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Preface

This thesis presents parts of the work and research I have been conduct-
ing during my three year PhD project in the Aarhus Particle Therapy Group
(APTG) at the Institut for Fysik og Astronomi ([EA).

The data presented in the article:

R. Herrmann, O. Jdkel, H. Palmans, P. Sharpe, and N. Bassler.
Dose Response of Alanine Detectors Irradiated with Carbon Ion
Beams. Med Phys, 38(4):1859 — 1866, 2011

have been collected during my studies at the University of Heidelberg and
have been essential part of my Masters thesis. The main concepts for evalua-
tion have also been developed there. However, since the article was written
during my PhD studies in Aarhus it is listed in the List of publications. Nev-
ertheless, in this thesis the content of this article is not discussed and it is

referred to as to any other article in literature.

Rochus Herrmann

Aarhus, April 30th 2012
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1. Introduction

habent sua fata libelli

TERENTIANUS MAURUS

The discovery of the x-rays by Conrad Wilhelm Rontgen in the end of
1895 is considered as the time of birth of radiation research. Research and
application of this new topic spread around the world in a speed not seen
before and maybe not even after. The discovery of artificial ionising radiation
even led to the discovery of natural radioactivity by Henri Becquerel less than
a year later [Glasser et al., 1952]].

Applications for the new phenomenon were found quickly. The first ra-
diography of a part of the human body is a x-ray picture of the hand of Ront-
gen’s wife from December 1895 [Glasser et al., 1952]]. Already in January 1896
Emil Grubbe treated breast cancer with X-rays, not even six weeks after Ront-
gen published his results [Bernier et al., 2004].

Radiotherapy evolved over the the last century and is now an important
aid in the treatment of cancer. In the following section cancer treatment with
radiotherapy is introduced and with it the need of the quantification of radia-
tion. The use of accelerated particles for treatment is motivated in Section[L.2]
The introduction closes with the rationale for this thesis and an overview of
its internal structure.

1.1 Radiotherapy in cancer treatment

Treatment of cancer with radiation has developed to a major component in
cancer treatment next to surgery and chemotherapy. It is estimated that ap-
proximately half of all patients diagnosed wit cancer receive radiotherapy at
some stage during their treatment [Delaney et al., 2005].

The main goal of radiotherapy is the concentration of energy deposition,
in the terminology of radiation research referred to as dose, in the tumour
and the sparing of healthy tissue. As shown in Figure[L.T] with an increased
dose to a target volume the probability of elimination of cancer cells and thus
the tumour as their manifestation rises. However, with an increased dose to
healthy tissue also the probability of complications and even cancer intro-
duced by the treatment rises. The balance between tumour control on one
side and avoidance of radiation damage on the other side has to be ensured.

In internal radio therapy, also called brachytherapy (Greek brachys: close,
short), the radiation source is placed close to the target, i.e. in the patient

1
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Figure 1.1: Schematic drawing of the probability of radiation effects as a func-
tion of dose. The green line represents the chance of tumour control, the red
line represents the risk of radiation induce complications. The blue curve
shows the probability of tumour control without complications.

thus avoiding the for the radiation need to pass through healthy tissue. Ex-
ternal radio therapy is conducted with externally generated radiation fields
of photons, electrons or ions. Healthy tissue has to be traversed by the beam
in order to reach tumours seated in the body.

Commonly, photons are applied for radiotherapy. They are generated
through Bremstrahlung of decelerated electrons which have been accelerated
by a linear accelerator (LINAC). In Figure [.2] the red line represents a dose
distribution along the beam axis of a 6 MeV photon field, an energy used in
radiotherapy, in water. The dose maximum, and thus the maximal energy
deposition is close to the entrance of the beam into the material. This is a dis-
advantage if the target of the treatment is a tumour which is located deeper
than the dose maximum, as indicated by the grey area in Figure[L.2l To min-
imise the dose outside the tumour it is irradiated from different angles, such
that the fields overlap in the target area and thus create a higher dose in the
target with less dose in the healthy tissue. By modulation of the intensity of
single fields, dose pattern which correspond to the tumour geometry can be
achieved and dose to critical organs can be reduced. This technique is called
intensity modulated radiotherapy (IMRT) and currently state of the art in
cancer therapy with photons.
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Figure 1.2: Comparison of mono-energetic depth dose distributions of pho-
tons, protons and carbon ions in water. The curves are calculated with the
Monte Carlo code FLUKA and normalized to their dose maximum.

1.2 Radiotherapy with particles

Ions show a different depth dose profile as photons as demonstrated in Fig-
ure [L.2l on the example of protons and carbon ions. They have a finite range
and their energy deposition is maximal at the end of their trajectory in the so-
called Bragg peak. Based on this inverse dose profile Wilson [Wilson, 1946]
suggested the use of energetic protons for radiotherapy in 1946, before accel-
erators could deliver particle beams with the required energies.

Besides the inverse dose profile particles also show less deflection from
their beam path by scattering than photons which allows to irradiate small
deep seated volumes with smaller radiation fields. With the variation of
the initial particle energy the penetration depth and thus the location of the
Bragg peak can be shifted. A superposition of several Bragg peaks, a so-
called spread-out Bragg peak (SOBP), can be used to cover a volume with a
homogeneous dose. In Figure [[.3ala proton (red curve) consisting of
the superposition of many single Bragg peaks (blue lines) is shown. In this
figure it is also visible that the ratio of the maximal energy deposition to the
energy deposition in the entrance region is lower than for the mono-energetic
case shown in Figure

The total integral dose to normal tissue in a treatment with protons is up
to a factor of two lower compared to [Lomax et al., 1999]. However,
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Figure 1.3: Proton and carbon ion in water. The red dose distribution
in Figure[[.3arepresents a proton[SOBPIbuild of the superposition of the blue
sub-peaks. The black line represents a physical optimized carbon ion
Figure[1.3blshows a biological optimized carbon ion SOBP. The physical dose
(black line) is compared with the biological effective dose (green line). The
physical doses in Figure werr calculated with FLUKA. The in Fig-
ure was calculated with TRiP [Kramer et al., 2000].

the dose conformity of proton fields can be matched by [MRT] in the most
cases. Better results than with can be achieved by proton beams if the
target volume is in the vicinity of critical organs or complex shaped dose dis-
tributions are required [Baumert et al., 2001]]. The risk of secondary cancer is
thus believed to be lower for tumour treatment with protons than for photon
treatment [Schneider et al., 2006].

Ions heavier than protons have the advantage of less scattering and a
higher ionisation density. This manifests in a narrower Bragg peak and a
higher peak to entrance dose ratio. The use of heavier ions and especially
carbon ions has also been suggested by Wilson [Wilson, 1946]. However, as
seen in Figure[I.2lbehind the Bragg peak of carbon ions dose is deposited due
to fragmentation products.

The dose advantage of carbon ions over protons vanishes with super-
position of several energies to a as shown in Figure [[.3a] where the
black line represents a carbon ion However, due to less scattering a
smaller penumbra in deep seated tumours can be achieved than with pro-
tons [Schardt et al., 2010].

The main rationale for the employment of carbon ions is the additional
biological effect [Durante and Loeffler, 2010]. A physical dose applied with
carbon ions can result in a higher biological effect compared to the same dose
applied with protons or photons. This effect is not constant over the whole
particle range but is enhanced towards the end of the particle trajectory, in
the Bragg peak. An increased physical dose in the peak, due to the stopping
particles, is enhanced by an increased biological effect in the same region.
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This allows to apply higher effective doses to the target region with same or
less effective dose to the surrounding healthy tissue. Thus a higher proba-
bility of tumour control at the same or lower probability of side effects can
be achieved. Figure illustrates the enhanced biological effectiveness of
a carbon ion The black line represents the physical dose distribution.
The dose in the target area is only slightly elevated to the dose in the entrance
region. The biological effective dose (green curve), however, has a distinct
peak dose compared to the entrance region.

The relative biological effectiveness (RBE), the ratio between the physi-
cal and biological effective dose is an important factor for patient treatment.
It is, however, not related to one single physical quantity. For patient treat-
ment it is calculated by models which take the energy deposition pattern of
ions into account. The uncertainty in this models remain rather large with
approximately 20 % [Karger and Jakel, 2007].

As of today over 95000 patients have been treated with particle beams,
11770 of them with ions heavier than protons [PTCOG, 2012].

The question which treatment is the best can only be answered through
comparing clinical trails and also only for specific indications favouring
a single kind of treatment. Up to today it is neither answered if car-
bon ions are superior to protons [Suit et al., 2010] or if radiotherapy with
particles has any benefit over photon therapy other than in rare indica-
tions [De Ruysscher et al., 2012].

1.3 The need for dosimetry

The successful application of radiotherapy requires an accurate beam deliv-
ery, regardless of the radiation type. Already a 5-7 % deviation in dose has
an impact on clinical outcome [Brahme, 1984, Papanikolaou et al., 2004]. In
the example of head and neck cancer a 5 % under dosage reduces the tumour
control probability by 15 % while a 5 % higher dose increases the risk of side
effects [Chappell and Fowler, 1994].

