellets placed on top of a filter pad. On top of the upper Petri
dish was placed an additional alanine dosimeter (four pellets in a designated
ABS holder). The Petri dishes were placed on top of a styrofoam cylinder to
elevate them to the central vertical region of the gammacell sample chamber.
Irradiation was performed with nominal dose of 2.0kGy, and the measured
dose was (2.20 £ 0.08) kGy (3.4%) at k = 2. A 10 % correction to the nominal
dose rate was therefore applied for determining the dose to test filters.

For irradiation of test pieces in the gammacell two test pieces were stacked
on top of the same styrofoam cylinder used for the dose measurements. Ex-
posure times were determined based on the survival functions from previous
publications and the measured dose rate. Following irradiation, the test filters
were incubated, and the number of colony forming units was counted. To esti-
mate the uncertainty on the surviving fraction of spores, two test filters of equal
DS were irradiated. The uncertainty is the evaluated based on the assumption
that there is equal probability for the count of spores to be between the limiting
values obtained by these two test filters. In this case the uncertainty is estimated
by the average relative difference between the counts on the two filters divided
by /3 (Sharpe et al. 2009).

The surviving fraction was calculated according to Equation (7.1), and the
resulting dependence of the log surviving fraction on dose is shown in Fig-
ure 7.1, together with data obtained for irradiation in the gammacell for an old
batch of B. pumilus test filters. The agreement between the two batches of test
filters is well within the associated uncertainties on both dose and the surviving
fraction of spores. It was therefore concluded that the produced batch of test
filters were valid for comparison with data from the previous publications.

18 months elapsed from production of test filters until irradiation in an ap-
propriate x-ray field was possible. Therefore, a separate set of irradiations at
the Rise HDRL gammacell 3 were carried out, to ensure that the test filters were
still reacting as intended. Gammacell 3 is a Nordion GC-220 with dose rate of
approximately 85Gy min~! at the reference position. The dosimetric procedure
carried out was identical to what was done for the irradiations in Gammacell 1.



68 7 Microbicidal Effectiveness of Low Energy X-rays

~+
%-

—8 |~ @ Gammacell 1 new batch —

® Gammacell 3 new batch
® Gamma 1 Tallentire and Miller (2015)

_10 I | I | I | | | | |
0 2 4 6 8 10 12 14

D [kGy]

Figure 7.1: Surviving fraction of water hydrated B. pumilus spores subjected
to radiation dose in a cobalt-60 gammacell. The surviving fraction from the
new batch of test filters is compared to the surviving fraction of the gamma
irradiations presented in Tallentire and Miller (2015). The error bars represent
uncertainties at k = 2.

Only three test pieces (DS 3, DS 5, and DS 8 for reference) were used to verify
the validity of the test filters. The survival curve for these irradiations is also
shown in Figure 7.1. Good agreement is again observed, verifying the validity
of the batch of test filters 18 months after production. Furthermore, it is noted
that no effect due to differences in dose rate seems to be present.

7.2 X-ray Irradiations

X-ray irradiation of test pieces was carried out at ebeam Technologies, Comet,
Flamatt Switerland, using a XBA-200/270H x-ray tube. This x-ray tube is a large
surface emitter having an exit window width 40 mm and height 270 mm. The
large window size allows for irradiation of several test pieces simultaneously —
a great advantage since low energy x-ray emitters typically produce lower dose
rates compared to e.g. electron beams. The design of the x-ray tube is based
on the e-beam emitter available from ebeam Technologies, but with a tantalum
transmission target replacing the titanium-foil window.

Little information was available concerning dose rates, homogeneity of the
field, and HVL so a characterization of relevant beam parameters was neces-
sary for evaluating the absorbed dose to test filters. The geometry used for
irradiation of test pieces was as part of a stack of Petri dishes placed on a
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turntable with central axis at 10 cm distance from the exit window of the x-ray
tube. The turntable was used to ensure homogeneity of dose distribution across
the test filters. The irradiation geometry will be described in greater detail in
Section 7.2.2.

7.2.1 X-ray Beam Characterization

The characterization of the x-ray field relevant for the present experiment con-
sisted on the determination of effective energy by measurement of the HVL and
measurement of the homogeneity of dose distribution across test filters.

The homogeneity of dose distribution was investigated by measurements
using Gafchromic HD-V2 film in a geometry simulating the irradiation of test
filters. The geometry consisted of a stack of 14 Petri dishes, each with a sheet of
Gafchromic HD-V2 film covering the bottom, placed on the turntable at 10cm
distance of the exit window of the x-ray tube. Analysis of the irradiated films
was carried out using the RiseScan software (Helt-Hansen and Miller 2004).
The result was an average variation in dosimeter response of 1.5% across the
dimensions of the test pieces.
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Figure 7.2: Top: Ionization chamber measurements of the attenuation of the
x-ray beam by insertion of aluminum plates between the detector and source.
Bottom: Ratio of MC calculated to measured attenuation for monoenergetic pho-
ton beams.

HVL measurements in the x-ray field was carried out using a PTW 23344 soft
x-ray plane parallel ionization chamber. The ionization chamber was placed at
the surface of a PTW 2962 PMMA phantom, with a 0.82 mm PMMA slab placed
in front of the ionization chamber for build-up, with surface to exit window
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distance 10 cm. Aluminum plates were placed between the ionization chamber
and the x-ray tube to attenuate the beam. The normalized response measured
as a function of the combined thickness of attenuating aluminum plates in this
applied geometry is shown in Figure 7.2. The measured HVL in this geom-
etry was approximately 17 mm of aluminum, which would correspond to an
effective energy of roughly 120keV by simple consideration of mass attenua-
tion coefficients. The applied geometry does however differ significantly from
the recommended approach for HVL measurements described in the AAPM
TG-61 protocol for low energy x-ray dosimetry (Ma et al. 2001). Therefore the
effective energy was instead estimated by MC calculation of the attenuation of
monoenergetic photons using a calculation geometry approximating the actual
irradiation geometry. The flurznrc usercode of the the EGSnrc MC software
(Kawrakow et al. 2000) was used for the calculation. The irradiation geome-
try was approximated by by a cylindrical PMMA volume of diameter equal to
the side length of the PTW 2962 phantom, with a air volume located at the
position of the effective volume of the ionization chamber. Increasing thick-
ness of aluminum was used to calculate the attenuation of the beam. The ratio
of MC calculated to measured attenuation of the beam is shown in the bot-
tom part of Figure 7.2 for three monoenergetic photon beams. Best agreement
between calculated and measured attenuation is observed for photon energy
Eoff = 62keV, having an average ratio of 1.002 with standard deviation 1.4 %.
The determination of the effective energy by this approach is not ideal, and as
such a conservative estimate of the uncertainty associated with this parameter
of 5% at k = 1 is adopted.

7.2.2 Irradiation Geometry and Dose Measurement Considerations

A geometry consisting of 14 Petri dishes stacked on the turntable was used
for irradiation of test pieces in the 150kV x-ray field. For each dose level two
test pieces were irradiated and scored separately. Due to time considerations
it was not feasible to irradiate the two sets of test filters containing the highest
concentration of viable spores, and thus requiring the highest dose to obtain a
countable number of colony forming units, DS 1 and DS 2. To ensure similar
scatter conditions for all irradiated test pieces, only the central six Petri dishes
of the stack were test pieces. The irradiation geometry is shown in Figure 7.3.
Since the different test filters require different doses to obtain countable num-
bers of colony forming units, an irradiation schedule was planned in intervals
to ensure dose levels in the order required. The required exposure times were
estimated from measurements of the air kerma rate, using a NE2571 farmer
type ionization chamber, at the reference 10 cm distance from the exit window.
MC calculations of the ratio of dose to test filter to air kerma at the at reference
position was then used to estimate the required exposure time.

The use of the NE2571 farmer type ionization chamber, having air kerma
calibration traceable to PTB, was considered for dose measurements. However,
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Figure 7.3: Picture of the irradiation geometry applied for x-ray irradiation of
test pieces. A stack of 14 Petri dishes is placed on a turntable with central axis
at 10 cm distance from the exit window of the x-ray tube. The content of the
different Petri dishes in the stack is described in the text.

the available code of practices for ionization chamber dosimetry at low and
medium energy x-rays (Aukett, Harrison, et al. 1996; Ma et al. 2001; Aukett,
Burns, et al. 2005) deals with well-defined beams (typically circular field) for
determining the dose to water at the surface of or 2cm depth in a water phan-
tom. The process of calculating the dose to water using the code of practices
include determination of correction factors, e.g. backscatter factors, which are
heavily dependent on field diameter and HVL. It is not clear how to appropri-
ately and meaningfully select these correction factors from tabulated values.

7.2.3 Relative Response of Alanine Dosimeters

The dose to test filters was monitored during irradiation of test pieces by the
use of both alanine film and pellet dosimeters, applying the approach described
for kV x-ray dosimetry for blood irradiators using alanine pellet dosimeters
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described in Chapter 6. The relative response of the alanine pellet dosimeter
F(S,Qo determined based on literature data, for the effective energy E ¢ = 62keV

of the x-ray beam, was determined to F(S,Qo = 0.79 £ 0.03, resulting in a quality

correction factor kg =126£0.04 (k=1).

No literature data on the relative response was available for the alanine film
dosimeters. The quality correction factor to be applied to alanine film dosimeter
measurements was determined by comparing the EPR response of alanine film
and pellet dosimeters in the 150 kV x-ray field and the cobalt-60 reference field,
respectively. Measurements in the 150kV x-ray field were carried out by plac-
ing the pellet and film dosimeters, separately, at the surface of the PTW 2962
PMMA phantom, with surface to exit window distance 10 cm. The relationship
between the EPR response measured by alanine film and pellet dosimeters, RF
and RP respectively, is shown in Figure 7.4 for irradiation in the 150kV x-ray
field and the Risse HDRL gammacell 3. All irradiations are in the dose range
20 Gy to 200 Gy. The relative response of the alanine film dosimeter Fg,Qo is then
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Figure 7.4: The EPR response of alanine film dosimeters RF against alanine

pellet dosimeters R' for equal exposures in the 150kV x-ray field and in a
cobalt-60 reference field.

determined by correcting the relative response of the alanine pellet dosimeter
by the ratio of the slopes ag o,

FE o, = 40,0, - F5,0, = 1.01 £ 0.05. 72)

The corresponding quality correction factor is therefore kg = 0.99 £0.05. The
dose, to water, in the x-ray field Dy,g can then be determined from the product
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of the quality correction factor and the cobalt-60 calibrated dose to water D, o,
by
Dy,0 = kg - Dw,0,/ (7.3)

for the alanine film and pellet dosimeters, respectively.

The use of alanine dosimeters during irradiation of test pieces allows for in
situ dosimetry, directly monitoring the delivered dose to test pieces, not relying
on dose rate measurements which may be vulnerable to fluctuations in the x-ray
output. Furthermore, the alanine dosimeters are practical, and especially the
film dosimeters can be placed at relevant positions in the irradiation geometry
to monitor the dose.

7.2.4 Dose Measurement

Alanine dosimeters were added to the irradiation geometry for dose measure-
ments during irradiation of test filters. The geometry consisted of 14 Petri
dishes stacked on a turntable. Four alanine pellet dosimeters were placed on
top of a dry filter pad in each of the two Petri dishes next to, on top and be-
low, the central test pieces (see Figure 7.3). Three alanine film dosimeters were
attached to the bottom of each of the test pieces to directly monitor the dose
to each individual test piece. Only six test pieces could be irradiated simul-
taneously in this geometry, and since two test pieces of each suspension were
included, irradiation of most test filters was fractionated. Between each fraction
of dose, the alanine pellet dosimeters were replaced by blanks. The dose to test
filters was then determined by the sum of dose measured with alanine pellet
dosimeters from each fraction where the test piece was present in the stack.
Since the alanine film dosimeters were attached to the test pieces individually,
no summation of doses measured by film dosimeters was needed. A compar-
ison of the measured dose by alanine film D\I/:v,Q and pellet dosimeters D};Q
during irradiation of test filters is shown in Figure 7.5. The doses measured by
the alanine film dosimeters are on average 3.0 % lower than what was measured
by the alanine pellet dosimeters. Within the uncertainties associated with indi-
vidual dose measurements, the two dosimeters agree, however the discrepancy
appears to be systematic.

An explanation for this small offset in dose is probably due to the differ-
ence in detector volume. For the determination of the relative response for the
alanine film dosimeter in Section 7.2.3, the alanine films and pellets were irra-
diated with front face at equal distance from the x-ray tube exit window. The
measured EPR response can be thought of as an average over the detector vol-
ume, and if there is a dose gradient through the dimensions of the dosimeter
then the measured EPR response would not correspond to the surface dose. In
the case of comparing alanine film and pellet dosimeter response, a dose gra-
dient through the detector is expected, most notably for the pellet dosimeter
having much greater dimensions. For proper comparison of EPR responses the
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Figure 7.5: Doses to test filters measured by pellet DY, w0 and alanine film DE )

dosimeters. The error bars represent uncertainties at k = 2. The dashed gray
line represents a slope of unity.

pellet response should therefore be corrected to the surface dose. A simple MC
calculation of the dose gradient through the dimensions of the alanine pellet
dosimeter was carried out using a 62keV monoenergetic photon source. The
result of this simple calculation was a correction to surface dose of roughly 2 %.
Applying this correction to the EPR response would result in small reduction in
FS,QO and thus a slight increase in kg, resulting in an increase the film dosimeter
measured dose of approximately 1 %.

For the analysis of microbiological test filters, the dose determined by ala-
nine pellet dosimeters was used. The dose measured by film dosimeters was
used to verify that the individual test pieces has been irradiated to the desired
doses.

7.3 Microbicidal Effectiveness

After incubation of test filters, the surviving fraction was calculated by the ap-
proach described in Section 7.1 using Equation (7.1). The use of DS 8 — DS
3 irradiated at suitable doses allowing countable numbers of colony forming
units to grow on the incubated test filters. This approach made it possible for
the dose-log survival curve to cover six log cycles of inactivation. The log sur-
viving fraction of B. puilus spores irradiated at the 150kV x-ray beam is shown
in Figure 7.6 together with log surviving fraction after irradiations in cobalt-60
gammacells from Figure 7.1.
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Figure 7.6: Log surviving fraction of B. pumilus spores after irradiation in a
150kV x-ray field, and two cobalt-60 gammacells respectively. The error bars
represent uncertainties at k = 2.

Excellent agreement is observed for inactivation of B. pumilus spores after
irradiation at these beam qualities, under similar conditions for the spores. The
Djp-value, the dose required for inactivation of 90 % of viable spores, was deter-
mined as D19 = —1/a where a is the slope of a linear regressionlogS =a-D +b
performed on each individual set of survival data. The calculated Djp-values
was (1.33 £0.12) kGy and (1.44 £ 0.10) kGy for the cobalt-60 gammacell and
150kV x-ray irradiations, respectively.

Further comparison with data from the previous studies (Tallentire, Miller,
and Helt-Hansen 2010; Tallentire and Miller 2015) shown in Figure 7.7, indicates
that the inactivation of B. puilus spores due to irradiation in a 150kV x-ray field
is identical to the inactivation observed for high energy x-ray and low and high
energy electron irradiations.

The slopes of linear regressions performed for all beam qualities shown in
Figure 7.7 and the corresponding D1g-values are listed in Table 7.2. The val-
ues depicted in Table 7.2 differ slightly from the values presented by Tallentire,
Miller, and Helt-Hansen (2010) even though the same data is used for the anal-
ysis. This is because the linear regression, used to determine the slope listed
in Table 7.2, is weighted by the uncertainty in both dose and log surviving
fraction.

The common radiation response independent on radiation quality deter-
mined in these studies can however only be considered valid on the basis
of common irradiation conditions, established by the specially designed test
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Figure 7.7: Log surviving fraction of spores of B. pumilus for beam qualities in-
vestigated in the present study, compared with literature data for cobalt-60, low
and high energy electron irradiation (Tallentire, Miller, and Helt-Hansen 2010),
and high energy x-rays (Tallentire and Miller 2015). The error bars represent
uncertainties at k = 2.

Table 7.2: Djj-values for radiation qualities investigated in the present study
and literature data from Tallentire, Miller, and Helt-Hansen (2010) and Tallen-
tire and Miller (2015). Stated uncertainties are at k = 1

Beam Quality  Slope, kGy™! Dy, kGy

Cobalt-60* -0.65+0.01 1.54+0.04
electront 80keV -0.63+£0.02 1.5840.05
electront 100keV  -0.61+0.02 1.65+0.05
electront  10MeV  -0.65+0.03 1.54+0.06

x-rayt 6.6MV  -079+£0.05 1.27+0.08
x-ray* 6.6MV  -078+£0.05 1.2740.08
x-rayt 7MV  -078+£0.04 1.29+0.06
Cobalt-60 -0.75£0.03 1.33+0.06
X-ray 150kV -0.69£0.02 1.44+0.05

* Tallentire, Miller, and Helt-Hansen 2010
¥ Tallentire and Miller 2015
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piece. Applying the process outlined in Chapter 6 for establishing traceable
dose measurements using the alanine pellet dosimetry system in kV x-ray fields,
it has been shown that for the beam qualities studied here and in the previous
two publications the conclusion stands that the microbicidal effectiveness is the
same in the dose range 2kGy to 11 kGy.