Accurate beam delivery, however, relies on the capability to measure
dose, dosimetry. The characterisation of radiation fields and the control of
these characteristics are major requirements for ensuring accurate dose de-
livery to the target.

The standard in dosimetry for radiotherapy are air-filled ionisation cham-
bers. These are reliable in photon and ion beams. Due to their size con-
straints and the need of power supply they are not always suitable for the
measurement of complicated radiation fields as used in intensity modulated
radio therapy. Solid state detectors provide a higher signal per volume due
to higher density. This enables smaller detectors and thus dosimetry with
a higher spatial resolution. However, solid state detectors show saturation
effects due to the higher signal density [Karger et al., 2010]. These effects are
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elevated in particle beams due to higher ionisation density and localised high
energy deposition in particle tracks.

Since the 1970ies phenomenological models are applied to predict the
response of biological systems and solid state detectors in particle beams.
Prominent is the track-structure theory (IST) based on the work of Butts and
Katz [Butts and Katz, 1967].

However, the use of solid state detectors and the application of these
models for dosimetry remain experimental up to today [Karger et al., 2010].

1.4 Outline of the thesis

This thesis describes the investigation of the use of the alanine detector in
clinical relevant particle beams. The alanine detector is a solid state detector
known since the sixties of the last century [Bradshaw et al., 1962] and has
proven to be reliable in photon dosimetry [ICRU, 2008].

An existing response model from Hansen and Olsen
[Hansen and Olsen, 1985] is employed and adapted to the particle energy
range of interest. Experiments for verification of the adapted model have
been conducted in clinical settings as well as in settings which allow a deeper
insight into underlying assumptions. For the purpose of model verification
also the lithium formate detector has been employed and included in the
response model.

The final goal of the project was to bring the alanine detector from the
status of an experimental detector in particle therapy to a level where it can
be use in clinical practise. This thesis ends with an example of successful ap-
plication of detector and response model in clinical settings and a suggestion
for further use.



2. Interaction of radiation with
matter

Ionising radiation can be divided into two classes: directly and indirectly
ionising radiation. Charged particles are considered to be directly ionising,
since they them self Coulomb interact with atoms in matter. Neutral particles
such as neutrons or photons, are considered to be indirectly ionising radia-
tion, since they create secondary charged particles which then deposit energy
in the target material.

This chapter focuses on interactions of photons and particles with mat-
ter in an energy range that is relevant in radiation therapy. Photon energies
considered relevant for therapy are energies below ~ 20 MeV, whereas parti-
cle energies are considered relevant when the particles have ranges in water
from ~0.1 mm to ~ 35 cm, for example ~1 to 450 MeV /u for carbon ions.

2.1 Photon interactions with matter

In this section the basic concepts and mechanisms of photon interaction with
matter are briefly summarised. Since photon dosimetry is not in the focus
of this thesis photon interactions with matter are described merely for com-
pletes.

Photoelectric effect

In the process described as the photoelectric effect, the energy of an incoming
photon releases an electron from a target atom. The photon energy is fully
absorbed, the remaining energy is transferred to the kinetic energy of the
ejected electron. Note that the photon ionises the target atom despite being
classified as indirectly ionising.

The cross-section for the photoelectric effect is decreasing with increasing
photon energy. The effect is dominant at low photon energies, e.g., below
~ 20 keV for targets with a low average atomic number Z, such as human
tissue.

Compton scattering

A Compton scattering process is the inelastic scattering of a photon with a
bound electron. The photon loses some of its energy and is deflected from its
original direction. The electron is ejected, thus the atom is ionised.

7
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Compton scattering is the dominant energy loss mechanism of photons
in an energy range from ~20 keV to ~10 MeV for targets with a low average
atomic number Z.

Pair production

The term pair production describes the generation of an electron / positron
pair from a photon in the vicinity of a nuclear Coloumb field. Pair production
has an energy threshold of 1.022 MeV, the rest mass of the produced parti-
cles. The photon energy exceeding the threshold is transformed into kinetic
energy of the produced pair.

Pair production is the dominant photon energy loss mechanism for pho-
ton energies above ~10 MeV in low Z materials.

Photo-nuclear interactions

Interactions of energetic photons with nuclei of the target material lead to
emission of a nucleon. The nucleus gets excited and emits a proton (v,p) or a
neutron (y,n). The threshold energy for a photo-nuclear reaction depends on
the nucleus and the particular reaction, it is in the order of a few MeV. The
contribution of photo-nuclear reactions to the total attenuation coefficient is
in the order of a few percent.

Photon attenuation

The intensity I of a photon beam in matter as a function of the depth in matter
x can be described by Lambert Beer’s law.

I(z) = Ipe ME2)z (2.1)

Where I is the initial intensity and p(E, Z) the total attenuation coefficient.
The total attenuation coefficient is the sum of the attenuation coefficients for
all possible interactions.

The actual energy deposition in matter as a function of depth in matter
as seen in Figure[[.2] deviates from the pristine Lambert Beer’s law in the en-
trance region of the material volume, since the location of an intensity reduc-
ing event, e.g. the production of a positron / electron pair, and the locations
of energy deposition, e.g. through the secondary positron and electron, may
differ. In the so-called build-up region an equilibrium of energy loss of the ra-
diation field and energy absorption of the material has not established yet. In
the distal region, behind the peak, an equilibrium has been established and
the energy deposition is also decreasing exponentially with the distance in
matter.
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2.2 Energy deposition of swift particles in matter

Stopping force

This section’s discussion of particles stopping in matter in follows the
book of Sigmund [Sigmund, 2004] and the theoretical part of report 49
of the International Commission on Radiation Units & Measurements
(ICRU) [ICRU, 1993]. The complex physical concepts behind particle slow-
down will not be discussed in detail in this thesis. They will be merely named
and the resulting formalism, describing the energy loss will be presented.

The stopping force! S of a particle in a material is the average negative
energy loss dE of a particle in a material while passing a distance di. It is de-
fined with a negative sign in order to obtain a positive value of the stopping
force. The mass stopping force is the stopping force divided by the density p
of the target material.

The total stopping force S of a particle in a target material is the sum
of the energy loss per distance due to interactions of the projectile ion with
electrons in the target, due to interactions with the nuclei and due radiative

energy losses.
dE dE dE
g— (&F - - 22
< dz >elec " < dz >nucl " ( dz >radiat ( )

The electronic stopping force is the dominant term over a wide energy range.
Nuclear stopping contributes less than 0.5 % to the total stopping force at
projectile energies with corresponding particle speeds above the speed of or-
bital electrons in the target. However, for heavy projectiles, nuclear stopping
becomes dominant for projectile speeds around and below the Bohr veloc-
ity vg, which corresponds to a particle energy of 25 keV /u. Radiative energy
loss can be neglected for ions at energies available at medical accelerators.
However, at energies above 10° MeV /u pair creation and Bremsstrahlung
dominate the energy loss in heavy materials.

Electronic stopping force

The electronic mass stopping force denotes the energy loss of the traversing
particle due to interactions with orbital electrons of the target material. The
transferred energy causes excitation or ionisation of a target atom. It can be
expressed by Equation [2.3] which is commonly referred to as Bethe or Bethe-

'While commonly named stopping power from the physics point of view, the term stopping
force would be more appropriate as discussed by Sigmund [Sigmund, 2000]]. In this thesis the
author will try to consistently use the nomenclature stopping force and thus follow the ICRU
report 73. This is also due to his metrical preferences.
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Bloch formula.

Setec(E)  4dmet 172 2mev? 1 s C 4B
b matud” [l”( T )””(1_52> ez
(2.3)
Here e denotes the elemental electric charge, m. the electron rest mass, u the
atomic mass unit, v and z the speed and effective charge of the projectile ion,
respectively, and Z and A the atomic number and the number of nucleons of
the target material, respectively.

The concept of the effective charge z is an attempt to account for elec-
tron capture and charge shielding for low projectile energies. However, it is
also used as a free parameter to fit stopping force formalisms to empirical
data [Hubert et al., 1989, [Fettouhi et al., 2006].

The first three terms in the brackets are commonly referred to as “Bethe
formula”. I denotes the mean excitation energy, which is a property of the
target material. The I-value can be theoretically calculated as mean oscil-
lator strength, or extracted from penetration depth measurements. Even
though the I-value has a non-negligible impact, e.g. on particle range cal-
culations, which vary in the millimetre range for different recommended
values [Andreo, 2009, it is not well established for all materials. For wa-
ter, different values are stated in literature [ICRU, 1993, Sigmund et al., 2009,
Kumazaki et al., 2007, Paul et al., 2007] ranging from 75+3 eV to 80.8 eV. The
second and third term in the brackets are relativistic corrections.

The shell correction term (C'/Z) becomes relevant for lower energies, it
corrects for atomic bindings in the material. The “density effect” (6(5)/2) is
due to medium polarisation at high particle speeds.

Figure 2.T|shows the electronic mass stopping force of carbon ions in wa-
ter from different sources. Theses sources are discussed later in this section.

The Bethe formula agrees with measurements over the intermediate en-
ergy range, above the stopping force maximum and below the onset of radi-
ation losses. For lower energies Equation 2.3 diverges and is not valid any
more.