Conclusion and Qutlook

The gradual replacement of cesium irradiators by small self-shielded x-ray ir-
radiators has increased the need for improved dosimetry for low and medium
energy X-rays.

The present work investigated the energy dependence of the alanine pel-
let dosimeter for low and medium energy x-rays using both experimental and
theoretical methods. Literature data on the energy dependence of the alanine
pellet dosimeter was used to determine quality correction factors to be applied
to cobalt-60 calibrated dose to water measurements to establish traceable dose
to water measurements in low energy x-ray fields.

Relative Detector Efficiency and Response

An energy dependence of the measured electron paramagnetic resonance
(EPR)-response for alanine pellet dosimetry has been known for several
decades. The decrease in detector response has been determined to originate
from two factors. One from a decrease in the relative ratio of dose to alanine
and water and the other from a decrease in the intrinsic detector efficiency from
x-ray to cobalt.

Experimental Approach

An experimental determination of both the relative response and efficiency of
the alanine pellet dosimeter was carried out in two separate sets of irradiations.
The first set of irradiations was done using a 40kV x-ray tube at the Technical
University of Denmark (DTU) Risg, while the second set of irradiations was
carried out at National Physical Laboratory (NPL) using two different beam
qualities with high-voltage (HV) 135kV and 280kV, respectively. The investi-
gated beam qualities had effective energies above and below the beam qualities
for which values for the relative response, and efficiency, was previously avail-
able in the literature. The relative response was determined using ionization
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chamber measurements of the dose to water as reference, and the relative ef-
ficiency was calculated by comparison of the relative response with a Monte
Carlo (MC) calculated value of the relative ratio of doses.

Some issues regarding the experimental approaches are highlighted by these
measurements. Both for the measurements carried out here and in the liter-
ature, the relative response is determined in reference fields. This includes
known fields in well-defined geometries. For applications as a routine dosime-
try system, irradiations will typically be performed in less ideal setups. There-
fore, the influence on the relative response from the translation from reference
conditions to some user beam will need to be addressed.

The Microdosimetric One-Hit Detector Model

The microdosimetric one-hit detector model (OHDM) was in this study pro-
posed as a tool for exploring the dependence of the dosimeter response on pri-
marily the spectral distribution, but also different irradiation conditions such as
the position in a phantom or scatter from surrounding material.

Here, the microdosimetric OHDM is used to calculate the relative efficiency
of the alanine pellet dosimeter for monoenergetic photons, comparing the re-
sults with literature data on the relative efficiency expressed as a function of the
effective energy of the x-ray beams. To test whether a single beam qualifier such
as half-value layer (HVL) (or effective energy) is sufficient to fully characterize
the relative efficiency, two sets of x-ray spectra — for low and medium energies
respectively — was produced. The spectra were produced using varying exter-
nal filtration of the beam, resulting in different HVLs for the same HV. The
results showed that the relative response could be reasonably well described as
a function of HVL, with residuals well within 1% of a 3rd order polynomial
regression. Combination of calculated values of the relative efficiency with MC
calculated values for the ratio of doses for both sets of x-ray spectra indicated
that the relative response can be well approximated by a single function of
HVL (or effective energy) for the medium energy set, while a more pronounced
spread in calculated relative responses is obtained for the low energy set.

Traceability of the Alanine Pellet Dosimetry System

A general approach for establishing traceable dose measurements in kilovolt-
age (kV) x-ray fields, based on literature data, was proposed. The approach
was based on calibration in cobalt-60 and multiplication with a beam quality
correction factor kg. The outlined approach, and associated uncertainties, was
based on alanine pellet dosimetry for use in blood irradiators, since this is the
primary application at Rise High Dose Reference Laboratory (HDRL), however
the approach is general. For a the case of x-ray blood irradiators with effective
energy of approximately 80keV the kg-factor was 1.20 with an uncertainty of
roughly 4% at k = 1.
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Since it was shown using the microdosimetric OHDM that the variation in
relative response for a specific effective energy of the x-ray beam is relatively
small, the critical factor in estimating the relative response, and thus kg, of the
dosimeter in a user beam is the definition of the effective energy of the beam.

Microbicidal Effectiveness

The outlined approach for traceable alanine pellet dosimetry was applied for
irradiation of test filters containing spores of Bacillus pumilus to investigate the
microbicidal effectiveness of low energy x-rays. Previous publications on the
microbicidal effectiveness of cobalt-60, high energy x-rays, and low and high
energy electron beams had shown identical radiation response, when the spores
were irradiated under reference conditions. The survival curve for B. pumilus
test filters irradiated in a 150kV x-ray beam was shown to agree well with the
previous findings, thus extending the conclusion to include low energy x-rays
as well.

The alternative assumption that the radiation response of the B. pumilus
spores is independent of beam quality, one could view the results of this exper-
iment as a validation of the dosimetry system.

An interesting observation was made regarding the relative response of ala-
nine film dosimeters. The relative response of the film dosimeters was deter-
mined to be approximately unity, while being 0.79 for the pellet dosimeter. A
difference in relative response is expected due to the difference in physical vol-
ume and chemical composition of the dosimeters, however, a 20 % difference
seems quite large.

Future Work

In the present study the free parameters of the microdosimetric OHDM was de-
termined using literature data obtained from Waldeland et al. (2010). The x-ray
spectra were calculated from the information available in their work and related
to their experimentally determined values for the relative efficiency. Originally
plans were made for experimental determination of the relative efficiency of the
alanine pellet dosimeter, which should be used to fix the free model parameters,
however, a global pandemic interrupted these plans. A more detailed compar-
ison between the theoretical and experimental determinations of the relative
efficiency will improve the confidence in the model predictions. Furthermore,
the model prediction for other beams (protons and heavy charged particles)
would also be of interest, for instance to fix the free model parameters, since
the higher linear energy transfer (LET) results in a more pronounced decrease
in detector efficiency.

In order to apply the microdosimetric OHDM, it is of particular interest to
scrutinize the model in more complex geometries, for instance realistic mod-
els of different blood irradiator geometries, to investigate how the detector
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response is influenced by the deviation from reference conditions. For these
complex geometries, where proper experimental measurements of response
and efficiency of the dosimeter is difficult to carry out, the model calculations
could contribute to validating the use of quality correction factors for traceable
dosimetry.

In general, the work towards increased confidence in the determination of
quality correction factors to be applied for traceable alanine pellet dosimetry
in kV x-ray fields is the primary goal of future work. A first step would be
experimental comparison between laboratories, for irradiations in relevant user
beams.
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The electron paramagnetic resonance (EPR) response of alanine pellet dosimeters irradiated in a 40 kV x-ray
beam with effective energy 9 keV was investigated, which is a factor of three lower than for currently available
literature data. The response was compared to the EPR response of alanine pellets irradiated in a reference
cobalt-60 field to obtain the relative efficiency of the dosimeter — the ratio of detector response per dose-to-
detector in the x-ray beam relative to the reference field. Due to the low filtration of the beam, and subse-

quent low half-value layer, a correction for the dose gradient within the pellet was necessary to implement for
the EPR response of x-ray irradiated pellets. Calculation of the dose gradient in a pellet, together with dose-to-
alanine to dose-to-water ratio, was carried out using the EGSnrc Monte Carlo code. The relative efficiency of the
alanine pellet dosimeter in this x-ray field compared to a reference cobalt-60 field was found to be Goq, =

0.91 +£0.04.

1. Introduction

Kilovoltage (kV) x-rays have extensive applications in radiotherapy,
radiation processing, small animal irradiation, blood irradiation, the
latter showing a demand for replacement of Cs-137 irradiators with x-
ray irradiaters (Dodd and Vetter, 2009). Dosimetry protocols recom-
mend water based dosimetry using ion chambers (Aukett et al., 1996;
IAEA, 2001), however for applications like blood irradiation, where
blood bags are irradiated from two or more directions in a sealed
canister, ion chamber measurements are impractical due to the geom-
etry of the irradiation cavity or the complex x-ray fields. Here both
placement of the ion chamber and determination of beam quality
through half-value layer (HVL) measurements are difficult. In these
cases the use of the alanine/electron paramagnetic resonance (EPR)
dosimeter may be more practical.

The alanine/EPR dosimetry system consists of L-a-alanine, in the
form of pellets or films, that produce stable free radicals when irradi-
ated. The amount of stable free radicals produced is proportional to dose
to the dosimeter for a wide range of beam qualities (Olsen et al., 1990;
Sharpe and Duane, 2003; Bergstrand et al., 2003; Zeng et al., 2004,
2005; Anton et al., 2008) and is stable with a signal loss of few percent
over years (Sleptchonok et al., 2000). The concentration of stable free
radicals is analyzed with an EPR spectrometer.

* Corresponding author.
E-mail address: jakg@dtu.dk (J.G. Hjgrringgaard).

https://doi.org/10.1016/j.radmeas.2020.106374

The ratio of alanine to water mass energy absorption coefficients for
monoenergetic x-rays normalized to cobalt-60 is shown in Fig. 1.

For photon energies below approximately 200 keV the mass energy
absorption coefficient ratio decreases by up to 30%. Since dose to a
material is dependent on the mass energy absorption coefficient, the
large energy dependence of this ratio for lower energies implies that a
reduction in the stable free radical production per dose to water is ex-
pected for these beam qualities. Several studies (Olko, 2002; Zeng and
McCaffrey, 2005; Waldeland et al., 2010; Anton and Biiermann, 2015;
Khoury et al., 2015) suggest that an observed reduction in stable free
radical production is not only due to this change in mass energy ab-
sorption coefficient ratios but also in part due to an intrinsic decrease in
stable free radical production per dose to alanine for lower photon en-
ergies. This intrinsic decrease can be described by the relative efficiency
G-

The energy dependence of stable free radical production in alanine is
more prominent towards lower photon energies. It is therefore of in-
terest to extend the experimental determination of this dependence to x-
ray fields with lower effective energy. Here we aim to determine the
efficiency of stable free radical formation for a 40 kV x-ray beam rela-
tive to a cobalt-60 reference field.
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Fig. 1. Ratio of alanine to water mass energy absorption coefficients for
monoenergetic x-rays relative to cobalt-60 y radiation. Data from Hubbell and
Seltzer (1995).

2. Method
2.1. General formalism

For the analysis we adopt the formalism proposed by Waldeland
etal. (2010). Here the total energy dependence Fg q, of the alanine/EPR
dosimeter in an x-ray beam quality Q relative to a reference cobalt-60
quality Qo is the response to x-ray radiation quality Q with respect to
dose-to-water, relative to a reference cobalt-60 quality Qo

(r/Dy)g

RNCEam @

where r is the EPR response and D,, is the dose to water. The total energy
dependence can be divided into two parts (Olko, 2002)

Fog = (r/Duos) . (Ddu»/DW)Q ) @
= (r/de)QU (DdOS/DW)Q"’
where the first term concerns the EPR response per dose to dosimeter
Dyos equivalent to the relative efficiency which we aim to determine, and
the second term concerns the ratio of dose-to-alanine to dose-to-water
relative to the corresponding ratio for the reference radiation quality.
The total energy dependence Fgq, can be obtained experimentally
by measurements of the alanine EPR response after irradiation to known
levels of dose to water in the respective fields. The ratio of doses

(Dun /D),

Heor=(p,,./Dy) ®

)

can be obtained by Monte Carlo (MC) calculations where the scoring
volume is made of detector material and water respectively. Combina-
tion of the quantities Hy g, and Foq, leads to a determination of the
relative efficiency of the alanine pellet dosimeter

(r/Dao)

T Zks)p 4
(+/Dang, @

Gog, =

Gqq, is thus a measure for the difference in radiation induced stable free
radicals in alanine in beam quality Q relative to reference quality Qo.

2.2. Irradiation procedure

kV x-ray irradiations of the alanine pellets were carried out at the
Center for Nuclear Technologies at the Technical University of Denmark
using a Varian VF-50J x-ray tube. This tube has a tungsten target and is
capable of producing x-rays at accelerating potentials in the range of
4 kV — 50 kV. The beam is emitted through a 76 pm beryllium window.
The tube is mounted on a brass collimator with a 70 pm aluminium end
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window. Schematic and detailed information on tube and collimator can
be found in Andersen et al. (2003). The first HVL was measured to
0.08 mm of aluminium, corresponding to an effective energy E,; =
9 keV.

Ionization chamber measurements were carried out in order to
experimentally determine the dose-to-water at the point of interest. For
these measurements a PTW 23344 soft x-ray chamber was placed in a
designated PTW 2962 soft x-ray PMMA slab phantom (13 cm x 13 cm x
7.5 cm), see Fig. 2 (a). The distance from end window to phantom
surface was 12.5 cm and the circular field diameter at this position was
4.0 cm. The phantom was centered in the x-ray field using radiochromic
film. The absorbed dose to water was then determined by

Dy = MNykokr pktieias 5)

where M is the chamber reading, Ny, = 9.383 x 107Gy C ™! is the cali-
bration factor for absorbed dose to water in a circular 3 cm diameter
field at distance 30 cm, with radiation quality correction factor ko =
1.000, both from the calibration certificate of the manufacturer trace-
able to PTB, and kr,, is the air density correction. A MC study of the
effect of change in irradiation conditions relative to the calibration
conditions showed a variation of kgeq = 1.009 £ 0.9 %, which is
included in the calculation of dose. The slot for the ion chamber in the
phantom is located such that the entrance window, and effective point of
measurement, of the ion chamber is at the surface of the phantom during
irradiations, so that the dose to water at the surface can be determined.
One of the additional PMMA slabs of the phantom was modified to fit
four alanine pellets placed with center in the corners of a 1 cm x 1 cm
square in a 2.5 cm diameter circular ABS holder (see Fig. 2 (b)). For the
alanine irradiations this slab could be moved to the top of the phantom,
such that they are in the same position as the ion chamber. Dose-to-
water delivered to the alanine pellet dosimeter range from 30 Gy to
150 Gy. The tube current I, accelerating potential U, and ambient tem-
perature next to the PMMA phantom T was monitored continuously
during all irradiations to ensure stabillity. Measurements roughly each
second during all irradiations of alanine pellets yield I =
(1.000£0.004) mA, U = (40.0 £0.3)kV, and T = (24.8 +£0.2) °C, where
the variation stated is the standard deviation.

Cobalt-60 reference irradiations are carried out in a Gammacell — a
shielded enclosure, with a number of cylindrical cobalt-60 source pen-
cils arranged around the sample at an approximate radial distance of
10 cm and which have an approximate height of 20 cm. The irradiator
is very similar to the Nordion GC-220 in design (Hefne, 2000; Rodrigues
et al., 2009). The standard ABS holder containing four alanine pellets is
placed inside polyether ether ketone (PEEK, C;9H;203) cylinders inside
an aluminium can which is able to have its temperature controlled,
which is all placed at the sample position. The dose rate inside this
irradiator in this geometry is calibrated using alanine transfer dosime-
ters supplied and measured by the National Physical Laboratory, UK. In
calibration irradiations, a standard temperature of 25°C is used, and this
is maintained within approximately 0.5°C.

2.3. Materials

The Alanine pellets used in this experiment are obtained from Har-

{7
[Amm=y|

PMMA
(b)

Fig. 2. Sideview of the irradiation geometry, with (a) the ion chamber located
in the surface slab of a PMMA phantom (b) four alanine pellets in an ABS holder
located in the same position in the surface slab. Not to scale.
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well Dosimeters. They are cylindrical with a diameter of 4.8 mm, height
of 2.7 mm, and average mass of 60 mg. The binding material used is
paraffin wax in a mixture of “91 % L-a-alanine and ~ 9 % paraffin wax.
The temperature correction for the alanine pellet dosimeters is
0.14 % C ! (Helt-Hansen et al., 2009). The contributions to the uncer-
tainty in measured dose is thus 0.04%(k = 1) for the temperature vari-
ations for both Cobalt-60 and x-ray irradiations.

EPR measurements of the stable free radicals induced in the alanine
pellets were carried out on a Bruker EMXmicro spectrometer operating
at 9.53 GHz. The alanine pellets where placed in a quartz tube in the
resonator for identical positioning. The parameters chosen for the data
acquisition were magnetic sweep width 20.0 G, modulation amplitude
10.0 G, and sweep time 21.0 s with conversion time 41.0 ms. A mi-
crowave power of 3.375 mW and a center field of 339.8 mT was used.
Three sweeps were done for each alanine pellet. The peak-to-peak value
of fitted EPR resonance in the first derivative of the absorption spectrum,
corrected for individual mass of the pellets, was used as the EPR
response r. Four pellets were irradiated at each dose level to ensure
reproducibility.

2.4. Monte Carlo calculations

MC calculations were performed using the EGSnrc toolkit for simu-
lation of ionizing radiation transport (Kawrakow et al., 2017). The C++
class library of EGSnrc, egs++, was used for its general purpose geom-
etry package. Material files for non-standard materials used in the MC
calculation were constructed based on the information available from
the suppliers. Material files used in the MC calculations had ae =
512 kV and ap = 1 keV as lower limit for creation of secondary elec-
trons and photons respectively. The same values were chosen for cutoff
energies for particle transport. Particle transport options for Rayleigh
scattering and photoelectron angular scattering are applied.