For energies below the stopping force peak, the stopping force scales lin-
early with projectile speed. The uncertainties of calculations in this regime
may be up to 20% [Fettouhi et al., 2006]

The isotopic effect on the stopping force amounts to maximal 0.25 % for
stable isotopes and is generally neglected.

Nuclear stopping force

Nuclear stopping describes the energy loss due to the interaction of the pro-
jectile ion with nuclei of the target atoms. This is mainly due to elastic scat-
tering of the projectile on the Coloumb potential of a nucleus. Under the
assumption of negligible quantum effects this problem is treated with clas-
sical binary elastic scattering theory. However, screening of the Coulomb
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Figure 2.1: Electronic mass stopping force of carbon ions in water as a func-
tion of the particle energy from four different sources. See text for descrip-
tion.

potential of the projectile due to electron capture, and thus the concept of an
effective charge, is highly relevant for nuclear stopping.

In this model, inelastic interactions such as nuclear fragmentation are ex-
cluded.

Stopping in compounds

The stopping force formula as introduced in Equation yields val-
ues for elemental targets only. For compounds, Bragg’s additivity
rule [Bragg and Kleeman, 1905], a mass weighted linear combination of the
stopping forces of the atomic constituents, can be applied. Be ¢ a compound
of N constituents 7 with the mass a;, respectively. The mass stopping force

(%)C of cis then
Sai(3),
= ’% , (2.4)
a;

where (%) is the stopping force of constituent i. This approximation ne-
(2
glects differences in the chemical bonding structure of compounds. How-
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Figure 2.2: Schematic drawing to illustrated the range definitions.

ever, it is a reasonable first order approximation for the stopping force in
compounds where data are missing.

Range

When the stopping force is known, the range of a particle with energy Ej
along the path can be obtained by integrating the inverse of the stopping
force over the energy from Ej to to £ = 0,

EodE
0 Stotal (E) .

This is commonly called the continuous slowing down approximation
(CSDA)), since no fluctuations in energy loss are considered.

The projected range Rp is a projection of the stopping point of the particle onto
the direction at particle impact. If the particle impacts the material at a right
angle, the projected range equals the penetration depth z,. The different
range concepts are visualised in Figure

Rcspa = (2.5)

Stopping force sources

Several stopping force calculation codes exist. Some are purely motivated
by theory, while others are based on experimental data. In this para-
graph the codes and tables used for calculations in this thesis and their re-
strictions are described. A full discussion of codes can be found in refer-
ences [Sigmund et al., 2005, [Paul, 2010].

For protons and alpha particles, stopping force and range (STAR) tables
are provided by the National Institute of Standards and Technology (NIST).
These tables are called PSTAR and ASTAR [Berger et al., 2005|], respectively
and are identical with the values given in the report 49 [ICRU, 1993]].
The energy range of the provided data spans from 1 keV to 10000 MeV for
protons and from 0.25 keV /u to 250 MeV /u for alpha particles.

Values of the electronic stopping force for ions from lithium to argon are
provided by the MSTAR code [Paul and A., 2001], which applies a charge
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scaling on the stopping force of helium ions, and the values tabulated in the
report 73 [Sigmund et al., 2005] and its erratum [Sigmund et al., 2009]],
which are based on theoretical considerations. While the ICRU report cov-
ers particle energies from 0.025 to 1000 MeV /u, the MSTAR code provides
values for a range from 0.0001 to 1000 MeV /u. All codes and tables men-
tioned so far in this section are included in the open-source library libd-
Edx [Liihr et al., 2011], which provides a single interface to all of them. The
library also includes an implementation of the Bethe-Bloch formula, employ-
ing the Lindhard-Scharff low-energy extension. The results of this Bethe-
Bloch implementation is shown in Figure[2.1]

The SRIM (stopping and range of ions in matter) code [Ziegler et al., 2010]
provides electronic and nuclear stopping power for all ions in an energy
range from 1 eV to 2 GeV based on scaling procedures.

An example of the numerical deviations between codes is shown in Fig-
ure[2.]l Those deviations result in range calculation uncertainties in the order
of a few percent [Liihr et al., 2011].



3. Basics of dosimetry

Radiation dosimetry is —strictly speaking— the determination of the quantity
absorbed dose. Detectors able to measure this quantity are referred to as dosime-
ters. However, also the determination of related quantities is commonly
referred to as dosimetry. In this chapter the basic concepts and quantities
of dosimetry will be introduced. Beyond the basic concepts this summary
mainly focuses on topics relevant to problems addressed in this thesis. The
definitions and descriptions will follow the [CRUI definitions in the Report
60 on fundamental quantities and units [ICRU, 1998] if not mentioned other-
wise.

3.1 Particle fluence

The number of particle that enter a volume of interest is a crucial quantity
for all dosimetric considerations. The particle fluence or simple fluence, ®, is
defined as the amount of particles AN crossing a sphere of cross-sectional
area Aa,

= lim — . (3.1)

Fluence is measured in units of 1/cm?. The planar particle fluence refers to the
number of particles traversing a plane. This definition is dependent on the
angle of incident. For a perpendicular angle of incident the planar fluence
equals the fluence as defined in Equation

3.2 Absorbed dose

The absorbed dose D is the mean imparted energy de per mass dm. The im-
parted energy e is the sum over the energy deposited by all energy depositing
events in a volume, 1
€
D = e (3.2)
Dose is expressed in the unit gray (Gy), which is defined as J/kg. Dose is a
macroscopic, non-stochastic quantity. The microscopic equivalent to dose is

the specific energy =

z=—, (3.3)
m

14
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the quotient of the imparted energy to mass of the volume the energy is im-
parted. The specific energy is a stochastic quantity. The mean value of the
specific energy z converges to the dose D for increasing volumes.

In the case of a charged particle equilibrium the dose equals the product
of particle fluence and mass stopping force

D:Z[Eq)i’E'Si(E)’ (3.4)

P

where ®; p denotes the fluence of particle i with energy E and S;(E) the
stopping force of that particle.

Dose to water

For dose comparison it is essential to report in which material the dose is
measured, since the same radiation field deposits a different amount of dose
in different materials. In order to compare dose values commonly the equiv-
alent dose in water is reported and dosimeters are calibrated to dose to water.

The ratio between the dose to material a to dose to material b is in first
approximation well described by the ratio of stopping forces of the radiation
in question in the materials, respectively. It is defined as the ratio of the
sum over all particles of the fluence-weighted stopping forces in the medium,
respectively.

2 )5 Pai(E)Sai(E)/pdE
Sab =

T2y ®ai(E)Shi(E)/pdE 3.5)
3

Note, that the fluence (P, ;) is the same in numerator and denominator. For
charged particles the influence of the stopping-force ratio increases with the
differences in material compositions. For protons in clinical settings the im-
pact of the a conversion from dose to tissue to dose to water up to ~10 %
for bony tissue [Paganetti, 2009]. For carbon ions effects of up to 8 % are
expected in bony tissue [Herrmann et al., 2009].

A correction for the change in fluence between materials (®, ;) is the flu-
ence correction factor (ECE). For further reading on the the articles by
Palmans et al. [Palmans et al., 2002] and Liihr et al. [Liihr et al., 2011b]] are re-
commended.

3.3 Linear energy transfer

The linear energy transfer LET is the amount of energy lost by a particle
in a material dE, due to secondary electrons with an energy less than A,
over a distance dz [ICRU, 1998]. For A — oo the LETA gets numerically
equal to the electronic stopping force. In fact, the terms are often used as
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synonyms. In this thesis when referring to linear energy transfer (LET) it is
always referred to the LET,,. The [LETlis also sometimes called restricted
linear electronic stopping force.

The definition above is just unambiguous for a single ion. In volumes
where a mixed radiation field exists an average [LET| has to be calculated.
There are two weighting methods. First, by deposited energy, the so-called
dose-averaged[LETland second, by particle fluence, the so-called tracklength-
averaged
The dose-averaged [LETlis defined as

2
dE
> Yip- (a ZE)

i E
LETpA = r—T;
> PiE Glip
i, B

(3.6)

where @®; i denotes the fluence of the particle ¢ with kinetic energy E and
& |Z 5 its stopping force.
In contrast the tracklength-averaged LET is defined as

co,. 4B
q)lvE dz 14, FE
E

> Pip
iE

LETrs = 2

(3.7)

The average is often used to characterise a radiation field as be-
ing low-LET or high-LET. Photon radiation, electron and proton beams
are referred to as low-LET radiation, whereas heavier ions are re-
ferred to as high-LET radiation. However, strict relations between [LET]
and biological effects, as or oxygen enhancement ratio (OER), do
not exist [Kraftetal,1992]. Nevertheless, these effects are often de-
scribed as a function of the averaged LET [Wilkens and Oelfke, 2004,
Serensen et al., 2011, [Wenzl and Wilkens, 2011].

3.4 Relative biological effectiveness

The macroscopic dose is insufficient in describing the effects of radiation of
different kind onto biological systems. The same macroscopic dose applied
with two different kinds of radiation may result in a different response of the
biological system, e.g. the percentage of killed cells.

The relative biological effectiveness (RBE) is used to compare the effec-
tiveness of one radiation quality with a reference radiation. Due to historic
reasons y-rays emitted from ®°Co sources are often used as reference. This
cobalt isotope emits y-rays of 1.17 and 1.33 MeV.

The [RBEl is defined as the ratio of the dose deposited by the reference
radiation Dso, to the dose by the test radiation D,, which result in the same
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biological effect,
Deoc,

BE =
R D,

(3.8)
iso—effect
The [RBE of a radiation quality strongly depends on the chosen biological
endpoint. The of 11 MeV /u carbon ions on Chinese hamster ovary
cells (CHO-K1) ranges, e.g., from 5.4 for the 50 % survival fraction endpoint
to 3.4 for 1 % survival fraction endpoint with 250 kV x-rays as reference
radiation [Weyrather et al., 1999].

3.5 Calorimetry

The most direct way of measuring deposited energy and thus dose is
calorimetry. Under the assumption that the whole deposited energy is trans-
ferred into heat, the temperature rise in a volume of known mass is mea-
sured. Is the specific heat capacity cp of the absorber known, the rise in
temperature AT translates linearly into dose,

D = ¢,AT

With calorimetry it is possible to directly measure the dose to water, if the
sensitive volume is filled with water. There are also calorimeters with a sen-
sitive volume of graphite. The procedure requires that the irradiated volume
is thermally isolated from its environment, and the apparatus is in thermal
equilibrium with the environment [ICRU, 2008|]. These requirements make
calorimetry laborious and not suited for all purposes. Thus, for practical use
outside of primary standard laboratories different approaches have to be ap-
plied.

However, calorimetry is suitable for dosimetry in particle beams, since
corrections of maximal 1 % for energy loss to chemical bindings are indepen-
dent of the radiation type [Palmans et al., 1996, |Giesen et al., 2007].

3.6 Ionisation chambers

Ionisation chambers are based on the ionisation of matter by radiation, which
tirst has been observed by J. Perrin in 1896 [Glasser et al., 1952]. If this ionisa-
tion occurs in a volume where an electric field is applied the created charge
separates and can be measured at the electrodes. If the average energy re-
quired for one ionisation and the charge collection efficiency is known, the
energy deposited in the volume can be determined.

Ionisation chambers exist in several designs, e.g. with cylindrical outer
electrodes and a central electrode in the middle or two parallel plane elec-
trodes. Different designs have different properties and can be chosen ac-
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cording to the requirements. However, they all function following the above
mentioned principle.

Air-filled ionisation chambers are considered as the gold standard in
dosimetry for radiotherapy. Corrections for environmental influences and
possible recombination of the charge have to be applied, though.

Ionisation chambers filled with a liquid provide the advantage that. due
do a higher ionisation density. the active volume can be reduced and a higher
spatial resolution can be achieved. However, due to the higher ionisation
density charge recombination effects are also increased [I6lli et al., 2010].

Ionisation chambers are reusable and offer a instantaneous dose measure-
ment, contrary to passive detector systems. A drawback is the need of a
power supply.

In particle beams the charge recombination is pronounced [Kanai et al., 1998]
and additional uncertainties are introduced [Andreo et al., 2004].

3.7 Solid state detectors in particle beams

Solid state detectors are detectors which determine dose based on energy de-
position in a active volume of condensed matter. The advantage of solid
state detectors over air-filled ionisation chambers is their higher ionisa-
tion density and thus the possibility to achieve smaller detectors and thus
higher spatial resolution for dosimetry. The advantage is bought with a
higher sensitivity towards radiation quality, commonly referred to as LET-
effects [Karger et al., 2010]. However, since the term LET-effects might imply
that those effects would be directly and only dependent on LET and thus
tends to be misleading, it will not be used in this thesis.

Most solid state detectors irradiated with particle beams show a response
dependency not only on dose, but also on the nature of the radiation field. A
typical symptom is a decreased ratio between the detector signal in the Bragg
peak to the detector signal in the plateau of a depth dose curve compared to
the dose ratio.

This phenomenon is -at least for ions heavier than
protons— reported for most solid state detectors such as dia-
mond detectors [Sakama et al., 2005], diodes  [Kaiser et al., 2010],
films [Spielberger et al., 2002, [Kirby et al., 2010, thermoluminescent
dosimeters (TLDk) [Geif et al., 1998| Holzscheiter et al., 2004], optical stim-
ulated luminescence (OSL) [Edmund etal., 2007, Klein et al., 2011], gel
detectors and also EPR dosimeters as alanine [Bradshaw etal., 1962,
Waligorski et al., 1989, Bassler et al., 2008, Herrmann et al., 2011b].  These
effects of reduced effectiveness towards certain radiation types is expressed
in the relative effectiveness (RE).
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d
D

D, Dy

Figure 3.1: Schematic illustration of both RE definitions

Relative effectiveness

In order to describe the behaviour of a dosimeter in a radiation x differ-
ent from the reference radiation, the quantity of relative effectiveness (RE)
n is used which puts the different detector responses into relation. How-
ever, even though the concept of the [RElis often used in literature there is no
unique definition for the [REl Basically there are two definitions used.

The iso-response definition,

Diet
Tliso—response = Dre ) (39)

X liso—response

is orientated at the definition of the It is the ratio of the dose applied
with the reference radiation D, and the dose of the radiation x, Dy, which
yield the same detector response. The[RBElcan be seen as the biological coun-
terpart to the[REl

The second definition uses the ratio of the response of the detector irra-
diated with the reference radiation, S(D;.f), to the response after irradiation
with radiation x, S(Dy), at the same nominal dose.

S(D)

Tiso—dose = e (310)
S(Dgh)

iso—dose

Figure[3.1]illustrates the two definitions. The black line represents the detec-
tor response S(D) as a function of dose deposited by the reference radiation.
The blue line describes the response behaviour towards radiation z.

While Katz [Katz, 1978] made no differentiation between [REl
and RBEl and thus used for both the iso-response definition, Wa-
likorski  [Waligorski et al., 1989] defined the as iso-dose ra-
tio and made a clear distinction between the [RE and the
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RBE In literature both the iso-response [Fattibene et al., 2002,
Gerstenberg et al., 1990, Hansen, 1984, Jirasek and Duzenli, 2002, [Katz, 1978,
Kirby et al., 2010, Martisikova and Jakel, 2010, |Olsen and Hansen, 1985,
Simmons and Bewley, 1976, |Zhao and Das, 2010] and the iso-dose
definition [Edmund et al., 2007, Hansen et al., 1987, Olko, 1999,
Olsen and Hansen, 1990, Palmans, 2003, Waldeland et al., 2010,
Waligorski et al., 1989] can be found to a similar amount.

In special cases both definitions yield the same numerical value. How-
ever, this is not general applicable. Section 4.4 discusses the implication of
the choice of definition for one-hit detectors.

The iso-dose definition can be motivated for theoretical considerations,
where one is interested in the response of a detector to one dose value applied
by different radiation types. For all practical means however the iso-response
is preferable. The main argument for this will in the following be elaborated
on the example of the situation illustrated in Figure

Given a detector calibrated to a reference radiation. The dose D, is ap-
plied with a radiation z, different form the reference radiation. The detector
readout yields a detector response S;(D;), on which the calibration is ap-
plied. This yields the dose applied by reference radiation D, corresponding
to the measured signal Syef(D,) = Sz(Dy). If the iso-response [RE of a detec-
tor towards radiation z is known the absorbed dose to the detector can be
determined by

Dy = D,- 1/"7iso—response (3.11)

If, on the other hand, only the iso-dose [RE is known in this example the
applied dose Dy, can not be derived.

In order to be precise when speaking of detector response or signal a new
term shall be introduced here, the response equivalent dose (RED). When
speaking of detector response or signal it will refer to the actual signal at
the detector readout, e.g. the integral glow curve for [ITLDs, the absorption
spectrum for electron spin resonance (ESR) dosimeter or the collected charge
for a ionisation chamber. denotes the dose value in gray, which one
receives applying the calibration onto the detector signal. The deviates
from the physical dose by the factor 7, the EquationB.9reads then as

_ RED

5 (3.12)

Ui

In this thesis always the iso-response definition of the relative effective-
ness will be used, if not mentioned differently.
Relative effectiveness in a mixed radiation field

The relative effectiveness in a mixed particle field follows the definition in
Equation If track overlapping effects can be neglected the average rela-
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tive effectiveness 77 can be defined as
> 2 ni(Ej)Di
i

) 3.13
Dtotal ( )

f]:

where 7;(E);) is the relative effectiveness of the particle i with kinetic energy
j and D, ; is the dose deposited by this particle. Dy is the total deposited
dose [Katz, 1993].



4. Amorphous track models

4.1 Basic assumptions

Amorphous track models, also called track-structure models, try to pre-
dict the response of a system to particle irradiation based on a phe-
nomenological approach. The theory originates in the work of Butts and
Katz [Butts and Katz, 1967] on the [RBE] of heavy ions on biological systems.
Amorphous track models are based on two main assumptions:

I The energy deposition around a particle trajectory can be described by a
continuous, averaged radial dose profile.

I The detector responds locally in the same manner to energy deposited
by secondary electrons, regardless of their origin.