The energy distribution of photons produced by the x-ray tube was
calculated. A general geometry consisting of the tube head, brass col-
limater, and end window was set up in egs++ using all available in-
formation on materials and dimensions. The calculated energy
distribution of x-rays resulting from 40 keV electrons is shown in Fig. 3.

The calculated x-ray spectrum was validated by HVL measurements
in the irradiation geometry. Measurements was carried out by inserting
varying thickness of attenuating material (aluminium) in front of the
detector. The MC calculated spectra was able to reproduce the measured
attenuation profile with a relative standard deviation of 2.7% for the
40 kV x-ray beam, see Fig. 4.

Uncertainties arising from the filtration used in the x-ray spectrum
calculation are assessed by a sensitivity analysis described in the

10° 1
2 10%} 1
g
=
~ 10"} 1
0 L
%% 10 20 30 40

E [keV]

Fig. 3. Calculated x-ray energy distribution for 40 keV electrons imparted on a

tungsten target. The L-shell emission lines of tungsten are clearly visible around

10 keV. Calculations were done using egs+-+ with geometry of the x-ray tube

head. The fluence weighted mean energy of the calculated spectrum is Eay o =
14.3 keV.
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Fig. 4. Attenuation profile of the 40 kV x-ray beam measured (black circles)
and MC calculated using the spectral distribution shown in Fig. 3 (red cross).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

following section. The calculated x-ray spectrum is used as the photon
source in further MC calculations of dose ratios and dose gradient within
the alanine pellets.

For all calculations the photon cross sections option medf-xcom was
used. This option uses the renormalized photoelectric cross sections of
Sabbatucci and Salvat (2016) with xcom (Berger et al., 1998) for all
other cross sections (option recommended for low energy applications in
the PIRS509a BEAMnrc user manual).

2.5. Uncertainties

An estimated uncertainty budget is shown in Fig. 1. The uncertainty
for the total energy dependence of the dosimeter F, o, depends on the
uncertainties in dose-to-water determination and the curve fit of the EPR
response function for x-rays and cobalt-60 respectively. The uncertainty
related to dose-to-water determination is primarily due to uncertainty in
the calibration factor 6., (2.5% for the PTW 23344 ionization chamber
and 1.4% in the reference position in the cobalt-60 Gammacell). A
correction for the change in irradiation conditions between x-ray irra-
diations at Risg and the calibration of the PTW 23344 ionization
chamber is included, with a statistical uncertainty oy, = 0.9 %. The
uncertainty on the slope o is evaluated from the residuals of the linear
regression, see Fig. 5. EPR responses are normalized to the mass of in-
dividual pellets. The uncertainty contribution due to pellet mass
(< 0.05% atk =1)isnegligible in the analysis. Irradiation temperature
in the cobalt-60 Gammacell was kept at a stable 25°C, while it was
continuously measured to 24.8°C during x-ray irradiations. The
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Fig. 5. Measured EPR response per mass of pellet as a function of dose to water
for alanine pellets irradiated in a cobalt-60 field (black circles), 40 kV x-ray
field (gray squares), and 40 kV x-ray field corrected for dose gradient in the
pellet (gray triangles).
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influence of irradiation temperature on the generated EPR response (<
0.04 %) is thus negligible. Alanine pellet dosimeters were placed in the
ABS holders during all irradiations to minimize effects of surrounding
material. Therefore we assume that 6., and o, are the sole contributors
to the uncertainty in Fq q,. For the uncertainty in Fg q, the contributions
from 6., and o, for x-ray and cobalt-60 irradiations respectively are
added in quadrature.

From MC calculations both statistical and geometrical uncertainties
arise. Statistical uncertainties oOgurisicar are minimized purely by
increasing the number of simulated initial particles. The value of 0.9%
shown in Table 1 is the statistical uncertainty for all MC calculations
used for determination of Hq o, added in quadrature. Geometrical un-
certainties ogeometricat Tefer to unknowns in material specifications and
accuracy of dimension specifications. Other components of uncertainty
Oother arise from the choices of algorithms and cross-sections used. The
geometrical and computational uncertainties given in Table 1 are con-
servative estimates. The statistical, geometrical and computational
contributions to the uncertainty in Hq o, are added in quadrature.

A sensitivity analysis in the spectrum calculation of the effect of
varying aluminium filtration was carried out. No information on the
uncertainty of filtration thickness was available. A conservative estimate
in the order of +£10 % was chosen for the sensitivity analysis. Using x-ray
spectra calculated with this 10% variation in aluminium filtration
thickness showed no effect on the calculation of Hg q,, while a variation
of +1.6 % was observed for the kg calculation described in Section
3.1. This variation is adopted as an estimate of the uncertainty for kenicx.

The uncertainty contributions from Fq o,, Ho.q,, and keick are added
in quadrature to obtain the final uncertainty on the relative efficiency
G-

All uncertainties stated are at k = 1.

3. Results

The determination of the energy dependence of the alanine pellet
dosimeter in an x-ray beam relative to a reference cobalt-60 beam is
based on the ratio of the slopes of EPR response to dose to water (see
Fig. 5). From the raw measurement of EPR response, the obtained
response function for cobalt-60 is

reo(Dy) = 884.05Gy ™" - Dy, +430.89, (6)
and for the 40 kV x-ray beam
rx(Dy) =309.19Gy " - D,, + 1094.51. @

Using the ratio of the slopes and a combined uncertainty of 3.4% (see

Table 1
Uncertainty components, given as relative standard uncertainty.

Contributor Type A Type B Combined

X-ray
Geal 2.5%
O 0.9%
o5t 1.3%
Cobalt-60
Ocal 1.4%
Ot 0.8%
Foq 3.4%

Monte Carlo

Ogeometrical 1.0%
Ostatistical 0.9%
Oother 2.0%

Hoa 2.4%

Kthick 1.6%

Gaa 4.5%
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Table 1), we obtain a preliminary result for the total energy dependence
of this alanine pellet dosimeter of

Fo 0, =0.350 + 0.012, ®

a roughly 65 % decrease in EPR response per dose to water. However,
this value has to be corrected for the dose gradient inside the detector as
descried in the following section.

3.1. Thickness correction

The low filtration of the beam (see Section 2.2) gives rise to a steep
dose gradient within the thickness of an alanine pellet. MC calculation of
the depth dose curve inside the geometry of the alanine pellet show a
reduction in dose to alanine of approximately 70 % from the surface to
the back (see Fig. 6).

For the irradiations in the cobalt-60 Gammacell the alanine pellets
are placed in a geometry that ensures secondary electron equilibrium, so
the dose deposition inside the pellets is completely homogeneous. A
large part of the reduction in total energy dependence Fqq, can there-
fore be attributed to the difference in dose deposition. In order to give a
comparable value, the EPR signal of the x-irradiated pellets must be
corrected for the dose gradient in the pellet — a thickness correction.

The thickness correction is calculated by the ratio of homogenous
dose deposition to decreasing dose gradient as

Dy
Kiniek = 9
KT D()de ©

where Dy is the surface dose and z; is the thickness of the pellet. From
the MC calculated depth dose curve in Fig. 6, a thickness correction of
Khick = 1.84 + 0.03 is obtained.

3.2. Corrected response

Applying the correction factor to the EPR response from x-irradiated
pellets reduces the difference in detector response relative to cobalt-60
irradiated pellets (see Fig. 5). The corrected value of the total energy
dependence of the alanine pellet dosimeter can then be obtained in a
similar way as for the uncorrected signal, by ratio of slopes, or simply
taking the product of the uncorrected value of the total energy depen-
dence and the thickness correction factor. The corrected total energy
dependence is

F§5 = Fog,-kaex = 0.64 £ 0.02. (10)

A 35 % reduction in the EPR response per dose to water is thus
observed for x-irradiated pellets corrected for dose gradient relative to
the reference cobalt-60 irradiated pellets.

D
o

Norm.
h
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Depth in alanine pellet [mm)]
Fig. 6. Dose gradient whithin the alanine pellet geometry normalized to the

surface dose to alanine. Calculation carried out using egs++ with geometry
setup as in Fig. 2 (b).
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The correction of the EPR response for dose gradient is part of the
process in isolating the effect of reduction in chemical yield — formation
of stable free radicals — for alanine from other physical aspects influ-
encing the EPR response. Another factor that influences the total energy
dependence of the dosimeter is the difference in dose-to-alanine to dose-
to-water ratio for low energy x-rays relative to the cobalt-60 reference
(see Fig. 1). MC calculations of the dose to an alanine pellet in the
irradiation geometry can be carried out, as well as the same calculation
where the alanine pellet has been replaced with a water pellet of equal
dimensions. The dose gradient through a pellet (of both alanine and
water) in the x-ray beam was calculated, and an extrapolation to surface
dose is used as the dose-ratio for calculation of Hgq,. The calculations
were carried out using the cavity-usercode in egs++ for the 40 kV x-ray
beam, and the g-usercode for the cobalt-60 reference beam. The dose-to-
alanine to dose-to-water ratio for the 40 kV x-ray beam relative to the
cobolt-60 reference is

Hpg, = 0.71 4 0.02. 11
The relative efficiency of the alanine pellet dosimeter in this x-ray

field can then be calculated according to Equation (2) as

corr

oo, = 80 _ o1 + 0,08 12)
00, =52 =0. .04

[eXen

4. Discussion

In the present work the relative efficiency of an alanine pellet
dosimeter following irradiation in a 40 kV x-ray beam has been studied.
The result is a (8.9+4.1) % decrease in the relative efficiency for this
beam quality relative to the reference Co-60 quality.

Previous studies of the radiation yield of alanine radicals have shown
a decrease in relative efficiency towards lower effective x-ray energies at
tube voltages in the range 30 kV — 280 kV (Zeng and McCaffrey, 2005;
Waldeland et al., 2010; Anton and Biiermann, 2015; Khoury et al.,
2015). Some issues arise concerning comparison of results; Zeng and
MecCaffrey (2005) use an air kerma based dosimetry protocol contrary to
the water based dosimetry. Khoury et al. (2015) does not specify either
HVL or effective energy of the studied x-ray beam, and only list the tube
potential used (125 kV) and the average energy of a 150 kV spectrum in
material of fruit fly pupae. Anton and Biiermann (2015) do not list
values for Goq, (denoted # in their work), but instead correct the MC
calculated dose ratios by the relative efficiency obtained with the
microdosimetric one-hit detector model. A compilation of the respective
results in regards to relative efficiency is shown in Fig. 7; no results of
(Anton and Biiermann, 2015) are included due to their different focus.

The compilation of literature data indicates a continuous decrease in
the relative efficiency for x-ray qualities with an effective energy
decreasing from 100 keV. The trend observed in the literature data is
extended to below 10 keV in effective energy with the result presented
here.

Anton and Bilermann (2015) carried out an extensive study of the
relative response of the alanine dosimeter extending the range of x-ray
qualities from 280 kV down to 30 kV. The focus of their work is on
experimental determination of the relative response. Low dosimetric
uncertainties was obtained using a water calorimeter as primary stan-
dard. Here the relative efficiency was calculated using the micro-
dosimetric one-hit detector model (Olko, 1999; Olko and PR Waligorski,
2002; Olko, 2002) and used to correct the MC calculated dose ratio to
obtain good agreement with measurements of EPR response per unit
dose to water. Comparison of our experimentally obtained value of
relative response Fg q, presented in Equation (10) is in good agreement
with the results of Anton and Biiermann (2015), however the MC
calculated ratio of doses Hq q, indicates a slight deviation which prob-
ably arises due to the use of different cross section data.

For use as a transfer dosimeter in the low energy range of photons a
cobalt-60 calibration of the EPR signal per unit dose to water combined
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Fig. 7. Comparison of literature values for Gqq,. Legend entries refer to data
from H19: the present study, Z05: Zeng and McCaffrey (2005) (using air kerma
based dosimetry rather than water based), W10: Waldeland et al. (2010), and
K15: Khoury et al. (2015) (using average energy instead of effective energy).

with a correction for the relative efficiency should be used. The result
presented here is an extension of the literature data for the energy
dependence of the alanine pellet dosimeter. How the relative efficiency
is dependent on different beam characteristics (HVL, mean/effective
energy, dose-rate, temperature, etc.) is still unclear, implying data from
the literature may not be directly comparable. Further work on char-
acterizing this intrinsic property, for example by isolating the depen-
dence on specific beam qualifiers, is required.

5. Conclusion

In this study we have investigated the relative efficiency of the
alanine/EPR dosimeter subject to a 40 kV x-ray beam, with effective
energy E. = 9 keV, relative to cobalt-60 y-rays. The relative efficiency
of this x-ray beam was measured to Gqq, = 0.91 & 0.04. The effective
energy of the beam is about a factor three lower than the beam qualities
investigated in the literature, and serves as an continuation of the trend
observed mainly by Waldeland et al. (2010).

For comparison of EPR-response of x-irradiated and cobalt-60 irra-
diated alanine pellets, a geometrical correction based on MC calculated
depth-dose curve in alanine was shown to be necessary. Correcting for
this difference in dose gradient allows us to isolate the relative effec-
tivness from the dose-to-alanine to dose-to-water ratio dependence.

The result presented in the present paper contributes to the overall
characterization of the energy dependence of the alanine dosimeter. The
validity of using effective energy (or tube potential, average energy,
homogeneity factor, etc.) as beam qualifier is not clear, and should be
investigated in greater detail for proper use of a correction for relative
efficiency in alanine pellet dosimetry.
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Abstract

The radiation response, quantified by the dose-log survival curve, of spores of Bacillus pumilus
subjected to irradiation in a 150kV x-ray beam was examined and compared with the response
obtained by irradiation in a reference cobalt-60 field. The spores were irradiated at doses ranging
from 2kGy to 11kGy. The responses were the same for both beam qualities within measurement
uncertainties. Further comparison with literature data showed that the 150kV response of B.
pumilus spores is the same as the response at high energy x-rays, low and high energy electron

beams, and cobalt-60 gamma beams.

1 Introduction

In two previous papers it has been shown that the dose response of Bacillus pumilus spores irradiated
under specified standardized conditions, namely fully water-hydrated spores in the presence of air,
is independent of beam quality for cobalt-60 gamma rays, high energy x-rays, and low and high
energy electrons (Tallentire et al., 2010; Tallentire and Miller, 2015).

Low energy x-irradiators are attracting interest as replacement for gamma irradiators for several
applications involving cell inactivation and potentially sterilization. A recent example is decon-
tamination of medicinal cannabis which is currently carried out using cobalt-60 gamma irradiators
(Hazekamp, 2016), but x-ray alternatives are being examined. Similarly for applications in irradi-
ation of fruit as a quarantine treatment. For applications such as blood irradiation and the sterile
insect technique commercially available self-shielded x-ray units are available, typically using peak
voltage in the order of 150 kV (Khoury et al., 2015). With these developments it is of interest to assess
the microbicidal effectiveness of x-rays in this energy region, expanding on the work presented in
Tallentire et al. (2010) and Tallentire and Miller (2015).

Here we investigate the dose-log survival response, in the dose range 2kGy to 11kGy, of B.
pumilus spores present in the above ‘standardized’ conditions and irradiated with a 150kV x-ray
beam. Also, as the supplier of the stock B. pumilus spore suspension used to prepare the batch of
test filters employed in the present study was different from the supplier used previously, it was

deemed necessary to verify the suitability of the new batch for assessing comparable microbicidal

*E-mail: jakg@dtu.dk
*present address: Tetra Pak eBeam Systems AG, Herrengasse 10, 3175 Flamatt, Switzerland
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effectiveness. This was achieved by generating the dose-log survival response for cobalt-60 gamma
rays and comparing it with previous findings.

Throughout this paper the term dose is used to mean absorbed dose to water.

2 Materials and methods

2.1 Microbiological test filters

The production of microbiological test filters is based broadly on the methods described by Powers
et al. (1957) with the exact procedure being equivalent to that used for our previous work (Tallentire
et al., 2010; Tallentire and Miller, 2015). A test piece consists of a test filter possessing a known
number of hydrated spores of B. pumilus, ranging from around 4 x 10! to 4 x 107, located on the
surface of a GS grade cellulose acetate membrane filter placed in a 9 cm Petri dish. X-irradiation
was carried out with predetermined, well-defined doses to give numbers of survivors that were
countable as colonies following incubation of the irradiated test piece placed on nutrient medium.

A new batch of test filters was made for the present low energy x-ray experiments using a
suspension of spores of B. pumilus (cell line 27142 LOT PU140) containing 2.5 x 10° spores/cm?
obtained from Crosstex!. This batch of test filters was produced in July 2018.

2.2 Gamma irradiation

Cobalt-60 irradiation of test pieces was carried out in two separate Gammacells located at Rise
HDRL, DTU Health Tech. Gammacell 3 is a Nordion GC-220 (geometry described in e.g. Hefne
(2000); Rodrigues et al. (2009)) with dose rate of approximately 85Gy min~! in the reference po-
sition, and Gammacell 1 is very similar in design with dose rate of approximately 3.4 Gy min~".
Irradiation of test pieces in Gammacell 1 was done immediately (over the course of a few weeks)
after production of test filters to examine the suitability of the batch. Irradiation of test pieces in
Gammacell 3 was done prior to irradiation in the low energy x-ray field to reconfirm the validity of
the batch since 18 months had elapsed since the time of its production.

The procedure for dose measurement in the Gammacells followed the description by Tallentire

et al. (2010).