The release of secondary electrons through a heavy charged particle
and the energy deposition by those are stochastic processes. Figure
shows one history of a Monte Carlo simulation of a 100 MeV /u carbon ion
traversing water. The figure illustrates the energy deposition around a parti-
cle track projected on one plane. There is a dense electron distribution close
to the ions trajectory and just a few secondary electrons with high energies
emerging to further distances. Also the scattering of the secondary electrons
is illustrated. The simulation has been conducted with the TRAX Monte
Carlo code! [Kramer, 1995].

Averaging over many particle tracks an average dose distribution around
a particle track can be assumed. This is comparable with the description
of the energy loss of a particle by the stopping force which also does not
describe the stopping of a single particle but the mean value of the energy
loss.

The radial dose distribution (RDD) is assumed to be the homogeneous
distribution of the energy deposition around a particle trajectory due to sec-
ondary electrons. Figure 4.1b] shows the for 100 MeV /u carbon ions
in water, calculated with TRAX averaged over 10000 particle histories. This
amorphous J-electron halo around the particle trajectory gives the models
base on this assumption their names.

Following assumption [l the characterisation of a detector in a photon ra-
diation field is sufficient to describe the response of this detector in any other
radiation field, since —in this picture— the detector response is only dependent

'http://bio.gsi.de/DOCS/TRAX/NEW/DOCS/trax.html

22


http://bio.gsi.de/DOCS/TRAX/NEW/DOCS/trax.html

CHAPTER 4. AMORPHOUS TRACK MODELS 23

T T T T T 100
500 |- 1~ i 10°
10*
10°
/

10!
300 | -

y [nm]
dose [Gy]

200 |- ]

/’N‘\\’\ 10-4
100 b

P
I
&

—400 —200 O 200 400 107% 1077 107® 10~% 10~* 10°° 102
X [nm] radius [cm]

(a) Single particle track (b) Radial dose distribution

Figure 4.1: Graph shows the energy distribution around a single ion
trajectory of a 100 MeV /u carbon ion in water. Figure 4.1blshows the corre-
spondent[RDDlas a function of the distance from the trajectory. Both graphs
are calculated with TRAX.

on the local dose level. Differences in the macroscopic response to the same
amount of macroscopic dose deposited by different types of radiation are
explained with different dose distribution patterns. The local dose around
a particle trajectory varies over orders of magnitude as seen in Figure
while in photon radiation fields the dose is considered to be deposited ho-
mogeneous on a microscopic level due the increased scattering of photons.

A precondition of assumption [Ilis that the energy spectra of secondary
electrons are comparable for photon and radiation, or that the detector
response is insensitive to the kinetic energy of energy depositing electrons.

Amorphous track models are regarded as phenomenological models
since the detector is only described by its photon response characteristic.

The original model by Butts and Katz and the underlying assumptions
are discussed in detail in the next sections.
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4.2 Target theory

Target theory is a formalism developed to describe the behaviour of radiation
sensitive systems under radiation, technically speaking the shape of dose-
response relations of the systems. The formalism was developed for biologi-
cal systems and attempts to give some physical meaning to the parametrisa-
tion of the dose-response behaviour. This section explains the basic concepts
of target theory, in order to familiarise the reader with terminology still used
in the detectors description. This section is mainly based on the book by
Dertinger and Jung [Dertinger and Jung, 1969] but does not follow it in all
conclusions.

In target theory a system is considered to consist of sensitive, spherical,
active elements, also called targets, which are embedded in a passive matrix.
Radiation can trigger an effect in a sensitive element, inactivate the element,
if at least a certain number n energy depositing events, so-called hits, occur.
A hit is an event in which at least an energy larger or equal the minimal
required energy Ei, is deposited in the target.

Under the assumptions of Poisson distributed hits, the probability P of
exactly n hits after an applied dose of D is given as

n,—vD
P(n) = (eD)te™ - (4.1)
n.
where vD denotes the average number of hits. v is the target volume measured
in hit per gray. The target volume is abstract concept and is further discussed
later in this section.

If a target required n hits to be inactivated, targets with n—1 hits or less are
not affected. Be N the number of affected targets, and Ny the total number of
targets then the fraction of affected targets can be expressed as the sum over
all targets receiving less than n hits:

N(D) . _,ps= (D)
N =1-—c¢ kz_o o (4.2)

For the case of already one hit being sufficient for triggering an effect, Equa-
tion 4.2 simplifies to
N(D)
No

If the number of inactivated elements can be quantified the system can be
used as a detector and Equation [4.3] describes its dose-response behaviour.
Such a detector is commonly referred to as one-hit detector or single-hit detector.
The dose-response of one-hit detectors can be characterised by the D37 value.
D37 is the dose at which = 63 % of the saturation signal is reached. In the case
of biological system this means 37 % of the system, e.g. cells survived. The

=1—e"P. (4.3)




CHAPTER 4. AMORPHOUS TRACK MODELS 25

D37 values is the reciprocal of the target area v, thus

N(Ds7)
No

The D37 value is also referred to as characteristic dose. Ata dose D37 in average
every element received one hit.

Since a hit is related to an energy deposition, dose is in target theory re-
garded as hit per volume. Thus the geometrical size of the target volume can
be estimated with the D37 value and the average energy of one hit £&. Under
the assumption of a spherical target the radius of a target a¢ can be calculated
as

=1-¢ 12063

31 1

where p denotes the density of the detector material.
A step towards generalisation is from multi-hit detectors to multi-target

detectors, in which an effect occurs, if m targets receive at least n hits. The

probabilities multiply, thus the relative number of affected elements can be

expressed as
n—1 m
N(D Y vD)¥
( >:(1_6 3 !>> | 45)
k=0

Ny k
Multi-hit detectors show supralinear dose response, which in particle beams
can lead to a relative effectiveness above unity. An example for a multi-hit
detector are [I.Ds, whose dose-response can be described as a combination
of one-hit and two-hit behaviour [Katz, 1978, |Geifs et al., 1998].

3

apg = (44)

4.3 The Butts and Katz model

Based on target theory Butts and Katz [Butts and Katz, 1967] developed a
response-model for one-hit detectors and later on also for systems showing
multi-hit response, as cells [Katz, 1978]. The derivation of the one hit model
shall be introduced in this section.

Assuming a charged particle equilibrium in a mono-energetic charged
particle radiation field, following Equation[3.4ldose can then be expressed as
the product of the fluence and the mass stopping force,

S

D=®—

P
This in mind the characteristic dose D37 can be related to a characteristic flu-
ence ®37 which is the reciprocal of the activation cross section o = 1/®37. The

activation cross-section towards a radiation z is related to the characteristic

dose as .
1 SN\
=0, — 4.6
D37 7 (P> (.6)
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Figure 4.2: Cylindrical iso-dose shell around an ion trajectory.

Activation cross section

Given a radial dose distribution Ds(r) the number of effects invoked by 6-
electrons in a concentric cylindrical shell with an inner radius r, outer radius
r 4+ dr and a length 7" be d9t. The number of effects d1 is the product of the
volume V of the shell, the amount of elements per volume Ny and probability
P of an element getting activated, as given in Equation 4.7

AN = VNP (4.7)

_ Ds(r)
= (2aTrdr) Ny <1 —e D37»W) (4.8)

Figure.2]illustrates this setting. The depth of the shell T has to be chosen in
a way that the particle speed and thus the stopping force can be assumed to
be constant.

Note that in Equation 4.8 the dose deposited by the secondary electrons
of the primary ion Dj(r) is put into relation with the characteristic dose at
photon irradiation D37, and thus assumption[llis applied.

An integration of Equation 4.8/ over all radii r yields the total amount of
effects 91 for one traversing ion. The activation cross section ¢ in Equation 4.9
is given as the ratio of the total amount of effects and the amount of elements
per area NoT'

_ N _ - _ —Ds(r)/ D3z
o= NoT 277/0 rdr (1 e 7) (4.9)

Radial dose distribution

The cross-section o, for the emission of a §-electron with a kinetic energy
in the interval [w;w + dw]| at a transit of a is calculated by Butts and
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Katz [Butts and Katz, 1967] using the solution of the Kepler problem. The
central force in this picture is the Coulomb force.
2met 7% dw

0' = . - —_—

YT e B2 w2

(4.10)

here Z.g denotes the effective charge of the ion,  its speed relative to the
speed of light, e the elemental charge and m,. the mass of an electron.

The emission cross-section o, multiplied by the electron density N, of the
material yields the ¢- electron distribution dn = o, - N¢. dn is the number of
emitted electrons in the energy interval [w;w + dw]. The maximum energy
wmax Of a secondary electron is determined by a classical central hit between
ion and electron, and thus

B

1—p%
The range of electrons in matter is described by power law expression fitted
to experimental data

(4.11)

Wimax = 2MeC

r==k-w* , (4.12)

where £ is a fitted parameter in units of [length - energy~¢]. In their original
work Butts & Katz found « to be equal one by fitting experimental data. Later
other authors found different values.

Equation4.12/implies that an electron passing the distance dr deposits an
energy

dw = (k~1dr)* (4.13)

An integration over the energies in the interval [w(7); wWmax] yields the number
of electrons n passing a shell of thickness r,

Neet Zgﬁ[ 1 1 ]

meC2 ' 52 W(T) B Wmax

n[w(r); wmax) = 27 (4.14)
Here w(r) is the minimal energy of an electron needed to pass a distance of .