2.3 X-ray irradiation

The low energy x-irradiation was carried out at ebeam Technologies, Comet, Flamatt, Switzerland.
An XBA-200/270H x-ray tube was used. This is an x-ray emitter with a large tantalum transmission
target, window height 270mm and width 40mm, allowing for irradiation of several test pieces
simultaneously. The tube parameters used was an accelerating potential of 150kV and filament

current of 20mA. The test pieces were placed on a turntable at 10 cm distance from the turntable

Thttps://www.crosstex. com/
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central axis to the exit window of the x-ray emitter. The turntable ensured homogeneous dose

distribution in the irradiated Petri dishes.

2.3.1 Dose measurement

The delivered dose was monitored during irradiation of test pieces by measurements using both
alanine film and pellet dosimeters. The alanine dosimeters are calibrated for dose to water in a
reference cobalt-60 field, a Nordion GC-220 (Riss HDRL Gammacell 3), the dose rate of which is
determined with traceability to the national standards at the National Physical Laboratory, UK.

The alanine pellets used are obtained from Harwell Dosimeters, and they consist of ~ 91 % L-«-
alanine and ~ 9 % paraffin wax. They are cylindrical with a diameter of 4.8 mm, height 2.7 mm, and
average mass 60 mg.

The alanine film dosimeters are obtained from Kodak (BioMax, lot B0312). They consist of a
mixture (by weight) of 50 % L-a-alanine and 50 % binder material (CszFz)n(C2F4)p coated (45 mm X
4mm) on a polyester stick. The thickness of the coating is 135 um and the polyester stick thickness
is 175 pm.

The electron paramagnetic resonance (EPR) response, defined as the peak-to-peak height of the
first derivative of the EPR spectrum normalized to individual pellet mass, of the alanine pellets was
measured using a Bruker e-scan and EMXmicro for high and low doses respectively. For the alanine
films the EPR measurement is done entirely on the EMXmicro.

The EPR response of alanine is however energy dependent for low energy x-rays (Zeng and Mc-
Caffrey, 2005; Waldeland et al., 2010; Khoury et al., 2015; Anton and Biiermann, 2015; Hjerringgaard
et al., 2020), and as such the response per dose to water of the two types of alanine dosimeters in the
x-ray field relative to the reference cobalt-60 field must be determined. The relative response Fg o,
of the alanine dosimeters in the x-ray field Q compared to a reference cobalt-60 gamma field Qg can
be written as

(r/Dala)Q (Dala/DW)Q

Foo = (r/Dala)Qo . (Dala/DW)Qo N
_ (?’/DW)Q
~ (/Dw)g,” (2)

where 7 is the EPR response, D,j, is the dose to the alanine dosimeter, and D,y is the corresponding
dose to a water at the effective point of measurement of the alanine dosimeter. On the right hand
side of Equation (1) the first term takes care of the change in signal production between radiation
quality Q and Qp, while the second term address the change in dose ratios. A combination of
these two effects result in the relative response described as the change in signal production per
dose to water. The relative response of the alanine pellet dosimeter as a function of the effective
energy in low and medium energy x-ray fields has been experimentally determined for alanine
pellet dosimeters in several publications (Waldeland et al., 2010; Anton and Biiermann, 2015).

To maintain traceability to national standards the dose to water in a low energy x-ray field Dy, g

can then be calculated from the dose to water determined from a cobalt-60 calibration D, g, by

3
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applying a quality correction factor kg = Fé,lQo as
Duw,q = koDw,- ®)

For the alanine pellet dosimeters the relative response was determined by interpolation of literature
data from Waldeland et al. (2010) and Anton and Biiermann (2015), based on the effective energy of
the x-ray beam. The dose to water calculated in this manner for measurements using either alanine
pellet or film dosimeters, is assumed to be representative for the dose to the test filter.

For the alanine film dosimeters no literature data on the relative response is available. To assess
the relative response of the alanine film dosimeters, film and pellet dosimeters were irradiated under
identical conditions in the 150 kV x-ray field and the relative EPR responses were compared to those
obtained by dosimeters irradiated in a cobalt-60 reference field.

The choice of using alanine dosimeters for dose measurements in the present experiment, rather
than using more well-established methods like ionization chambers, was made on the basis that code
of practices for low and medium energy x-rays ionization chamber dosimetry (Aukett et al., 1996;
Ma et al., 2001) are primarily assuming point-like sources (circular field at detector position). The
different components required for ionization chamber dosimetry, e.g. backscatter factor, is highly
dependent on field size. It is not clear how to apply these corrections to the ionization chamber
readings for the kind of x-ray field (270 mm window height and 40 mm window width) used in the

present study.

2.4 Irradiation of test pieces

For each dose two test pieces were irradiated and scored separately. An overview of the different test
filters and the nominal dose required to obtain statistically relevant and countable number of colony
forming units is given in Table 1. The selected exposure times were estimated by measurements of
the air kerma rate at the central position of the stack of Petri dishes.

Table 1: Overview of test filters used for x-ray irradiations at Comet, showing test filter name and

suspension of B. pumilus spores, and the nominal dose D used for dose planning. The selected
exposure time in the x-ray field, to deliver the nominal dose, is also listed.

Test filter ~ Spores on filter D [kGy] texp [h]

DS8 4 x 10! 0.0

DS7 4 % 10% 2.5 4.19
DS6 4 %103 43 7.20
DS5 4 % 10* 5.8 9.72
DS4 4% 10° 7.2 12.06
DS3 4 % 10° 8.4 14.07

Irradiation of test pieces was done in intervals. For each irradiation interval a stack of 14 Petri

dishes was placed on a turntable in front of the x-ray emitter. The stack of Petri dishes consists of:

® Three empty Petri dishes in both bottom and top of the stack to ensure full and equal scatter

conditions for all irradiated test pieces.



* Next in the stack from both bottom and top is one Petri dish containing four alanine pellets

122 located on a dry filter pad to mimic irradiation conditions of test pieces.
¢ In the center are six test pieces with alanine film dosimeters attached on the bottom.

124 Furthermore three alanine film dosimeters were placed on the outside bottom of each Petri dish
containing test pieces. See Figure 1 for a picture of the irradiation geometry. The stack of Petri

dishes is placed with the center at a 10 cm distance to the x-ray exit window.

Figure 1: Example of x-ray irradiation geometry consisting of a stack of Petri dishes, containing
either nothing (top and bottom three), alanine pellet dosimeters (number four from top and bottom),
or test pieces and alanine film dosimeters (middle six). The stack is located on a turntable with
central axis at 10 cm distance to the exit window.
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3 Results and discussion

3.1 Beam characterization

To verify uniform dose across the test filters, the dose distribution across the bottom of each Petri
dish in a 14 piece stack was measured using Gafchromic HD-V2 (GAF) film. These measurements
were relative and only used to assess the homogeneity of the dose delivery. The film dosimeters were
analyzed using the RisgScan software (Helt-Hansen and Miller, 2004), showing an average variation
in dosimeter response across individual films of 1.5 % with no significant gradient in response across
the GAF films. Comparisons between GAF films irradiated at different positions in the stack of Petri
dishes show that the response drops off for the top and bottom ones, however for the central Petri
dishes, at positions in the stack where dosimeters and test pieces are placed, the response is uniform.

The half-value layer (HVL) of the x-ray beam was measured using a PTW 23344 soft x-ray ion-
ization chamber. The ionization chamber was placed at the surface of a PTW 2962 polymethyl
methacrylate (PMMA) slab phantom with the effective point of measurement at 10 cm distance from
the x-ray tube exit window. An increasing number of attenuating aluminum plates was placed
between the ionization chamber and the source to estimate the HVL. The HVL data are shown in
Figure 2, indicating a HVL of roughly 17 mm of aluminum for this particular geometry. Since the
HVL measurements are carried out in a irradiation geometry significantly different from recom-
mended HVL measurement conditions (Ma et al., 2001), the effective energy of the x-ray tube can

not be directly calculated from mass attenuation coefficients.

Tte .
=} S
o “~=_‘i
é 05H“~.__._~:
e} :
Z
1 i 1 i 1 =
o 11| - 60keV——62keV 641<ev1 I i
8 i ] |
JPYIPIRES = S I S S |
09 :
L L L
0 5 10 15 20

Attenuation [mm Al]
Figure 2: Top: Ionization chamber measurements of the attenuation of the x-ray beam by insertion

of aluminum plates between the detector and source. Bottom: Ratio of MC calculated to measured
attenuation for monoenergetic photon beams.

To estimate the effective energy of the x-ray tube Monte Carlo (MC) calculations of the attenua-

tion of monoenergetic photon beams in the applied geometry were carried out, using the flurznrc

6
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usercode of the EGSnrc MC software (Kawrakow et al., 2017). The irradiation geometry was ap-
proximated in EGSnrc by a cylindrical PMMA phantom of diameter equal to the side length of the
actual phantom. The photon fluence was scored in an air volume located at the position of the
ionization chamber volume in the phantom, for increasing aluminum attenuation thickness. The
ratio of MC calculated fluence to ionization chamber measurement, both normalized to the zero
attenuation value, for three monoenergetic photon beams is shown in Figure 2. The best agreement
is obtained for monoenergetic photon energy 62 keV where the mean ratio of calculated to measured
attenuation is 1.002 with standard deviation 1.4 %. This energy is adopted as the effective energy of
the x-ray tube E.¢ = 62keV.

By interpolation of literature data on the relative response of the alanine pellet dosimeter, a value
of? FS/QO = 0.79 is obtained for Eqg = 62keV.

3.2 Relative response of alanine films

To assess the response of the alanine film dosimeters in the 150 kV x-ray field relative to a cobalt-60
reference field a comparison of the EPR response, measured from alanine film and pellet dosimeters
after equal exposure, were carried out. The alanine film and pellet dosimeters were separately
placed at the surface of the PTW 2962 PMMA phantom, with surface at 10 cm distance to the x-ray
source. The relationship between the EPR response of the two dosimeters after irradiation in the

150kV x-ray field and a reference cobalt-60 field is shown in Figure 3.

108
10 .
g, 0.8 |- K n
g
8 06| . |
8 .
> L |
£y
Mo 04 5
E
= i o |
02f .
*150kV x-ray
| +Cobalt-60 1
O L L L
0 0.5 1 1.5
Pellet EPR response [a.u.] 10°

Figure 3: The EPR response of alanine film dosimeters versus alanine pellet dosimeters for equal
exposures in the 150kV x-ray field under investigation in the present study, and in a cobalt-60
reference field.

2The superscript P is used here to denote the relative efficiency for the pellet dosimeter. A superscript F will be used to
denote film dosimeters.
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The relative response of the alanine film dosimeter F(S,Qo was then determined by correcting
the relative response of the alanine pellet dosimeter by the ratio of the slopes obtained by linear
regression to data shown in Figure 3. The slopes were determined to be 6.19 and 4.86 for the 150 kV
x-ray and the cobalt-60 gamma respectively. Using F(S,Qo = 0.79 for the alanine pellet dosimeter a

relative response of Fg 0, = 1.01 is obtained for the film dosimeter.

3.3 Dose measurements

Comparison of dose measurements The dose to test filters measured during irradiation of the
test pieces using alanine film and pellet dosimeters, DVFVQ and D‘I;Q respectively, are compared in

Figure 4. The doses determined by the two individual dosimeters agree well within the estimated

10 ;

[kGy]
1

w,Q

F
Iy
T
N
B
|
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0 2 4 6 8 10

Dyq [KGy]

Figure 4: Comparison of doses measured by alanine film DVFVQ and pellet D‘IZ,Q dosimeters. The
error bars represent uncertainties at k = 2. The dashed gray line represent a slope of unity.

uncertainties, however dose determined by alanine film dosimeters is on average 3.0 % lower than
the dose determined with the alanine pellet dosimeter. Since the measured EPR response is an

average over the dosimeter, this variation may be due to the difference in dosimeter volume.

Uncertainties The uncertainties on the measured doses shown in Figure 4 are obtained by sum-
mation in quadrature of all independent uncertainty components. An overview of the considered
uncertainty components is given in Table 2. The total uncertainty obtained for D‘I,;Q and DalQ in-
clude all components of uncertainty considered for establishing traceability of the dosimetry system.
All uncertainties are stated at k = 1.

The uncertainty on the dose to water determined by alanine dosimeters consist of contributions
from the dose to water calibration in the cobalt-60 Gammacell and the determination of the relative

response. The uncertainty of the relative response of the alanine pellet dosimeter is estimated from

8
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Table 2: Uncertainty budget for the dose measurements with alanine pellet and film dosimeters in
the x-ray beam. All uncertainties are stated at k = 1.

Parameter Comment Type ck=1)

Dy, measured by alanine pellet dosimeters in x-ray field Q:

Dy,q, Dy calibration of alanine pellet dosimeter in cobalt-60 B 1.7 %

F(I;;,Qo Estimated from fit to literature data B 3.3%

DE,,Q Combined uncertainty of D, o, and F(S,Qo Combined 3.6%

Relative response of alanine film dosimeter:

EPR fit Linear regression for x-ray EPR response A 1.4%
Linear regression for cobalt-60 EPR response A 2.5%

FE Combination of uncertainties in EPR response and F} Combined 3.9%

QQo QQo

D,y measured by alanine film dosimeters in x-ray field Q:
D‘I:V,Q Combined uncertainty of Dy, o, and F(S,Qo Combined 4.6%

the experimental uncertainties stated in Waldeland et al. (2010) and Anton and Biiermann (2015)
in combination with a conservative estimate of the uncertainty on the effective energy of the x-ray
beam (5% at k = 1). The relative response of alanine film dosimeters consist of contributions from
EPR response of film and pellet dosimeters in the respective radiation fields as well as the stated
uncertainty of the relative response of the alanine pellet dosimeter. The uncertainty of the measured
EPR response is evaluated from the residuals of the linear regression of EPR response of pellet

versus film dosimeters.

3.4 Microbiological responses

A wide range of viable spores present on the unirradiated test filters (see Table 1), combined with
suitable choices of dose yielding number of survivors in the range of 15 to 50 colony forming units,
allow for a linear dose-log survival curve to cover six log-cycles of inactivation of B. pumilus spores
in the x-ray field and eight log-cycles in the cobalt-60 Gammacell irradiations. The choice to not
extend the dose range in the x-ray field was made due to time considerations. Data for the survival
fraction of spores irradiated in Gammacell 1, Gammacell 3, and the low energy x-ray field is shown
in Figure 5. The dose used for the 150kV x-ray quality shown in Figure 5 is the dose measured
using alanine pellet dosimeters. It is evident that a common response function can describe the
survivability of B. pumilus spores irradiated with cobalt-60 gamma rays and the 150kV x-ray beam.

Djp-values were calculated from the slope of a linear regression to the log surviving fraction
logS = a- D + b for each individual radiation quality by Dy = —1/a. The calculated Djp-values
are (1.33 £0.12) kGy and (1.44 £ 0.10) kGy, at k = 2, for the cobalt-60 and 150kV x-ray irradiations

respectively.

Uncertainties The uncertainty on the spore count on the test filters was estimated by the relative

difference between the individual spore counts on test filters irradiated at same dose in each beam
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Figure 5: Surviving fraction of water hydrated B. pumilus spores irradiated at cobalt-60 gamma and
at 150kV x-ray. The error bars represent uncertainties at k = 2.

quality, divided by v/3 in the same manner as in Tallentire et al. (2010). The error bars shown in
Figure 5 represent the survival fraction obtained at these limiting cases, at k = 2.
Uncertainties for slope and Djp-values are estimated by the standard error of the least squares

used to fit the data.

4 Conclusion

The radiation response of water-hydrated B. pumilus spores irradiated in air to a 150kV x-ray beam
was found to be the same as the response in a reference cobalt-60 field within experimental uncer-
tainties. The results obtained in the present study serve as an expansion on previously published
results on the radiation response of B. pumilus spores for low and high energy electron beams,
high energy x-ray beams, and cobalt-60 gamma beams. The conclusion stands that the microbicidal

effectiveness of these beam qualities are equal in the dose range 2kGy to 11kGy.
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Abstract

During the last two decades several experimental studies have been published, characterizing
the energy dependence of different alanine pellet dosimeters in low and medium energy X-ray
fields. Here we present a comparison of the energy dependence of two different alanine pellet
dosimetry systems.

Alanine pellets, differing in size and chemical composition, were irradiated under identical
conditions at the National Physical Laboratory (Teddington, UK), for X-ray beams at accelerating
potential 135kV and 280kV. Analysis of the induced detector signal was carried out independently
for the two sets of alanine pellets.

The relative response of the alanine pellet dosimeters was in agreement with a relative differ-
ence of 1.5% and 2.2 % while the relative difference for the relative efficiency was 0.4 % and 1.0 %

for the the respective X-ray beam qualities.

1 Introduction

Due to both safety concerns and increasing difficulty in acquiring and transporting radioactive
sources, industrial applications of ionizing radiation, such as blood (Saglam et al., 2011) and food
irradiation (Barkai-Golan and Follett, 2017), are increasingly looking for low to medium energy
X-ray alternatives.

However, issues regarding the energy dependence of the alanine pellet dosimeters for routine
dosimetry at low to medium X-ray energies have been highlighted in a range of studies (Zeng and
McCaffrey, 2005; Waldeland et al., 2010; Khoury et al., 2015; Anton and Biiermann, 2015; Hjerring-
gaard et al., 2020; Nasreddine et al., 2020). Results suggest that the detector response per dose
to water in low energy X-ray fields relative to reference fields (typically cobalt-60) decrease with
decreasing effective energy. Furthermore, Monte Carlo calculations of the dose ratios of detector
material to water show that a change in radiation absorption properties for lower energies can not
fully explain the decrease in detector response, implying a decrease in the stable free radical pro-
duction for lower X-ray energies. Several geometries, X-ray fields, and dosimeters are used across

the published data, making direct comparison questionable.

*E-mail: jakg@dtu.dk
TE-mail: a.nasreddine@aerial-crt.com
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Here we investigate the relative efficiency of two different alanine pellet dosimetry systems. The
dosimetry systems consist of alanine pellets obtained from Aerial (Illkkirch, FRANCE) and Harwell
Dosimeters (Oxforshire, UK) respectively, using different Electron Paramagnetic Resonance (EPR)
spectrometers and reference radiation fields. In this study, the alanine pellets were irradiated in
the same X-ray fields using identical irradiation conditions in order to make a direct comparison

possible.

2 Materials and Methods

2.1 Relative efficiency

The energy dependence of a dosimeter subject to radiation at beam quality Q relative to a reference
beam quality Qp can be quantified by the relative response Fg o, as:

(R/Dw)q

F, ==
Q.Qo (R/DW)QO,

M

where R is the dosimeter EPR response and D, is the absorbed dose to water at the effective point of
measurement. For a linear relationship between dosimeter response and dose to water the relative
response can be experimentally determined as the ratio of the slopes of response functions. This
is true at absorbed doses that are smaller than ~ 10kGy where the alanine pellet dosimeter shows
linear response with respect to absorbed dose to water (Goodman et al., 2017).

The right hand side of Equation (1) can be expanded to include the dose to dosimeter material

Ddos as
= _ (Ddos/DW)Q . (R/Ddos)Q (2)
Qo (Ddos/Dw)QO (R/Ddos)Q(J’

where the first term is the dosimeter to water ratio of doses in the investigated beam quality relative

to the reference beam quality. This ratio is later on referred as:

(Ddos/Dw)Q

Hpp = - “V0Q 3
Qo (Ddos/DW)QO
The second term is the relative efficiency of the dosimeter, and is expressed as:
R/D
( dos)Q ( 4)

Goo) = +orn 00970
QQ (R/Ddos)QO

The relative efficiency of a dosimeter refer to the efficiency of signal production after receiving a
dose of ionizing radiation at a specific beam quality Q relative to a reference beam quality Qp.

The relative dosimeter to water ratio of doses Hg g, can be obtained through Monte Carlo (MC)
calculations, while the relative efficiency G g, can be determined as the discrepancy between the
experimentally measured relative response and the relative ratio of doses, when all known influenc-

ing factors are accounted for.
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2.2 Alanine dosimetry systems

Two different alanine pellet dosimetry systems was investigated. The first system uses the commer-
cial alanine dosimeters from Aerial (LOT 09/11) (Nasreddine, 2020). The pellets are cylindrical with
diameter 4mm and height 2.35 mm with an average mass of 36.05 £ 0.05mg. The composition of
the dosimeter is 91.63 % pure L-alanine, 6.37 % EUDRAGIT NE 30D and 2 % MYVATEX (Marchioni
et al., 2002). The EPR readout was performed using a Megnettech MS5000 spectrometer (Freiberg
Instruments, GERMANY) operating at 9.253 GHz. The parameters used for the EPR readout is a
20mT field width, 15s sweep time, modulation amplitude and frequency of 1mT and 100 kHz re-
spectively. The microwave power was 2mW. Each alanine pellet is placed separately in a quartz
tube which is then inserted in the EPR cavity. A reference ruby is permanently positioned in the
resonant cavity. This reference is used to correct the measured alanine EPR response by comparing
the EPR response of the ruby reference at the measurement and its value when the calibration curve
was established.

A second alanine pellet dosimetry system consisted of dosimeters obtained from Harwell Dosime-
ters. They consist of 91 % L-a-alanine and 9 % paraffin wax. They are cylindrical with a diameter of
4.8 mm, height 2.7 mm, and average mass 60 mg. The EPR readout was performed using a Bruker
EMXmicro sepctrometer operating at 9.53 GHz. The alanine pellets are placed in a quartz tube in
the resonator for all measurements to assure identical positioning. The data acquisition parameters
were a sweep width of 2mT, sweep time 21s, modulation amplitude 1 mT, and microwave power

3.375mW.

2.3 Experimental procedure

2.3.1 Kilovoltage x-ray irradiation prodcedure

The X-ray irradiations were carried out at the National Physical Laboratory (NPL), UK. Two of the
NPL reference beam qualities were used for irradiation of alanine pellet dosimeters. Specifications

of beam qualities is given in Table 1.

Table 1: NPL reference beam qualities used for irradiations of alanine pellet dosimeters. The rele-
vant parameters for converting ionization chamber measurement to dose to water is also listed.

Half Value Layer Nominal potential Filtration K (pﬂ >

mm Al mm Cu kv mmSn mm Cu mm Al ch 0 Jwyair],_o »
8.8 0.50 135 - 0.27 1.2 1.023 1.046
20.0 4.0 280 1.50 0.26 1.0 1.023 1.101

The irradiation geometry consisted of a Solid Water® phantom (WT1, Phoenix Dosimetry Ltd.)
with an inlet for a farmer type ionization chamber, where the effective point of measurement is
positioned in the central region of the phantom at 2cm water equivalent depth. An ionization
chamber dummy made of Solid Water® material, with room for three alanine pellets in the same

position as the effective point of measurement of the ionization chamber (see Figure 1), was used
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for the alanine pellet irradiations. The Solid Water® phantom was placed at a source to surface
distance (SSD) of 75 cm. Full backscatter conditions were obtained by adding 26 cm of Solid Water®

slabs behind the dosimeters.

Solid Water ‘1 }
i } Beam direction
i A NANANANANANS
Alanine pellets —r i CANNNNAN
| ~NANNNNNS
26 cm 2<c_r>n

Figure 1: Side view of Solid Water® geometry with ionization chamber dummy containing alanine
pellets at the effective point of measurement of the actual ionization chamber.

Ionization chamber dosimetry in terms of absorbed dose to water was performed according to
the IPEMB code of practice (Aukett et al., 1996) using a PTW 30012 Farmer type ionization chamber.

According to the protocol the dose to water can be calculated, for in-phantom measurements, by

Dw,z:2 = MNchh |:<Hen> :| ’ (5)
P/ w/air =20

where D,y .—; is the absorbed dose to water at 2cm depth in water (chamber position), M is the
chamber response (electrometer reading) corrected to air temperature 20 °C and ambient air pres-
sure 1013.25mbar, N is the chamber calibration factor, k, is a correction factor accounting for
the change in response of the chamber between calibration and measurement in a phantom, and
[(Fen/0)w/air)z=2,¢ is the mass energy absorption coefficient ratio of water to air averaged over the
photon spectrum at 2 cm depth in water equivalent material and field diameter ¢. Values for correc-
tions used are listed in Table 1. Ionization chamber measurements were used to determine the dose
rate at 2cm depth in water for the different beam qualities for relevant filament currents.

Three Harwell alanine pellets could be placed in the solid water ionization chamber dummy at a
time, while the smaller volume of the Aerial alanine pellets allowed for four pellets to be irradiated
simultaneously. The smaller volume of the Aerial alanine pellets does however introduce an air
gap between the alanine pellets and the solid water holder. The effect of the air gap on the energy

deposition in the dosimeter is evaluated by MC calculations.

2.3.2 Cobalt-60 reference irradiations

Aerial’s alanine EPR dosimetry system is calibrated using alanine pellets that were irradiated with

cobalt-60 reference beam quality. These dosimeter were purchased from NPL. All dosimeters were

4
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irradiated at an ambient temperature of 25+ 2 °C.

For the Harwell dosimeters the cobalt-60 reference irradiations was carried out in the Riss HDRL
Gammacell 1'. The Gammacell is very similar in design to the Nordion GC-220. The dose rate at
position of the alanine pellets inside the shielded radiation enclosure is calibrated using alanine
transfer dosimeters from NPL. The temperature inside the enclosure can be controlled in order to

obtain a temperature of 25.0 &= 0.5°C as for the calibration irradiations.

2.4 Monte Carlo calculations

For MC calculation of the dosimeter to water ratio of absorbed doses, the experimental geometry
for the X-ray irradiations described in Section 2.3 was implemented in the EGSnrc software with
simulation parameters described in Table 2, in the case of Harwell dosimeters. The same irradiation
conditions were modelled using the MCNPX version 2.7 (Pelowitz, 2011) MC simulation code, in
the case of Aerial alanine dosimeters. The same simulation parameters, that are listed in Table 2

were used in MCNPX simulations.

Table 2: Summary of the Monte Carlo simulation parameters based on the guidelines by the AAPM
TG-268 (Sechopoulos et al., 2018).

Item name Description References
Code, version EGSnrc code system, cavity user code. Kawrakow et al.
(2017)
Validation Half Value Layer comparison.
Source description Tabulated spectrum files.
Library egs_angular_spread_source was used
with o = 1.
Transport parameters Global Ecut = 0.512
Global Pcut = 0.001

Rayleigh scattering = ON
Electron Impact Ionization = ON
Photon cross sections = mcdf-xcom Sabbatucci and Sal-
vat (2016)
Variance  reduction No VRT was applied.
technique (VRT)

Scored quantities Dose per fluence in alanine pellet and water substi-
tute (total volume or in smaller slabs).

No. histories Typically 1 x 10°.

Statistical methods Batch method.

Post-processing See text.

The use of the MC model is threefold:

i) To calculate the ratio of absorbed doses in the X-ray fields. Combined with a calculation of the

ratio of mass energy absorption coefficients for the reference cobalt-60 field, the relative ratio

Ihttps://www.nutech.dtu.dk/english/products-and-services/industrial-dosimetry/hdrl/hdrl_gamma_cells
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of doses can be calculated according to Equation (3), assuming
Hen
Dyos _ [ P ]dos
D B Hen ' ©)
w7 Qo {7] w

Qo

=

A difference in homogeneity of dose distribution within the dosimeter dimensions is expected
between the kilovoltage (kV X-rays) and reference cobalt-60 irradiations. The dose gradient

within the dosimeter dimensions is therefore calculated for evaluation of this difference.

iii) A sensitivity analysis of the effect of the air gap in the alanine cavity of the Solid Water®

ionization chamber dummy. The effect on both dosimeter to water dose ratios and the dose
gradient correction is investigated. This investigation is particularly relevant for the Aerial
alanine pellets since they have a smaller diameter than the Harwell alanine pellets while the

same cavity is used for placement of the pellets.

3 Results

3.1 Relative response

The EPR response of the alanine pellet dosimeters per dose to water is shown in Figure 2.

104
10 T \ \ 25 T \ T
Aerial alanine pellet Harwell alanine pellet
81 201 2
EEE 15 .
&
o 4l
1.0 B
2 -
05| B
0 L L L L
0 0 5 10 15 20 25
Dy [Gy} Dy, [Gy}

Figure 2: EPR response of alanine pellet dosimeters per dose to water irradiated in cobalt-60 refer-
ence beam quality (black) and the 135kV (red) and 280kV (blue) X-ray fields.

Since the response of the alanine pellet dosimeters in the respective X-ray fields relative to the

cobalt-60 reference field is defined as in Equation (1), the relative response of the alanine pellet
dosimeter can be calculated as the ratio of the slopes of the calibration curves presented in Figure 2.

The calculated values for the relative response Fg o, are listed in Table 3. The relative difference

142 between the relative response obtained by the respective dosimetry systems is 1.5% and 2.2 % for

the 135kV and 280kV X-ray beams respectively.
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Homogeneity of dose distribution in alanine pellet To determine the relative efficiency of the
respective dosimeters, all other factors impacting the dosimeter response must be considered. For
instance the difference in radiation absorption properties is handled by the MC calculated ratio of
doses in Equation (3). Another factor impacting the induced response is the relative homogeneity
of the dose distribution in the dosimeter volume in the x-ray beam relative to the reference field.
During exposure the cylindrical alanine pellets are irradiated perpendicular to the axis of sym-
metry making a direct MC assessment of the dose gradient in the detector volume impractical. The
situation is therefore approximated by a box of alanine with side lengths 4.0 mm and 4.8 mm, for
the Aerial and Harwell dosimeters respectively, representing the dosimeter diameters. The dose per

fluence was then scored in individual slabs in the alanine box, see Figure 3.
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Figure 3: Dose gradient in alanine pellets normalized to surface dose.

Since the ionization chamber dose measurement point is located at the central axis, and the dose
gradient within the detector volume is constant for all combinations of alanine pellets and beam
qualities, the EPR response of the irradiated pellets correspond to the dose at the central point of

the pellets. In this case the volume correction is unity (kyo = 1).

3.2 Relative ratio of doses

The ratio of absorbed dose to dosimeter to dose to water in the X-ray fields, relative to the cobalt-
60 reference field was obtained by MC calculations using the cavity-usercode of the EGSnrc MC
toolkit (see Table 2). For calculation of dose to dosimeter in the X-ray fields, material files for the
true alanine dosimeter compositions was produced. The WT1 Solid Water® phantom material was
produced using publicly available information on elemental composition and physical density?. The
alanine pellet was placed with central position at 2cm depth in the Solid Water® phantom, with a
75 cm source to surface distance. For the dose to water calculation an identical geometry was used,

with the pellet material changed to water.

2https://phoenix-dosimetry.co.uk/solid-water-and-bolus-material/
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For calculation of the ratio of doses in the cobalt-60 reference field the EGSnrc g-usercode was
used for calculation of the mass energy absorption coefficients jen/p in alanine and water. The mass

energy absorption coefficients are related to the collision kerma in the detector K., by

Kot = ¥ (%) , @)

where ¥ is the energy fluence in the detector. Assuming the secondary electrons deposit their energy

locally, the dose can be approximated by
D = K- ®

Assuming that the energy fluence in the detector is independent on the choice of detector material

between alanine and water (Y405 = ¥w), the ratio of doses can then be obtained by

(Ddos> _(M> _<[Hd> ‘ ©)
Pw / YW[@}W o) [%]w Qo

14
The dose ratios calculated for the X-ray fields and the cobalt-60 reference are combined according

0

to Equation (3) to calculate the relative ratio of doses Hg . The obtained values are listed in Table 3.

For Aerial’s alanine pellets, the same irradiation geometry was modelled using the MCNPX MC
simulation code. True alanine composition was used as well as the same chemical composition of
the Solid Water® phantom that was used in the EGSnrc code. For cobalt-60 dosimeter to water dose

ration calculation, the same geometry was used.
3.3 Relative detector efficiency
The relative detector efficiency is calculated by:

Go.0y = kvol - Hé}QO Fo,0,- (10)

The obtained values of Gg g, is listed in Table 3, together with the corresponding values of Fg g,
and HQ,QO'

Table 3: Overview of response, dose ratio, and efficiency of the two alanine pellet dosimeters in the
examined X-ray fields relative to cobalt-60 reference fields.

Dosimeter FQ,QO HQ,QO GQ,QO
135kV  280kV 135kV  280kV 135kV 280kV
Aerial 0.751 0.921 0.842 0.978 0.892 0.941
Harwell 0.762 0.941 0.863 0.990 0.883 0.951
Difference 0.011 0.020 0.021 0.012  -0.009  0.010

Rel. Difference  1.5% 2.2% 2.5% 1.2% 1% 1.1%

The relative difference of the relative efficiency determined for the two alanine pellet dosimeters

is 1% and 1.1 % for the 135kV and 280kV X-ray beam qualities respectively.
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3.4 Uncertainty budget

The uncertainties listed for the obtained values of Fo,0,, Hog,, and Gg g, are obtained in the

following manner (see Table 4 and Table 4 for the combined uncertainty budget):

Relative response The uncertainty on the experimentally determined value for the relative re-
sponse Fg o, is obtained by summation in quadrature of uncertainty components from the calibra-
tion of the ionization chamber, the dose rate in the cobalt-60 Gammacell, and the linear regressions
of the EPR response in the respective fields. The uncertainty on the linear regression of EPR response

is evaluated from the residuals of the linear regression shown in Figure 2.

Relative dose ratios For the relative dose ratio Hp o, the combined uncertainty consist of contri-
butions from statistical, geometrical, and model considerations. The statistical uncertainty is evalu-
ated for individual calculations using EGSnrc by the batch method, and is minimized by increasing
the number of initial particles included in the calculation. The geometrical component refer to
unknowns in material specifications and the accuracy of specified dimensions, while the model
component account for choices of algorithms and cross-sections. The values of the geometrical and
model uncertainty components listed in Table 4 and Table 5 are conservative estimates. An addi-
tional component of uncertainty concerning the effect of an air gap in the alanine pellet cavity of the
ionization chamber dummy is estimated by a sensitivity analysis in the MC calculation. The calcu-
lation of Hp g, was repeated for varying air gap sizes, and the uncertainty component for relevant

air-gap sizes was estimated.