By combining Equation [4.12] and Equation [4.14] one receives the energy
deposited in a shell, division by the shells mass yields the deposited dose
Ds.

-1

2 o
D5(r,/3,zeﬁ):Nee4 (Zeff> .1.1.1<1_ ! > (4.15)

mec? 5 p o T T'max

Equation yields the dose to a point, thus mimicking a physical radial
dose distribution. The average dose to an extended target can be obtained
by convoluting the target geometry with the physical radial dose distribution,
yielding an effective radial dose distribution. For simplicity a cylindrical tar-
gets with an radius ap and the symmetric axis parallel to the ion trajec-
tory is postulated. As illustrated in Figure the area dA = 2¢ptdt of
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Figure 4.3: Geometrical consideration for the determination of dose to ex-
tended targets. In case a) r +t¢ > ag, case b) r +t < ag. Graph adapted
from [Hansen, 1984]

the cylinder with its centre in distance r to the ion path receives the same
dose [Katz et al., 1972a]]. Thus the average dose to the extended target at dis-
tance r from the ions path Ds(r) is given as

_ 1 r+aop
Ds (s Zuao) = 3 [ Di(tfuZu)2etdt . (416)

0 —aop

Insertion of Equation in Equation 4.9 yields the activation cross-section
for an extended target.

The relative effectiveness

Butts and Katz did not distinguish between relative effectiveness and relative
biological effectiveness. They defined the effectiveness of a detector towards
radiation 7 relative to a radiation j as the ratio of the sensitivities s of the
detector towards the radiation, respectively.

ki

Nij = — (4.17)

kj
In the case of an one-hit detector the sensitivity equals the characteristic dose.
Thus for a one-hit detector Equation .17 yields:

g\ -1
Ny = D37 04 (,0) (4.18)

Ion-kill/ v-kill

The presented model had been developed for one-hit detectors. It is not suf-
ficient to describe the response behaviour of detectors which show multi-hit,



CHAPTER 4. AMORPHOUS TRACK MODELS 29

or multi-target characteristics, i.e., a value large one for the n and/or m pa-
rameter in Equation To account for the different characteristic the so-
called ion-kill/~-kill concept was introduced [Katz et al., 1971].

The concepts differentiates between elements which show an effect di-
rectly due to a single traversing ion (ion-kill) and elements which are affected
due to a cumulative effect of overlapping particle tracks (v-kill). Even though
attributed to d-rays, the latter mode is called v-kill since the relative effec-
tiveness of this mode is set to unity, equal to y-rays. A fraction of /o of
the deposited dose is allocated for the ion-kill mode and the remaining dose
fraction (1 — o/0y) is allocated to the v-kill mode. o denotes the activation
cross-section as calculated in Equation[4.9land o, denotes the saturation cross-
section which is empirical determined. Be Iy, = e ?? the probability for an
element not to be affected by the ion-kill mode, and IL, the probability of not
being affected by the ~-kill mode then

]]\Z = Mo % I1, (4.19)
gives the probability of a sensitive element to not be affected. Here NV denotes
the number of affected elements and Ny the number of total elements. Since
the response of a detector system depends on the amount of activated ele-
ments the detector response S of a system described by the ion/~-kill mode
equals

S =1—Tlpy x II, . (4.20)

The introduction of thevy-kill mode allows to describe the response of
cells [Katz et al., 1971, Katz, 1978] but also physical multi-hit detectors as
[Edmund et al., 2007]. However, the physical and biological motiva-
tion remains controversial. An overview on the discussion can be found
in [Katz, 2003} |Scholz and Kraft, 2004].

In this thesis only one-hit detectors are investigated thus the ~-kill ap-
proach is not applied and will not be further discussed.

4.4 The relative effectiveness for one-hit detectors

Following the resulting dose response relation of an one-hit detector
shows itself an exponential behaviour, only with a different characteristic
dose. The implications on the definition on the [RE]are discussed in this sec-
tion.

Given an one-hit detector with a characteristic dose towards a reference
radiation of D37, and a characteristic dose towards a test radiation of D37 ..
Target theory assumes a finite number of active elements and thus a maximal
detector signal which is independent from the radiation quality. To keep the
definitions as general as possible a saturation detector signal of S for the
reference radiation and S for the test radiation are assumed.
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The definitions of the REl given in Section[3.7 can then be transformed by
inserting the one-hit response characteristic. The iso-dose definition (Equa-

tion[3.10) yields
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The iso-response (Equation3.9) yields
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In the case of an identical saturation signal both definitions yield the same
numerical value doses low compared to Ds7;. For higher doses however
Niso—dose approaches asymptotically S, (D) and finally becomes one, while
Niso—response Stays constant.

In the case of different saturation signals 7;s,—dose Still approaches
asymptotically S;(D) but the RE is reduced by the saturation signal ratio.
Niso—response decreases for high doses if Sj > S§. If the saturation signal of
the test radiation is higher than for the reference radiation 7;so—response be-
comes undefined.

4.5 Model by Hansen and Olsen

J. W. Hansen and K. J. Olsen adapted the track-structure model for one-hit
detectors and applied it to dye films and alanine dosimeters.

Besides the determination of model parameter as Ds7, they introduced
some changes, which are listed below. This points are addressed in the main
publication on the model [Hansen and Olsen, 1984]] and in the PhD thesis of
Johnny W. Hansen [Hansen, 1984]. Later a model for the calculation of the
signal stability for alanine has been added [Hansen and Olsen, 1989] which
is also introduced in this section.
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Deviations from the original TST

The main change compared to the model by Butts and Katz is in the for-
mulation of the radial dose distribution (RDD). Under the assumption of
an infinitesimal short track-thickness dT’, the integral of the dose to a point-
target (Equation4.15) should be identical with the stopping force which is not
the case. The integrated point-target distribution yields values lower than
the stopping force. The deduction of Equation [4.15 included some approxi-
mations inter alia the negation of the interaction of the projectile with nuclei
of the material and the binding energy of the electrons. These assumptions
mainly affect the region close to the projectile trajectory. The model attributes
the difference in energy to these approximations and thus adds the missing
energy to the region where the distance r from the particle trajectory is lower
than the size of the active element ag. This creates a core with increased dose
D¢ore compared to the distribution given in Equation The amount of
the difference between the formulations varies for different energies of the
primary ion as shown in Figure

Note, that the term core here refers to the region close to the target trajec-
tory with constant dose due to the extension of the target in an effective
and is used out of convenience. It does not reflect the use of the core/penumbra
model in the description of the physical RDD to a point target.

The final formulation of the RDD used in the model is:

Qcore cr<ag
D(r) =1 Ds(r) : ao<r <Tmax (4.25)
0 DT> Thax

where Dj is the the extended target distribution (Equation£16) and Deore is
chosen thus that

Deore = S/p — 2w / D(g(r) rdr (4.26)
ao

The formulation in Equation resembles the formulation by Chatterjee
and Schaefer [Chatterjee and Schaefer, 1976|]. It differs however in essential
points. First the Chatterjee RDD has a core-radius which is proportional to
the projectile speed while here the radius ag is considered to be a material
property and thus is fixed. Second the Chatterjee a priori attributes 50 % of
the LET to the core region and the other half to energy deposition trough
electrons similar to Equation

A further change regarding the RDD is the calculation of the maximal
track extension. It follows Equation However, fitting Equation
to experimental data they received a value for a of 1.676 and found that
the k factor is proportional to the reciprocal of the density of the target
medium [Hansen and Olsen, 1984].
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Figure 4.4: Radial dose distribution as a function of the distance from the
particle track for carbon ions of 10 MeV/u and 100 MeV /u in alanine. The
dashed lines represent the resulting from Equation The solid
lines represent the adapted to the stopping force as described in Equa-
tion[4.25

An other detail is the calculation of the effective ion charge Z.s which
contributes to the height of the radial dose distribution and the stop-
ping force calculations. Hansen and Olsen used the parametrisation by
Ziegler [Ziegler, ]. E, 1977], which differentiates between protons, helium
ions, lithium ions and heavier ions for the calculation of Z.g.

Model for signal stability

The electron paramagnetic resonance (EPR) signal in alanine is fading due to
recombination of radicals. This process depends on the concentration, and
thus average distance of radicals. The amount of radicals produced is de-
pendent on the applied dose, and thus also the signal stability. As discussed
previously a traversing[HCPlresults in a local dose distribution with high dif-
ferences in local dose, implying that also the concentration of radicals varies
around a particle track. A higher signal fading for than for equivalent
photon doses was observed and attribute to this concentration pattern.
Given a function K (¢, D) describing the percentile signal fading as func-
tion of time ¢ and dose D a recombination cross-section or(t) as function of
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time can be derived similar to Equation 4.9

1

or(t) =0 /0 " K (4, D()) dr (4.27)

T"max
Here o denotes the activation cross-section, rmyax the maximal range of a sec-
ondary electron and D(r) the dose at a distance r from the trajectory of the
primary particle.