Volume correction The dose distribution in the pellets have been calculated for varying air gap
sizes in the detector cavity to ensure that the constant dose gradient in the detector volume was
independent of the air gap. Constant dose gradients was found for all air gap sizes (0.0mm to

0.6 mm).

Relative efficiency The combined uncertainty on the relative efficiency of the alanine pellet dosime-

ters is obtained by adding the individual constituents of Equation (10) in quadrature.
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Table 4: Estimated uncertainty budget for the Harwell alanine dosimeter. All uncertainties are
stated at k = 1.

Parameter Description Type o (k=1)
Fo,0, Ionization chamber calibration in X-ray field B 22%
Linear regression of EPR response in X-ray field A 0.6 %
Calibration of dose rate in ®*Co Gammacell (Riso) B 1.4%
Linear regression of EPR response in ®*Co Gammacell (Riso) A 0.6 %
Combined 2.7%
Ho,q, Statistical uncertainty A 0.2%
Geometrical uncertainty B 1.0%
Model uncertainty B 2.0%
Air gap calculation A 0.6 %
Combined 2.3%
Go,0, Summation in quadrature of uncertainty on Fg o, and Hg g, 3.6 %

Table 5: Estimated uncertainty budget for the Aerial alanine dosimeter. All uncertainties are stated
atk=1.

Parameter Description Type o (k=1)
Fo,0, Ionization chamber calibration in X-ray field B 22%
Linear regression of EPR response in X-ray field A 0.6 %
Calibration curve for the EPR system with ®*Co reference quality B 1.6 %
Combined 29%
Hg,0, Statistical uncertainty A 0.2%
Model and geometry uncertainty B 2.0%
Air gap for Aerial dosimeters A 0.5%
Combined 21%
Go., Summation in quadrature of uncertainty on Fg o, and Hg g, 3.6 %

4 Discussion

The present study explores the comparability of the energy dependence of two different alanine pel-
let dosimetry systems. Two sets of alanine pellets obtained from different manufacturers (Aerial and
Harwell Dosimeters) have been irradiated under identical conditions. The induced signal was read
out using different EPR-spectroscopy systems, simulating the variations between different dosimetry
systems used in the literature. The two sets of alanine pellets differ in both geometry and chemical
composition (from the use of different type and amount of binder material). The experimentally de-
termined relative response at the investigated X-ray beam qualities agreed with a relative difference
of 1.5% and 2.2 % between the two dosimetry systems, well within the experimental uncertainties.
Several studies have previously been published describing the decline in detector response with
decreasing effective energy of X-ray beams ((Hansen et al., 1989; Coninckx et al., 1989; Zeng and
McCaffrey, 2005; Chen et al., 2008; Waldeland et al., 2010; Khoury et al., 2015; Anton and Biiermann,

10
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2015; Hjerringgaard et al., 2020; Nasreddine et al., 2020)). A compilation of published data, consist-
ing of X-ray beam qualities in the effective energy range from roughly 10keV to 170keV, is shown
in Figure 4 including the data obtained in this study. An overall trend in the relative response data
is evident, however a significant spread in the observed values are present where multiple sources
overlap. For the data obtained in the present study, the relative response at Eo¢ = 58.9keV is on
the lower end of the general trend (assumed to follow the wide range of data points by Anton and

Biiermann (2015) with quite small uncertainties), although within the standard uncertainty.
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Figure 4: Literature data for the relative response Fg g, of alanine pellet dosimeters in low and
medium energy X-ray fields. Error bars represent the standard uncertainty (k = 1).

For the calculation of the relative efficiency Gg g,, an agreement between the two dosimetry
systems was obtained with relative difference of 1.0% and 1.1% for the 135kV and 280kV beams
respectively, again well within measurement uncertainty.

A few of the published studies on the energy dependence also calculate the alanine to water
ratio of doses in the relevant X-ray fields relative to the reference field and determine the relative
efficiency of the dosimeter. Literature values for the relative efficiency, together with the obtained
values from the present study, are shown in Figure 5. Anton and Biiermann (2015) does not directly
calculate the relative efficiency, rather they correct the Monte Carlo calculated ratio of doses by an
intrinsic efficiency factor determined by use of a microdosimetric one-hit detector model carried out
by P. Olko. The relative efficiency values published by Anton and Biiermann (2015) and shown in
Figure 5 are however obtained by simply taking the ratio of relative response with respect to alanine
to water dose ratios listed in Table 6 and 7 of Anton and Biiermann (2015). An interesting feature
of the published data for relative efficiency of the alanine pellet dosimeter is the small increase
in efficiency around effective energy 20keV to 30keV which is also predicted for monoenergetic

photons by the microdosimetric one-hit detector model (Olko, 2002). As with the relative response,

11
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the relative efficiency determined in the present study is a bit lower than other published data.
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Figure 5: Literature data for the relative efficiency Gg g, of alanine pellet dosimeters in low and
medium energy x-ray fields. Error bars represent the standard uncertainty (k = 1).

The largest component of uncertainty for determining the relative response and efficiency of the

alanine pellet dosimeter is the dose to water calibration (see Table 4 and Table 5).

5 Conclusion

The relative response and efficiency of two sets of alanine pellet dosimeters was investigated. The
two sets were irradiated under identical conditions, with two different X-ray beam qualities at NPL.
EPR readout was carried out independently and with different reference fields in order to assess the
variability between different alanine pellet dosimetry systems in low to medium energy X-ray fields.
A comparison of the relative response and relative efficiency of the two alanine pellet dosimetry
systems showed good agreement, however both the relative response and efficiency were lower than

other published data for comparable effective energies of the X-ray beams.
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Abstract

Background: The alanine pellet dosimeter is used extensively as a routine and reference dosime-
ter for a range of radiation modalities. For dose measurements in low energy x-ray beams the
dosimeter show a decline in relative efficiency. The dependence of this decline on various beam
characteristics is investigated here.

Method: We have applied the microdosimetric one-hit detector model to characterize the relative
efficiency of an alanine pellet dosimeter in low energy x-ray beams. The free parameters of the
model was determined by fitting to literature data on the relative efficiency of alanine pellets in
known x-ray fields.

Result: Microdosimetric distributions for monoenergetic electrons were calculated using track
structure calculations carried out with the Geant4-DNA Monte Carlo software. Microdosimetric
distributions for primary x-ray beams were calculated by folding the distributions from monoener-
getic electrons with the energy distributions of initial secondary electrons produced in the detector
by the primary x-ray beam. In this manner, the relative efficiency of the alanine pellet dosimeter
was calculated for a wide range of x-ray beams.

Conclusion: For a set of generated low energy x-ray spectra with tube potential 40kV to 170kV
with varying external filtration the reduction in detector efficiency was found to be on average
6.3 % with a variation of —1.0% to 1.5 %. For a set of medium energy x-ray spectra with tube po-
tential 100kV to 300kV and varying external filtration the reduction in detector efficiency depends

strongly on the half-value layer of the primary x-ray beam — varying between 2.0 % and 7.0 %.

1 Introduction

Kilo-voltage (kV) x-rays have extensive applications in for example radiotherapy, radiation process-
ing, small animal irradiation, and blood irradiation, the latter showing a demand for replacement of
Cs-137 irradiators with x-ray emitters (Dodd and Vetter, 2009). Dosimetry protocols recommend wa-
ter based dosimetry using ion chambers (Aukett et al., 1996; IAEA, 2001), however for applications
like blood irradiation, where blood bags are typically irradiated from two or more directions in a
closed canister, ion chamber measurements are impractical due to the geometry of the irradiation
cavity or the complex x-ray fields. Here both placement of the ion chamber and determination of
beam quality through half-value layer (HVL) measurements are difficult. In these cases the use of

the alanine/electron paramagnetic resonance (EPR) dosimeter may prove more practical.

*E-mail: jakg@dtu.dk
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The alanine/EPR dosimetry system consists of L-a-alanine, in the form of pellets or films, which
produce stable free radicals when irradiated. The concentration of stable free radicals produced is
proportional to dose to the dosimeter for a wide range of beam qualities (Olsen et al., 1990; Sharpe
and Duane, 2003; Bergstrand et al., 2003; Zeng et al., 2004; Zeng and McCaffrey, 2005; Anton et al.,
2008) and is stable with a signal loss of few percent over years (Sleptchonok et al., 2000). The signal
from the concentration of stable free radicals is measured with an EPR spectrometer.

An important characteristic for ionizing radiation detectors is the photon energy response. The
relative response Fg ¢, after a dose of photons of quality Q, normalized to the response for reference
quality Qy (typically cobalt-60 or cesium-137 gamma-rays) is defined as

oo Go.q Ho0or @

F ==
Q,Qo (R/DW)QO

where R is the detector response and Dy is the dose to water. Hg g is the ratio of dose to detector

material Dyos to Dy, in the photon quality Q relative to the reference quality Qo

H _ (Ddos/DW)Q @)
Qo (Ddos/DW)Q()’
and Gg g, is the relative detector efficiency
(R/Ddos)Q ©)

G0y = +or009/Q
QQ (R/Ddos)QO

The EPR response of the alanine pellet dosimeter irradiated at low energy x-ray qualities relative
to cobalt-60 is energy dependent. Recently efforts has been made in characterizing this intrinsic
energy dependence from experiments (Zeng and McCaffrey, 2005; Waldeland et al., 2010; Anton and
Biiermann, 2015; Khoury et al., 2015; Hjorringgaard et al., 2020). All experimental characterizations
of the relative efficiency are carried out in well defined x-ray fields. It is not obvious how the transfer
from reference conditions to non-reference conditions, such as blood irradiators, affects the relative
efficiency of the alanine pellet dosimeter. Direct measurements of the relative efficiency in these
kind of geometries are difficult at best, and other approaches for determining the relative efficiency
are desired.

Olko (2002) investigated the energy dependence with a microdosimetric one-hit detector model.
The focus was on different thermoluminescence detector materials, but alanine was included in the
analysis. The one-hit detector model refer to types of detectors showing a linear response at low

doses and saturating exponentially for higher doses as

R(D) = Ry {1 —exp <7D20>} , 4)

where R (D) is the response at dose D, Ry is the saturation response, and Dy is the dose at which
63 % of saturation response is obtained. This characteristic is observed in alanine dosimeters with a
characteristic dose Dy in the order of 100 kGy (see Figure 1 and Hansen et al. (1987)).

Here we apply the microdosimetric one-hit detector model to calculate the efficiency of an alanine

pellet dosimeter in low energy x-ray beams relative to a cobalt-60 beam. Literature values for the

2



66

68

70

72

74

76

78

80

82

10° — — —

- R = Ry [1 — exp(—D/Dy)] !
- -® -
,r"“ |
4| .o i
10 - |
— B Lo ]
= i N g 1
K3 - > |
L I ’./ 1
10° e |
I ,»” 1
o R = 23385, Dy = 57.9kGy 1

102 | | L

103 10* 10°

Dw [GY}

Figure 1: EPR response of alanine pellet dosimeters irradiated in a cobalt-60 Gammacell for doses
ranging from 1kGy to 200 kGy. Multiple pellets are irradiated at each dose and individual responses
are shown here (circles). A function of the form of Equation (4) is fitted to the data (dashed line)
with parameters Ry and Dy shown in the figure.

relative efficiency in known beam qualities are adopted from Waldeland et al. (2010) in order to
fix the free parameters of the model. Validation of the calculated values of the relative efficiency
of the alanine pellet dosimeter is carried out by comparison with literature data. A successful
and validated model for calculation of the relative efficiency of the alanine pellet dosimeter can be
used to explore the behavior of the dosimeter in more complex fields, as well as to investigate the

dependence on different beam characteristics.

2 Background

Detection of ionizing radiation is based on our ability to produce and assess an induced signal, ion-
izations or radiation damage, in the detector volume (Waligérski, 1988). For the alanine dosimeter
the induced signal is due to an increase in the concentration of stable free radicals which can be
measured in an EPR spectrometer as an average over the detector volume. On a microscopic scale
the production of free radicals by ionizations can not be considered as uniformly distributed, as it

occurs as discrete events (Olko, 2006).

2.1 Microdosimetry

Charged particle tracks containing information on spatial positions — and sizes — of energy depo-
sitions in a medium can be obtained by Monte Carlo calculations. Several MC codes for track

structure calculations are available for a selection of beam parameters and materials (Geant4-DNA,
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PHITS etc.). In microdosimetry a target volume in the material is considered. An ionizing particle
passing through the target volume, producing at least one ionization in the target volume, is called
a single event. Single events leading to a production of detector signal (stable free radical formation
in alanine) is called a hit. Since the transfer of energy occurs as discrete events (ionizations and ex-
citations) the energy deposited in the target volumes is not uniform but constitutes a characteristic
microdosimetric distribution.

The energy ¢ deposited in a target volume for a single event is related to the number of ioniza-
tions j within the target volume by ¢ = j- W, where W is the mean energy required to produce an ion
pair in the material. The energy deposited normalized to the mass m of the the target volume is the
specific energy z = &/m in the target volume — the microdosimetric analogue of dose. The stochastic
nature of ionizations and the related specific energy motivates the consideration of the frequency
distributions fi(z). For a frequency distribution normalized to one event (‘[600 f1(z) dz = 1) the first

moment (mean specific energy) is
z= [ () dz 6)

The subscript 1 refers to a single event. Distributions of the various microdosimetric quantities are
defined in an analogous way. Single event distributions are independent of the dose, but do depend

on track and target volume characteristics, such as size and shape.

2.2 The microdosimetric one-hit detector model

The microdosimetric one-hit detector model is based on the multi-hit model which can describe
inactivation of microorganisms. In multi-hit theory it is assumed that the detector contains a type
of target. The target can tolerate a certain amount of hits, however after n hits the target is affected
(e.g. cell death, radical formation, trapping of electron in TLD, etc.). It is assumed that the hits
occur independently of each other and thus can be described by Poisson statistics. The probability

of survival (no effect) S as a function of dose D is then (Kellerer, 1987)

n—1 ,—aD v
e aD
s(p) =y, & @PL ©)
v=0 :
This is the probability that n hits does not lead to an effect in the target.
One-hit detectors are a special case of Equation (6) where the survival curve is purely exponential

(n =1, see Figure 1) so that
S(D) = e P, @)

where « is a saturation parameter. The probability of survival in the one-hit model can be expressed

in terms of microdosimetric quantities as (Zaider, 1990; Olko, 2002, 2006)

S(D) =exp {_%/000 (1—e™) fi(z)dz| . 8)

Here zr is the average dose deposited in the target volume by single events, the ratio D/zF is thus

the average number of events occurring in the target volume after irradiation with dose D. The
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function r(z) = 1 — exp(—az) represents the probability of an effect occurring after irradiation of
specific energy z, and is called the response function for a one-hit detector. The integral is then the

average probability that the effect takes place in the target volume given a frequency distribution of

specific energy f1(z).

The normalized detector response R after irradiation with dose D is the complement probability

of the survival probability
R(D)=1-S(D) &)
D 00
=1—exp {_i/o (1—e™) fi(z)dz| . (10)

By setting the characteristic dose Dy equal to

3

Dy = 9 ’ (11)
A=) filz)dz
the detector response of Equation (10) can be simplified as
R(D)=1—exp <72> , (12)
Dy
which is the characteristic response function for one-hit detectors (see Figure 1).
For low doses D < zf Equation (10) reduces to
R(D)=2 /°° (1- e ) fi(z)dz (13)
zr Jo ! ’
and since the relative efficiency (see Equation (1)) is
(R/D)g
Goo, = , (14)
Q.Qo (R/ D)Qo
the relative efficiency can be calculated with the microdosimetric one-hit detector model as
1 e ,
:/ (1— e ) f2(z) dz
22 o
G = 1 [ o : (15)
:/ (1—e™) 1°(2) dz
720 Jo
F

The microdosimetric one-hit detector model depends on two free parameters, the saturation
parameter « and the target diameter d (assuming spherical volume target). The latter does not
appear directly in Equation (15), but the frequency distribution of specific energy is dependent on

this parameter.

3 Materials and Methods

The general procedure for implementing the microdosimetric one-hit detector model is outlined

below

1. A set of monoenergetic electron tracks in water with energy E ranging from 1keV to 1400 keV
is produced. Positions of ionization produced by both the primary electrons and the produced

secondaries are scored.
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2. Microdosimetric frequency distributions of ionizations for the individual electron energies
f1 (j, E) are calculated according to the method described by Kellerer and Chmelevsky (1975),
Kellerer et al. (1985), and Rossi and Zaider (1996).

3. Energy distribution of initial Compton- and photoelectrons produced in, or entering, the de-
tector region for a specific primary photon spectrum is scored. Only the electrons produced
directly by the primary photon beam, or entering the detector from a different region, is scored

in order to avoid double counting in regard to Step 1.

4. Microdosimetric frequency distribution for the primary photon spectra is calculated by fold-
ing the monoenergetic electron frequency distributions with the energy distribution of initial

secondary electrons’.

5. The relative detector efficiency for the primary photon spectra at the irradiation conditions

used to obtain the secondary electron spectra is calculated according to Equation (15).

Steps 1 and 3 are performed using MC calculation, while steps 2, 4, and 5 are obtained from post-

processing of the MC calculated results. An overview of the MC calculations is given in Table 1.

This general procedure will be applied in different contexts. First, to fix the free parameters
of the model, « and d, based on literature values of the relative detector efficiency obtained from
Waldeland et al. (2010). The determined model parameters will then be validated by comparison of
model predictions with experimental determination of the relative detector efficiency presented in
the present study. Finally, the model is applied to a variety of constructed x-ray fields to investigate

the general dependence of the detector efficiency to different beam characteristics.

3.1 Alanine pellet dosimeters

Since different alanine pellet dosimeters are commercially available, pellets of different size and com-
position are used throughout the literature. Three different versions of the alanine pellet dosimeter
are used for calculations in the present work, and a brief description is given here.

For calculations where data from Waldeland et al. (2010) is used, the alanine pellets investigated
in their work are considered. These pellets consist of 96 % alanine and 4 % unspecified binder, with
a height of 3mm and diameter 4.8 mm. For the calculations the binder was assumed to be paraffin

3 was used.

wax and a bulk density of 1.2 gem™

For calculations concerning irradiations in a cobalt-60 Gammacell, alanine pellets obtained from
Harwell Dosimeters were considered. These pellets have height 2.7 mm and diameter 4.8 mm, with a
composition of 91 % alanine and 9 % paraffin wax. Calculations for these dosimeters were performed

using a dosimeter material composition with bulk density 1.23 gcm™=3.

IThe initial energy distribution of secondary electrons will henceforth be referred to as the secondary electron spectrum.



Table 1: Summary of the Monte Carlo simulation parameters based on the guidelines by the AAPM
TG-268 (Sechopoulos et al., 2018). MD refer to MC calculations of microdosimetric distributions and
SES refer to MC calculations of secondary electron spectra.

Item name

Description

References

Code, version
Validation

Source description

Transport parameters

Variance  reduction
technique (VRT)

Scored quantities

No. histories

Statistical methods

Post-processing

Geant4 v.10.5

Comparison of model calculated relative efficiency
with literature data.

MD: Monoenergetic electrons (1keV - 1400 keV) ini-
tialized in the center of a water box.

SES: Source based on individual experimental ge-
ometries.

MD: Geant4-DNA physics processes. Specifically
G4DNABornIonisationModel for ionizations.

SES: G4EmPenelopePhysics low-energy electro-
magnetic models.

No VRT was applied.

MD: (x,y, z)-coordinates of ionizations in water.

SES: Energy distribution of Compton- and photo-
electrons produced in or entering alanine pellet.

MD: Varying significantly to obtain desired number
of ionizations.

SES: Typically 5 x 107 primary photons.

MD: Electron tracks are calculated until ~ 2 x 10°
ionization positions are scored.

SES: The batch method was used to evaluate statis-
tical uncertainty on energy distribution.

Microdosimetric frequency distributions for pri-
mary photon spectra are calculated by weighting
of the monoenergetic frequency distributions of the
secondary electron spectra (see Equation (18)).

Agostinelli et al.
(2003)

Waldeland et al.
(2010)

Incerti et al. (2010a)
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Figure 2: (x, y, z)-coordinates for ionizations produced by three 1keV electrons in water, starting
from the origin (black dot), calculated using the Geant4-DNA Monte Carlo code. Each color represent
a single electron track.

Finally, for more general considerations of the relative efficiency of monoenergetic photons,
where no experimental data is directly involved in the calculations, material data for crystalline

alanine, with no binder, and density 1.42 gcm™3 is applied.

3.2 Microdosimetric distributions for monoenergetic electrons

A set of monoenergetic electron tracks in water was calculated using the Geant4-DNA MC code
(Incerti et al., 2010b,a; Bernal et al., 2015; Incerti et al., 2018). The energies range from 1keV to
1400keV in steps of 1keV. The electron tracks consist of (x,y,z)-coordinates for all ionizations
produced by the primary electron and the subsequent secondaries. An example of three individual
1keV electron tracks in water is shown in Figure 2. Water (or water vapor scaled to unity density)
is typically used for track structure calculations because of the lack of appropriate cross section
data, for other materials, at very low energies. The number of electron tracks at each energy was
chosen such that the total number of ionizations produced was of the order 2 x 10°, however each
individual track was analyzed independently.

The frequency distribution of ionizations for the individual electron energies fi(j, E) for target
diameters ranging from 5nm to 30nm was calculated using the weighted sampling procedure de-
scribed in Kellerer and Chmelevsky (1975), Kellerer et al. (1985), and Rossi and Zaider (1996). By

this method the dose distribution of ionizations d;(j) is obtained, and the frequency distribution is

8
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Figure 3: Microdosimetric single-event dose distribution of specific energy for 1keV, 10keV, 100 keV
and 200 keV electrons in water, using target diameter 4 = 10nm.

calculated according to

1 .
() = -2 (16)

JAERIGET
The frequency distribution of specific energy fi(z, E) was obtained by multiplying the number of
ionizations j by a chosen W value of 30 eV per ion pair, identical to what was used by Olko (2002),
to obtain the deposited energy ¢, and normalizing this to the mass of the target volume. In total the
specific energy is calculated by
6Wj

— , 17
z Ptarget 7Td3 ( )

where prarget is the density of the target material, which for the calculation in water is 1.0 gcm‘3 .
Examples of the obtained frequency distribution of specific energy for monoenergetic electrons in
water is shown in Figure 3. Here the distribution is shown for four individual electron energies,
1keV, 10keV, 100keV, and 200keV, with target diameter 4 = 10nm. All distributions are normal-
ized. It is evident that increasing the initial electron energy results in a lower mean number of
ionizations in the target volumes, as well as a convergence towards a specific distribution. For low
electron energies the produced ionizations are more localized resulting in a larger mean number of
ionizations (and thus mean specific energy) in the target volumes. The microdosimetric distributions

for a complex photon field is therefore very sensitive to the fraction of low to high energy secondary

electrons produced in the detector.
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3.3 Microdosimetric distributions for photon spectra

To illustrate the process of calculating the microdosimetric distributions from primary photon spec-
tra the following section will be based on a cobalt-60 reference beam. The microdosimetric distribu-
tions for the reference beam is required (according to Equation (15)) for calculation of the relative
efficiency. The reference beam quality is a Nordion GC220 Gammacell located at Risg High Dose
Reference Laboratory (HDRL). The spectral distribution of photons at central position in the Gam-
macell has previously been calculated using the FLURZnrc usercode of the EGSnrc MC software, and
validated by doserate calculations in the central region of the Gammacell. .

To obtain the microdosimetric distributions, first the initial energy distribution of secondary
electrons produced in the detector material by primary photons must be calculated. The secondary
electron spectra were calculated using the Geant4 MC toolkit (Agostinelli et al., 2003). Electrons pro-
duced by Compton and photoelectric interactions in alanine by the primary photons were included
in the secondary electron spectrum, as well as secondary electrons produced in the surrounding
material that enter the alanine pellet. Both the normalized primary gamma spectrum at the cen-
tral region of the HDRL cobalt-60 Gammacell and the normalized secondary electron spectrum
produced in an alanine pellet placed in the central region obtained by calculation are shown in Fig-
ure 4. For the calculated secondary electron spectra in the alanine pellet dosimeter approximately
14 % are generated with energy < 10keV. The discontinuity of the secondary electron spectrum
at =~ 0.96 MeV and 1.12MeV correspond to the maximum energy of generated Compton electrons

(which is the dominant photon interaction process at the 1 MeV region) for the two cobalt-60 peaks.

—— Primary photons

10~2}} —— Secondary electrons B .
? .
N
T ., |
— 10 |
© ]

1074 ‘ : ‘ w L

0 200 400 600 800 1000 1200 1400
E [keV]

Figure 4: Primary gamma spectrum at central region of the HDRL cobalt-60 Gammacell (blue) and
secondary electron spectrum produced in an alanine pellet irradiated in the central position (red)
calculated using the Geant4 MC toolkit. Both spectra are normalized to unit area under the curve.
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The microdosimetric dose distribution of specific energy for the photon spectra were then calcu-
lated by folding the monoenergetic electron frequency distributions (see Figure 3) over the secondary
electron spectra ®(E) by

/dl (z,E)® (E)E dE

d2 (z) (18)

/ ®D(E)EdE
Here the superscript Qg imply that the equation is valid for the reference cobalt-60 quality, how-
ever the same equation is applicable for an arbitrary photon beam quality Q. The resulting dose

distribution of specific energy is shown in Figure 5 for different target volumes. The red graph in

0.4 _
d
| —10nm |
—20nm
03} —30nm |
S
= 02} i
=
N
0.1} i
O L
102

Figure 5: Microdosimetric single-event dose distribution of specific energy for alanine pellet in
the HDRL cobalt-60 Gammacell. Different distributions are shown, illustrating the dependence of
the microdosimetric distributions on target volume. The vertical dashed lines represent the mean
specific energy of each distribution.

Figure 5 corresponding to a target volume of d = 10nm is directly comparable to the microdismet-
ric distributions for electrons shown in Figure 3. The shape of the microdosimetric distributions is
governed by the ionization density as well as the size of the target volume. For an increase in target
size more ionizations may occur within the target volume, however since the target volume increase
the specific energy will typically be shifted towards lower mean values.

The same process for calculating the microdosimetric distribution of specific energy described in
this section for the cobalt-60 reference beam is applied for all x-ray and gamma spectra analyzed in

the present study.

11
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4 Results

4.1 Fixing free parameters of the microdosimetric one-hit detector model

Literature values of the relative efficiency of the alanine pellet dosimeter are used to determine
the value of the two free parameters of the microdosimetric one-hit detector model a and d. The
data used for the analysis is obtained from Waldeland et al. (2010). In their work they used spec-
tra of the x-ray beam qualities calculated using SpekCalc (Poludniowski and Evans, 2007; Polud-
niowski, 2007). These spectra are reproduced here using the detailed information about their input
for SpekCalc. A list of the beam modalities from Waldeland et al. (2010) is shown in Table 2. For
the calculation of x-ray spectra the input voltage was adjusted to make the calculated HVL match

the measured HVL as done in Waldeland et al. (2010).

Table 2: List of beam modalities produced based on the work of Waldeland et al. (2010).

Potential [kV] E.y [keV] Filtration [mm] HVL [mm] Go,0,

Nominal Al Cu Al Cu
50 32 4.2 - 2.6 - 0.93 £0.04
70 36 4.0 - 3.4 - 0.92 +0.04
100 43 44 - 5.0 - 0.934+0.04
120 54 7.0 - - 039 094+4+0.04
135 62 10.5 - - 0.58 0.94+0.04
150 76 4.0 0.53 - 094 094+4+0.04
180 83 6.0 0.53 - 1.16  0.95+0.04
200 99 6.0 0.99 - 1.73 097 £0.04

Other literature values of the relative efficiency of the alanine pellet dosimeter in this energy
range exist, however available information about the beam qualities are insufficient for reproduction

using SpekCalc.

4.1.1 Secondary electron spectra

The secondary electron spectrum was calculated for all beam modalities listed in Table 2 based on the
source, material, and geometrical information available in Waldeland et al. (2010). The irradiation
geometry was implemented in Geant4 with simulation parameters given in Table 1. The alanine
pellet dosimeter was placed at 2cm depth in a water phantom at 50 cm source to surface distance.
The calculated energy distribution of Compton- and photoelectrons produced in, or entering, the
alanine dosimeter volume is shown in Figure 6 for the 50 kV and 200kV beam modalities in Table 2.
It is evident that the secondary electron spectra for the 50kV beam is heavily dominated by low
energy electrons (e.g. electron energies below 10 keV) compared to the 200 kV spectrum. The fraction
of initial secondary electrons with energies below 10keV to the total number of electrons produced
decreases from 74 % for the 50kV beam to 49 % for the 200kV beam. The plateau of zero initial
secondary electrons observed between 10keV and 20keV for the 50kV beam is an effect of the

energy distributions of Compton and photoelectrons generated — photoelectrons have roughly the

12
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Figure 6: Secondary electron spectra calculated for the 50kV (red) and 200kV (blue) beam modali-
ties specified in Table 2.

same energy as the ionizing photon which produces it, while Compton electrons generated by low
energy photons have significantly lower energy. This leaves an energy region where none of the
competing interactions produce secondary electrons. For greater energies the gap is erased by the

greater range of photon energies.

4.1.2 Microdosimetric frequency distribution

The microdosimetric frequency distribution of specific energy is calculated for target diameters in
the range 5nm to 30 nm according to Equation (18). Figure 7 show the single-event dose distribution
of specific energy for the 50kV and 200kV spectra from Waldeland et al. (2010), using target diam-
eter 10nm. The single-event dose distribution of specific energy for the cobalt-60 reference shown
in Figure 5 is included in Figure 7 for reference. The distinction between the frequency distribution
of specific energy for the 50kV and 200kV beams are subtle. Greater secondary electron energies
result in less localized ionizations in the individual electron tracks and thus a frequency distribution

shifted towards lower specific energies — or less localized dose deposition.

4.1.3 Model-fit to litterature data

The free parameters of the model « and d are determined by comparison of calculated and litera-
ture values for the relative dosimeter efficiency Gg .- The microdosimetric frequency distributions
calculated in Section 4.1.2 is used to calculate the relative efficiency for a wide range of saturation
parameters according to Equation (15). The relative efficiency obtained by use of different combi-

nations of model parameters is then compared to the literature values related to the x-ray spectra
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Figure 7: Microdosimetric single-event dose distribution of specific energy for 50kV (red) and
200kV (blue) beam modalities specified in Table 2 as well as the cobalt-60 reference (green), also
shown in Figure 5, using target diameter in water d = 10 nm. Vertical lines show the corresponding
mean specific energy zr.

used for calculation of the microdosimetric frequency distributions (see Table 2). The optimal set
of model parameters is determined by minimizing the relative least squares of the calculated and

experimental values

GeXP _ Gcalc 2
> , (19)

N
, Q.0
M= Z < QQUexp 0
Q=1 QQo

where the sum is over all beam qualities in the set. In addition to the set of literature data obtained
from Waldeland et al. (2010) a monoenergetic photon beam with energy 662 keV is used as a cesium-
137 beam quality, for which the efficiency of the alanine pellet dosimeter is equal to the cobalt-60
quality. This is included to constrain the model parameters outside of the kV-range.

The obtained values of the parameter M as a function of the saturation parameter « is shown in
Figure 8. The optimal saturation parameter, for each target diameter, is then obtained by locating
the minimum of M with respect to x. From Figure 8 it appears that target diameters in the range
10nm to 30nm are all able to reproduce the literature values of relative efficiency reasonably well
with the right choice of saturation parameter. Since no clear correlation between target diameter
and the level of agreement is apparent, an additional constraint on the choice of model parameters

is introduced.

41.4 Linearity index of cobalt-60 reference

As an additional constraint on the choice of free parameters, the predictive ability of the model is
evaluated by comparison of experimental and model values for response per dose in the reference

cobalt-60 field Qp (see Figure 1). The response of alanine in the reference cobalt-60 field Qp is
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Figure 8: Parameter M, see Equation (19), as a function of the saturation parameter « for different
target diameters d in water (shown in legend).

calculated according to Equation (10) as

R(D)=1—exp 72/ (1— e ) f0(z)dz| . 20)
2 Jo
F
The linearity index f(D), the response per dose at each dose point normalized to a specific dose

point, is calculated by (R/D)

Here the reference dose point is chosen to be Dy, = 1kGy, corresponding to D,, = 0.97kGy.
Figure 9 show the calculated response and linearity curves for the free parameter sets obtained in
Figure 8 as well as the response curve for pellets irradiated in a cobalt-60 Gammacell also shown
in Figure 1, normalized to the saturation response. The relative difference between model and

experimental values calculated by

Ximod — Xexp

Rel. diff. = =2 (22)

where X is the physical quantity investigated. The comparison of model and experimental data in
Figure 9 clearly suggest a parameter set of d = 10 nm in water, which has a corresponding saturation
parameter & = 2.86 x 1073 Gy !, for calculating the dosimeter properties in the reference cobalt-60
field. Since this set of model parameters display best agreement for a wider range of beam qualities
it is adopted for further use in the model.

This comparison of experimental response curves normalized to saturation response with re-
sponse curves calculated using the microdosimetric one-hit detector model represents an assump-

tion that the saturation of response is only due to a saturation in stable free radical production at
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Figure 9: Comparisson of model and experimental values for dosimeter response (left) and linearity
index (right) curves. The relative differences of model and experimental values are shown below
with the dashed line representing a 5 % difference.

high doses. This assumption implies that the EPR-readout, in this case the peak-to-peak height in
the first derivative of the EPR-spectrum, is proportional to the concentration of stable free radicals,
which is however not the case. The measured response curves also includes a saturation intrinsic to
the spectrometer. For instance different values of the characteristic dose can be measured for differ-
ent values of the microwave power used in the EPR-spectrometer (Wieser and Girzikowsky, 1996;
Malinen et al., 2003). Here the comparison is used to pick out a set of model parameters, from a list
of parameter sets which all, according to Figure 8, reproduce literature values at kV x-ray energies
reasonably well. The target diameter obtained in this manner match the target diameter obtained

by Olko (2002) for alanine pellet dosimeters.

4.2 Uncertainty considerations

In the following section the considerations and handling of uncertainties for the model is described.