The response equivalent detector response RED as a function of time ¢
can be expressed as

RED(t) = D-(t)

S _1
= D-DJ,-ogp(t)- <p> (4.28)
Hansen and Olsen determined the function K (¢, D) from alanine irradiation
with 10 MeV electrons. They found that K (¢, D) resembles a second order

polynomial of ¢. This model showed general agreement with measured re-
sponse data from [HCP|irradiation [Hansen and Olsen, 1989].



5. The alanine detector

Alanine is the model system for the detector response calculations presented
in this thesis. The experiments described have been conducted with alanine
dosimeters.

The amino-acid L-a-alanine (CH3CH(NH2)COOH) (see Figure
is the simplest amino acid. Pristine, it appears in crystalline form.
Its use as dosimeter was first described by Bradshaw et al. in
1962 [Bradshaw et al., 1962]. It has been used for dosimetry since. Dosimetry
with alanine is based on radical formation induced by irradiation and quan-
tified by the method.

a-alanine exists in different configurations (D, DL, L and /), of which
the L-a-alanine is the most used due to high signal yield and low zero dose
signal [Regulla and Deffner, 1982]. Pure alanine powder can be used for
dosimetry. Commonly, the powder is blended with a dry binding agent as
paraffin wax [Arber and Sharpe, 1993, polyethylene [Gall et al., 1996], cellu-
lose [Hansen, 1984] or polyvidone [Hansen et al., 1987] and processed into
an appropriate form. This can be the form of rods, pellets or films. Binding
agents are required to have minimal influence on the [EPRIsignal. In order to
increase the sensitivity of alanine blends with other materials e.g. boron or
gadolinium are used [Marrale et al., 2007, Marrale et al., 2011]].

Alanine has also been wused in gel form [Olsson etal., 2002,
Ciesielski et al., 1988], the advantage of possible three dimensional dosime-
try is bought with inconveniences at the [EPRlreadout, since the samples have
to be dried or frozen [Olsson et al., 1996].

Dosimetry with alanine is considered to be suitable as transferable and
reference standard for photon dosimetry [ICRU, 2008, ISO/ASTM, 2002,
ISO/ASTM, 2004]. It is also used as secondary standard [Anton, 2005]
and has been applied for audit of radiotherapy units [Schaeken et al., 2011,

@)

H3C
OH

NH,

Figure 5.1: Structural formula of L-a-alanine

34
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Budgell et al., 2011]]. Alanine even is used as in vivo dosimeter for brachyther-
apy [Schaeken and Scalliet, 1996, Schultka et al., 2006].

5.1 Detection mechanism

By B

Figure 5.2: Schematic drawing of the split of the energy level for two different
spins of a free electron in a magnetic field with flux density B as described in
Equation5.11

Radical formation

Under irradiation a chemical radical formation process is induced in ala-
nine, which results in a dissociation of alanine into radicals, molecules
with an unpaired electron. ~While there is a dominant radical pro-
duced by deanimation, which accounts for ~ 60 % of the total amount
of radicals [Malinen et al., 2003b]], two further radicals have been identi-
fied [Sagstuen et al., 1997].

The contribution of the radical types to the absolute measured signal de-
pends on the readout settings [Malinen et al., 2003a]. The radicals are consid-
ered to have different stability characteristics over time [Koizumi et al., 1996]
and when heated up [Malinen et al., 2003a]. Their relative production may
depend on the radiation quality [Malinen et al., 2003b, [Ciesielsk et al., 1998].

Electron paramagnetic resonance spectroscopy

The electron paramagnetic resonance (EPR) spectroscopy or also called elec-
tron spin resonance (ESR) spectroscopy has been discover 1944 by Y. K. Za-
voisky. It can be used to determine the amount of radicals in a solid. This
method uses the splitting of energy levels of an electron in a magnetic field,
the anomalous Zeeman effect.
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Figure 5.3: First derivative of an EPR absorption spectra as a function of the
magnetic flux density of two irradiated alanine samples. The red spectrum
originates from a dosimeter irradiated with y-rays from a ®°Co source, the
blue spectrum is due to irradiation with 9.3 MeV /u xenon ions. The absorbed
dose to water in the pellet irradiated from a ®°Co source was 12 kGy.

Unpaired electrons align their magnetic momentum in an external mag-
netic field. The energy difference AE of the two spin states and thus magnetic
orientations in a magnetic field can be described as

AE = MBgeBm (51)

where 115 denotes the Bohr magneton, g. the Landé factor of an electron and
By the magnetic flux density. The relation is illustrated in Figure where
ms denotes the spin quantum number of the electron. Given the electrons
are Boltzmann distributed in a thermal equilibrium, more electrons will be in
the state with lower energy. Thus, if an electromagnetic wave fulfils the res-
onance condition (AE = hv), part of it gets absorbed while lifting electrons
into the higher energy level. The absorption of the electric field is an measure
for the amount of unpaired electrons.

Since the modulation of the flux density of a magnetic field is technical
easier to accomplish than the modulation of a stable high frequency (HE)
wave, commonly the frequency is fixed and the [HE field is generated by a
klystron. An absorption spectrum is recorded by measuring the absorption
while scanning the magnetic field strength linear.

Commonly the first derivative of the absorption spectrum is used. Fig-
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ure [5.3] shows such derivative spectra for two different radiation types. The
resonance peak in the EPR spectrum is split due to the hyperfine interaction
between the unpaired electron and nuclear magnetic moments. The peak-
to-peak amplitude is proportional to the total amount of radicals per mass,
if the shape of the spectrum does not change, which is assumed for average
doses. To determine the total amount of radicals the integral of the spec-
trum has to be taken and to be compared with a reference sample where the
amount of radicals is known. This method is less precise for low doses and
more labour-intensive, since the whole spectrum has to be scanned, contrary
to just the peak region. However, if the shape of the spectrum changes it is
preferable [Ahlers and Schneider, 1991].

As seen in Figure [5.3] the first derivatives of absorption spectra for dif-
ferent beam qualities deviates at the non-centre peaks. These changes in the
spectrum shape could be due to a change in the ratio of radiation induced
radical species or due changes in the environment around radicals due to
damages to the crystal lattice, or both.

5.2 Dosimetric characteristics

Alanine characteristics in photon and electron beams

The exponential behaviour of the alanine detector response on dose S(D) has
first been described by Roblat and Simmons [Rotblat and Simmons, 1963]]. It
mimics the one-hit characteristics stated in Equation.3]and is well described
bythe following equation

S(D) =5 (1- e‘%) , (5.2)

where Sy denotes the maximum detector response, D the dose and D37 the
characteristic dose of the detector. The value of D37 towards °Co is in the or-
der of 100 kGy. The actual value of D37 varies at different authors. A collec-
tion of values directly or indirectly given in literature is shown in Table 5.1}
together with the acquiring method where known. The deviation between
the authors may be due to different alanine type or binding agent.

With a D37 value in the order of 100 kGy the alanine dose response can be
approximated to be linear in clinical settings with less than 0.5 % deviation
from linearity for a dose of 100 Gy. Be S;,, (D) a linear dose-response relation
and S,;in (D) a non-linear relation then we define the deviation from linearity
as

Sl'm
Snlin

devyn, = 1 — (5.3)
However, the saturation of alanine is not reached by activation of all possi-
ble active centres, as assumed in target theory. Saturation in alanine is an
equilibrium between radical producing processes and processes leading to
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author D37 method
[kGy]

Bartolotta® et al. [Bartolotta et al., 1984] 726+16  p2p
Bermann” 110.0
Kojima“ et al. [Kojima and Tanaka, 1989] 81.0+26  p2p
Krushev® et al. [Krushev et al., 1994] 195+ 154
Hansen and Olsen [Hansen and Olsen, 1985 105.0  p2p
Regulla® [Regulla and Deffner, 1982 2077 £5.7  p2p
Snipes and Horan [Snipes and Horan, 1967 120.4
Waldeland et al. [Waldeland et al., 2011]] 56.6  p2p
Waldeland et al. [Waldeland et al., 2011]] 87.1 integral
Waligérski® et al. 1981 75.0
NPL Batch 65 631403  p2p

Table 5.1: D37 values as found in literature. p2p denotes measurements at
which the peak-to-peak amplitude has been used as measure, integral if the
integral of the [EPR| spectrum has been used.

“data extracted from graph in paper, uncertainty due to fitting procedure.
Yoriginal article not available, value given in Waligérski et al. [Waligorski et al., 1989]

a radical deterioration [Rotblat and Simmons, 1963, Snipes and Horan, 1967,
Hansen and Olsen, 1985 |Olko, 1999]. The maximum fraction of ala-
nine molecules transformed into radicals has been measured to be
0.365 % [Rotblat and Simmons, 1963|]. This number agrees in its order of
magnitude with calculations done by Olko [Olko, 1999]. He calculated,
that at saturation dose an energy of 210 eV has been deposited in a 6 nm
sphere containing approximately 760 alanine molecules. A required energy
of 51 eV [Rotblat and Simmons, 1963] or 60 eV [Hansen and Olsen, 1985] for
initiation of radical formation results in a radical fraction of 0.526 % and
0.461 %, respectively.