4.2.1 Monte Carlo calculations

For MC calculations of radiation transport uncertainties typically include components from trans-
lation from laboratory conditions to MC geometry and materials, cross-section data, input physics,
and statistical effects. In the present study the relative detector efficiency is calculated according
to Equation (15), where zf and f(z) are obtained through MC calculations. Since Equation (15) is
expressed as a ratio with these parameters appearing in both the numerator and denominator, and

these parameters are obtained using the same MC code and input physics, it is assumed that the
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contribution to the final uncertainty of the relative efficiency is negligible compared the contribution

from the applied experimental data.

4.2.2 Literature values

A significant contribution to the overall uncertainty comes from the use of literature data based
on measurements to fix the free parameters of the model. The literature values and associated
uncertainties are shown in Table 2. The uncertainties listed on the literature values are included by
doing a sensitivity analysis on the obtained model parameters, and thus the model calculated values
for the relative efficiency.

To evaluate the model uncertainty the distribution of saturation parameter for target diameter
d = 10nm is investigated. This target diameter is both the optimal value chosen for the standard
case as well as the mode of the distribution of optimal parameter sets for linearity considerations.
The distribution of « for this target diameter is shown in Figure 10, where also a Gaussian fit to

the distribution is shown. From the Gaussian distribution a standard deviation of the saturation
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Figure 10: Distribution of saturation parameter « for target diameter d = 10 nm for a random sample
of relative efficiency for evaluation of optimal parameter sets. The black line represents a Gaussian
fit to the distribution.

parameter 0, = 5.97 x 107°Gy~! for target diameter d = 10nm is obtained. A 20, difference in
saturation parameter is adopted for calculating upper and lower bounds on the model calculation

of the relative efficiency.
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4.3 Characterization of the alanine pellet dosimeter

The parameter values obtained in Section 4.1 can now be applied for relevant primary x-ray spectra
in order to calculate the relative efficiency of the alanine dosimeter in that particular beam quality. In
the following section this has been done in different ways to explore the alanine dosimeter efficiency
dependence on several parameters.

The calculation of secondary electron spectra is done using a very simplified geometry represent-
ing the alanine pellet dosimeter. Here a box of crystalline alanine with density pajanine = 1.42 gcm™3

is subject to the primary photon beam. The energies of Compton- and photoelectrons produced by

primary photons is scored for the secondary electron spectra.

4.3.1 Monoenergetic photons

The secondary electron spectrum was calculated with the Geant4 MC toolkit for a range of monoen-
ergetic primary photons. Using Equation (15) together with the free parameter values d = 10nm
and & = 2.86 x 107> Gy~! and the calculated secondary electron spectra for monoenergetic photons
in alanine, relative efficiency is obtained. The top part of Figure 11 show the calculated relative
efficiency for monoenergetic primary photons, as well as the result of changing the set of model

parameters by +20;.

™ T T T
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g
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. Zeng & McCaffrey ® Hjorringgaard
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Figure 11: Top: Relative efficiency Gg g, calculated with the microdosimetric one-hit detector model
for monoenergetic primary photons. Calculations done using model parameters d = 10nm and
a = 2.86 x 107°Gy~!. The upper and lower bound (dashed lines) is determined by the method
described in Section 4.2. Bottom: The mean specific energy for target diameter d = 10nm.

The bottom part of Figure 11 show the corresponding mean specific energy calculated according

to Equation (5) using target diameter d = 10nm. The mean specific energy is a measure for how
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localized the dose deposition is. It is worth noting that the local minimum and maximum apparent
in the energy dependence of the relative efficiency — at 20keV and 50keV respectively — directly
corresponds to the opposite extrema in the mean specific energy. The bump in the curve for mean
specific energy occurs as the fraction of secondary electrons produced by Compton scattering in-
creases, since the low energy electrons produced through Compton scattering have greater linear

energy transfer.

Literature comparison

The capabilities of the model for calculating the relative efficiency of the alanine pellet dosimeter
in low energy x-ray fields is tested by comparison with literature data. In Figure 11 the relative
efficiency measured in Zeng and McCaffrey (2005), Waldeland et al. (2010), Anton and Biiermann
(2015), and Hjerringgaard et al. (2020) is presented as a function of the effective energy of the
respective x-ray beams. Also presented is data from Hjerringgaard and Nasreddine for which a
publication is in preparation. The data on relative efficiency from Anton and Biiermann (2015) is
obtained by taking the ratio of relative response to MC calculated dose ratios listed in Table 6 and
Table 7 of their paper.

In general good agreement is observed between model calculated relative efficiency for monoen-
ergetic x-rays and experimental data characterized by the effective energy of the x-ray beam. The
overall trend with local maximum and minimum around 20keV and 50keV appear to be present
in the experimental data as well. This agreement between model calculations and literature data is
interpreted as a validation of the model, and the applied parameter set.

It is of course not obvious that effective energy as a beam qualifier is sufficient classification of
beams to determine the relative efficiency. As such a direct comparison of relative efficiency for
monoenergetic photons to effective energy of composite x-ray fields may not be optimal. Lack of
knowledge about the spectral distribution for the literature data does however make this comparison
the most reasonable. How the relative efficiency depends on other beam characteristics than just the

effective energy can now be investigated using the microdosimetric one-hit detector model.

4.3.2 X-ray beam characteristics

Differences in x-ray tube geometry - filtration material and thickness, target material and angle, etc.
— entails a wide range in HVL values for the same tube potential. From a survey on the status of
clinical x-ray dosimetry in North American clinics the variation in HVL for x-ray tubes with tube po-
tential 10kV to 300kV is obtained (see Figure 2 of Ma et al., 2001). This variation gives an indication
of the x-ray beam quality range for which the dosimeter properties should be characterized.

Based on the model parameters determined in this study, the general dependence of the relative
efficiency of the alanine pellet dosimeter on different x-ray beam qualifiers is investigated. A set of
primary x-ray spectra was generated using the SpekCalc software. The x-ray spectra was of varying

high voltage (HV), 40kV to 300kV, and HVL, the latter obtained by varying the external filtration.
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Options used for all calculated spectra include filtration of 1.0 mm beryllium and 1000 mm of air,
and anode angle 30°. The variation in HVL is obtained by changing the external aluminum or
copper filtration. The range in input parameters for the calculation of x-ray spectra was chosen such
that the generated spectra cover the range of beam qualities listed in Ma et al. (2001). The same
geometry, and alanine pellet size and composition, as was used for fixing the model parameters
in Section 4.1, based on the information from Waldeland et al. (2010), was used for calculation of
secondary electron spectra in the alanine pellet.

The relative detector efficiency for each beam quality was calculated in the same manner as
described in previous sections. Figure 12 show the calculated relative efficiency calculated for the

set of x-ray spectra with tube potential 40kV to 170kV and HVL ~ 0.2mm Al to 14 mm Al
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Figure 12: Relative efficiency of the alanine dosimeter (color bar) calculated using the microdosimet-
ric one-hit detector model with parameters d = 10nm and a = 2.86 x 107> Gy~!. Primary photon
spectra was obtained using SpekCalc (see text for details).

The general dependence of the relative efficiency on HV and HVL shown in Figure 12 appear to
follow the approximation in Figure 11. The range of HVLs displayed correspond to effective energies
in the approximate range 15keV to 90keV corresponding to the minimum valley in Figure 11. The
decrease in detector efficiency for x-ray qualities in this range was found to vary between roughly
5.0% to 7.0 %.

Figure 13 shows the calculated relative efficiency calculated for the set of x-ray spectra with tube
potential 100kV to 300kV and HVL ~ 0.2 mm Cu to 5mm Cu. Note that the range of the colorbar in
Figure 13 is different to Figure 12. The HVL in the set of spectra corresponds to effective energies in
the range 45keV to 200 keV. The general tendency is a increase in the relative detector efficiency with
increasing HVL in this beam quality region, in accordance with Figure 11. For this set of primary
x-ray beam qualities the variation in relative efficiency for a specified tube potential reaches several
percent, compared to the low energy set in Figure 12 where the total variation over the entire set of
primary x-ray beam qualities is well below 2 % of a mean value.

Figure 14 show the relative detector efficiency as a function of the HVL for the two sets of
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Figure 13: Relative efficiency of the alanine dosimeter (color bar) calculated using the microdosimet-
ric one-hit detector model with parameters d = 10nm and & = 2.86 x 1073 Gy~!. Primary photon
spectra was obtained using SpekCalc (see text for details).
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Figure 14: The relative detector efficiency as a function of HVL (top) for the low (left) and high (right)
energy sets of primary x-ray beam qualities (gray lines). A polynomial regression to each set is also
shown (red lines) with coefficients of regression stated in Table 3. The residuals, GSI(SO — th,Qo’ is
also shown (bottom) for both sets of primary x-ray beam qualities.
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Table 3: Fit to the relative response as a function of HVL for the two sets of primary x-ray beam
qualities. The fit is of the form G o, = i’y a; - HVL".

Energy range Beam qualifier ap a ap as

Low, 40kV to 170kV HVL, mmAl 0943 —-321x10° 273x107% —1.19x10°°
Medium, 100kV to 300kV.  HVL, mmCu 0927 190x102 —240x10"3 151x10*

primary x-ray beam qualities respectively. Each line in the figure corresponds to a specific x-ray
tube potential. For the low energy set (left panel) the variation in relative efficiency over the entire
set is quite low. A fit of constant value to the set yields a mean relative efficiency over the entire
set of 0.937 with maximum and minium values varying by —1.0 % and 1.5 % from this mean value.
For the medium energy x-ray beam qualities (right panel) relative detector efficiency appear to be
independent of x-ray tube potential for beam qualities with HVL > 3mm Cu.

An approximate relation between relative detector efficiency and the HVL for both the low and
medium energy x-rays is obtained by fitting a third order polynomial. The fitting coefficients for
both the low and medium energy sets of x-ray beam qualities are listed in Table 3. The regression
analysis displayed in Table 3 can be used to estimate a value of the relative detector efficiency for
x-ray beam qualities contained in either of the two sets investigated in the present study. Since the
set of primary x-ray beam qualities is chosen to represent the span of x-ray beam qualities used in

clinics, typical x-ray beam qualities from 40kV to 300kV should be covered by this analysis.

5 Discussion

In the present study the microdosimetric one-hit detector model was applied to the alanine pellet
dosimeter to calculate the relative efficiency in low energy x-ray beams with respect to a cobalt-
60 reference field. Literature values obtained from Waldeland et al. (2010) were used to fix the
free parameters of the model, the target diameter d and the saturation parameter a. Using only
the minimization of relative least squares shown in Figure 8 was not sufficient to conclusively
determine an optimal parameter set, therefore an additional constraint concerning the prediction
of response curves for pellets irradiated in a Cobalt-60 Gammacell was included. The optimal
set of model parameters determined in this manner was obtained to be d = 10nm in water and
a = 2.86 x 1075 Gy 1. Olko (2002) arrived at a target diameter of d,j, = 6nm corresponding to 8-9
nm in water by converting by density ratio.

The comparison between calculated response, and linearity, curves with measured response
curves for alanine pellet dosimeters irradiated in a cobalt-60 Gammacell include an underlying
assumption that the measured EPR response (peak-to-peak height of the first derivative of the EPR
spectrum) is directly proportional to the concentration of stable free radicals. This assumption im-
plies that the observed saturation in the EPR response is only due to saturation in the production
of stable free radicals. Effects of the readout procedure, such as choice of microwave power and

modulation amplitude, may influence the relative spectrometer sensitivity for low and high radical
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concentrations, and thus affect the dose level at which saturation occurs. This effect would need
to be characterized for consistency. In the present study the comparison is applied to pick a set of
model parameters from a list of model parameter sets which all reproduce the kV x-ray literature
data for relative detector response reasonably well.

As discussed by Olko (2002) this order of target diameter is much larger than the size of an
alanine molecule implying the saturation effect at high doses are not due to a lack of unionized
alanine molecules. Olko (2002) argue that other effects of ionizing radiation — cross linking, coiling of
chains — can trap the free radicals, preventing recombination at normal dose ranges. At high doses,
or high Linear Energy Transfer (LET), these structures are destroyed, leading to recombination and
a reduced detector efficiency. In this case the target size is interpreted as the effective range of
recombination of the free radicals.

The model was validated by calculating the relative efficiency of the alanine pellet dosimeter for
monoenergetic photons in the energy range 5keV to 1000keV, and comparing with experimentally
determined values of the relative efficiency (as a function of the effective energy of the primary x-ray
beam) available in the literature. In general good agreement was observed, where deviations can be
explained by the experimental uncertainties. The use of effective energy as the single beam qualifier
may however be an oversimplification as shown in Section 4.3.2.

Applying the microdosimetric one-hit detector model for a set of monoenergetic primary photon
beams showed a similar anomalous dependency of the relative detector efficiency on photon energy.
The energy dependence showed a local extremum at 25keV and 50keV. The characteristic anoma-
lous shape occurs as with increasing photon energy the fraction of secondary electrons produced
by Compton effect increases. The same anomalous shape is obtained by Olko (1999, 2002), however
they report local maximum and minimum at 40 keV and 80 keV respectively. This difference may be
due to the difference in applied model parameters as well as the choice of alanine detector material.
Olko (2002) use a mixture of 90 % alanine and 10 % paraffin wax in an unspecified geometry for
calculating the secondary electron spectra, whereas a detector consisting of pure crystalline alanine
is used in the present study.

The microdosimetric one-hit detector model has further been applied to two sets of generated
x-ray spectra covering a wide range of x-ray beam qualities used in clinics. The low energy set was
generated with HV in the range 40kV to 170kV and HVL from 0.2mm Al to 14mm Al, and the
medium energy set consist of HVs from 100kV to 300kV with HVL from 0.2mm Cu to 5mm Cu.
This study was performed to explore the usefulness of different beam qualifiers for characterization
of the relative detector efficiency. The relative detector efficiency in the low energy set was shown
to vary within —1.0 % and 1.5 % of the average value for the investigated beam quality range. This
indicates that the tube potential may be sufficient for practical use in choosing a literature value
of the relative detector efficiency to apply to measurements. However further investigation of the
influence of e.g. phantom material, alanine pellet position in phantom, etc. should be explored in
detail. For the medium energy set of generated x-ray spectra a significant dependence of the relative

detector efficiency on the HVL was observed. For HVL > 3mm Cu the relative detector efficiency
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appear to be independent on the x-ray tube potential. The reason for this is probably that the fraction
of low energy electrons generated in the detector by these hard filtered beams is quite low for all
the investigated tube potentials making variations between spectra insignificant.

For both sets of primary x-ray beam qualities generic values of the relative detector efficiency
for practical use is proposed. For the low energy set the variation in relative detector response
is sufficiently low that a constant value of Gg g, = 0.937 can be used. However a third order
polynomial regression was applied to both sets of x-ray spectra to obtain an easily calculated value
for the relative detector efficiency. The residuals for the fits show that the variation of the relative
efficiency for the low energy set is within 0.5 % of the fitted value, while this variation increases to
£1.0 % for the medium energy set.

Several aspects of the model calculations which may impact the final model prediction of the
relative efficiency have not been considered in the present study. MC calculation at very low energies
should be interpreted with reservations regarding interaction cross-sections. Different ionization
cross-section models for very low energies are available in the Geant4-DNA MC toolkit (Bernal et al.,
2015). The effect on the model predicted relative efficiency of the alanine pellet dosimeter from using
different low energy ionization cross-section models has not been explored in the present study.

The recombination of free radicals has been shown to be dependent on the beam quality (Hansen
and Olsen, 1989). For heavy charged particles high LET beams show significantly greater fading
compared to lower LET beams. The same effect could be present for x-rays, where low energy x-rays
have greater LET (by secondaries) relative to high energy x-rays. This effect may be of importance

when assessing the detector response, but have not been investigated here.

6 Conclusion

The microdosimetric one-hit detector model was applied to calculate the relative efficiency of the
alanine pellet dosimeter. The free parameters of the model was determined by minimizing the rela-
tive least squares of the calculated efficiency for a set of literature values as well as relating response
and linearity curves for the HDRL cobalt-60 gammacell calculated using each of the obtained pa-
rameter sets with experimentally determined response and linearity curves. The model parameters
d = 10nm (in water) and & = 2.86 x 107> Gy ! showed the best agreement for the response and
linearity curves, and were adopted as the free parameter values of the model.

The model was then applied to a constructed set of primary x-ray beams, monoenergetic and
spectral distributions, in order to determine the relative detector efficiency dependence on different
beam qualifiers as well as highlight the underlying physical interpretation of the decrease in de-
tector efficiency for low energy x-rays. For the set of monoenergetic primary photons the energy
dependence of the relative detector efficiency showed a characteristic shape with a local maximum
and minimum at 25keV and 50 keV respectively. This bump on the curve serves as an indicator that
it is the very low energy secondary electron, with high ionization density, for which the detector

show a significant decrease in efficiency.
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For the set of generated low energy x-ray spectra the decrease in detector efficiency was between
5.0% and 7.0 % with an average decrease in detector efficiency of 6.3 % for the entire set. For the
medium energy set of generated x-ray spectra the decrease in detector efficiency varied from 2.0 %
to 7.0 % with a significant correlation with HVL. For practical use in routine dosimetry for dose to
water measurements in kV x-ray fields, generic values for the for the relative efficiency of the alanine
pellet dosimeter can be obtained by applying the obtained regression coefficients in Table 3 to the

regression function described in the same table.
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