Following Rotblat and Simmons one assumes a constant radical creation
rate A and a deterioration rate A_ that is linearly dependent on the amount
of existing radicals N. The produced radicals per deposited dose D can be

described as
dN

Solving this differential equation yields
A “A_D
N—I(l—e ) . (5.5)

Comparing with Equation 5.2 one finds that the maximum response S5y is
the ratio of radical creation to destruction rate and A_ is the multiplicative
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inverse of the characteristic dose Ds7. Implication for the maximal response
So are discussed in a later section.

The detector effectiveness of alanine relative to %°Co is below unity
for X-rays between 50-200 kV [Waldeland et al., 2010]. For 4 and 6 MV ~
rays as well as 6 and 20 MeV /u electrons an identical detector sensitivity
has been reported [Hansen and Olsen, 1985]. However, recently a correc-
tion factor of 1.012+ 0.010 for electrons between 6 and 22 MeV has been
found [Voros et al., 2012]].

No significant dose rate dependency is known for rates up to 5 - 107 Gy/s.

Alanine characteristics in hadron beams

Already Bradshaw et al. in 1962 irradiated alanine with proton beams and
found a different sensitivity towards proton beams than towards ®°Co radi-
ation [Bradshaw et al., 1962]. The measured [RE| of alanine for ion beams is
always equal or below unity in accordance with Section 5.4 gives an
overview on effectiveness measurements for ion beams.

Saturation signal of alanine

Following [TST| and target theory the maximal detector signal Sy should be
equal for all radiation qualities. This is based on the assumption, that there is
a finite number of active elements, which, at full saturation, are all activated.

Following Equation 5.5 Sy should change in the same way as the sensi-
tivity of the detector changes towards different radiations. The ratio of the
maximum response of two radiation qualities would then equal the relative
effectiveness as defined in Equation.17 «; being 1/D},, or A in the nomen-
clature of Equation

The alanine detector mimics a one-hit detector, but as already pointed
out by others [Hansen and Olsen, 1985, Olko, 1999], it does not fulfil all pos-
tulates of target theory, since by far not all possible active elements con-
tribute to the detector signal at saturation. Krushev [Krushev et al., 1994]
even observed a decline in the signal after a dose of 0.8 MGy applied
with %°Co y-rays. A similar behaviour has been observed by Henrik-
sen [Henriksen, 1966].

Hansen and Olsen [Hansen and Olsen, 1985] reported a maxi-
mal response dependent on radiation type, which they later on
[Olsen and Hansen, 1985] speculated could be due to dose rate effects.

For heavy ions the response as function of dose is — to the knowledge of
the author- only determined by Hansen and Olsen [Hansen and Olsen, 1985]
up to saturation dose. For 2.5 MeV /u oxygen and 4 MeV /u sulphur ions the
decrease of the signal at very high doses is reported. The extracted data is
shown in Figure[5.4] The lines are fits, the solid line is a fit following the one-
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Figure 5.4: The dose-response behaviour of alanine for different ions. Data
points are extracted from reference [Hansen and Olsen, 1985]. The solid lines
represent fitted one-hit response functions, the dashed lines are fitted with
Equation

hit characteristic. For this fit the data points after the maximum response
have been excluded. The dashed line shows a fit to function

J(D) = Sy (1= exp |=D/a1 + (D/22)’]) (5.6)

The reason of the decline of the detector signal at very high doses is not clear
yet. It may be due to enhanced signal fading, or, in the picture of Equa-
tion[5.5] the radical production rate A\; may also be dependent on the existing
amount of radicals.

While the ratio Si" /S, ©° for sulphur ions equals the[REland thus would
support Equation5.5lthe maximal response for oxygen ions is even above the
maximal response towards °°Co which is a finding contrary to theory and not
supported by other measurements. As seen in in Figure the saturation
level influences the behaviour of the the relative effective as a function of
dose for high doses.

Signal stability

The signal readout of alanine detectors with the method is non-
destructive and can be repeated ad libitum, which makes alanine sys-
tems a candidate for inter-laboratory comparison. However, radicals
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Figure 5.5: The relative effectiveness corresponding to the data represented
in Figure The solid lines are calculated following the iso-dose definition,
the dashed lines are calculated following in iso-response definition.

are meta-stable. Radical recombination is hampered by the distance be-
tween radicals and by being embedded in a solid, but is not prohibited.
With disappearance of radicals, also the detector signal fades. The fad-
ing process is reported to be a two stage process [Hansen et al., 1987,
Kojima et al., 1992], attributed to the different radical species in the sam-
ples. Several factors have an influence on the signal fading, namely,
dose, humidity, pre-irradiation storage [Arber and Sharpe, 1993], tem-
perature, ambient light [Hansen and Olsen, 1989, Wieser et al., 1993], ra-
diation quality [Hansenetal., 1987], temperature, dosimeter compo-
sition and even detector shape [Sleptchonok etal.,2000]. = While the
signal fading generally is regarded as being negligible at moderate
doses (below a few kGy) [ICRU, 2008, [Regulla,2009], Sleptschonok
et al. [Sleptchonok et al., 2000] expressed some doubts after a meta-study
and own experiments. They concluded, that fading has to be considered.
The signal fading for alanine detectors irradiated with particles
has been reported to be more pronounced than the fading for pho-
tons at same dose levels, which is attributed to the high dose re-
gions in the particle track [Hansen etal., 1987, Hansen and Olsen, 1989,
Olsen and Hansen, 1990]. Based on their model for response prediction in
particle beams Hansen and Olsen developed a model for prediction of sig-
nal fading [Hansen and Olsen, 1989]]. Figure 5.6l shows the predicted signal
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Figure 5.6: Percentage signal fading in alanine 800 h after irradiation as a
function of particle energy. The signal fading has been calculated with the
model by [Hansen and Olsen, 1989].

fading 800 h after irradiation in percent for the lightest six ions as a function
of particle energy. However, the fading reported by their group has been
observed at very high dose and low — in terms of range — particle energies,
e.g. 16 % signal fading for 16 MeV/u proton beams at a dose of 0.5 MGy
and 22 % signal fading for 3 MeV /u lithium ions at a dose of 1 MGy after
4000 h [Hansen et al., 1987]]. Recent experiments with carbon ions at doses
below 100 Gy did not show signal fading in a time period from 8 to 660 h
after irradiation [Herrmann et al., 2011b].

5.3 The NPL alanine dosimeter

The alanine measurements which are presented in this work have been con-
ducted with alanine pellets provided by the National Physical Laboratory
(NPL). These pellets are produced by Harwell Dosimeters Ltd. They consist
of 90.9 % by weight L-a-alanine and 9.1 % by weight high melting point
(98°C) paraffin wax. The average mass density is 1.23 g/cm 3. The de-
tectors have a thickness of 2.27 mm and a diameter of 5.05 mm. Dosime-
ters are conditioned at 55% relative humidity for 10 weeks prior to use in
order to reduce post-irradiation fading. They are calibrated towards dose
to water in a %°Co field, the recommended dose range is from 5 Gy to
70 kGy [Sharpe and Septhon, 1999]. Figure[5.Zlshows the dose response char-
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Figure 5.7: Peak to peak amplitude of the first derivative of a EPR absorption
spectrum of alanine as a function of absorbed dose to water. Measured for
the NPL alanine dosimeters, batch 65, irradiated with %°Co emitted ~-rays.
The black crosses indicate the measured values, the blue line a fit according
to Equation 5.2l

acteristic of the detectors, measured with the peak-to-peak methode. The
graph includes a fit following the one-hit characteristic Equation The
characteristic dose D37 resulting of the fit is 63.1 kGy.

Irradiations should be conducted at temperatures below 70 °C. A de-
viation from reference temperature results in a signal difference of 0.143%
per °C [Sharpe etal., 2009]. The pellets are not perfect cylindrical, the
edges are slanted. While this does not influence photon dosimetry it has
an impact when aligning pellets for depth dose measurements in particle
beams [Herrmann et al., 2011b]]. The detector readout is done following the
standard procedure as described in [Sharpe and Septhon, 1999].

5.4 Literature data

Experimental determinations of the of alanine in ion beams have been
conducted earlier by different authors.

Two different kinds of relative effectiveness data sets exist. The first vari-
ant is the dose response of alanine towards a selected beam quality e.g. par-
ticle and particle energy, which allows to determine the [RE| as a function of
dose. The second variant is the [RE] of alanine as function of the particle en-
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label author
a Bartolotta et al. [Bartolotta et al., 1999]
b Bradshaw et al. [Bradshaw et al., 1962]
C Cuttone et al.|Cuttone et al., 1999
d Ebert et al.[Ebert et al., 1965]
e Fattibene et al.[Fattibene et al., 2002]
f Olsen et al. [Olsen and Hansen, 1990]
g Onori et al. [Onori et al., 1997]]

Table 5.2: Legend of Figure

ergy. Since the measurements are always bound to particle energies provided
by available accelerators, for the second variant just a view systematical data
points for ion species are available, namely for protons and carbon ions. A
collection of data of alanine relative effectiveness in different ion beams is
compiled in Table

Dose-response curves for photons and electrons at different energies are
reported by several authors. The only data set on a dose escalation study
for particle irradiation ~known to the author— was conducted by Hansen and
Olsen [Hansen and Olsen, 1985].

Waligoérski et al. [Waligorski et al., 1989] presented an overview over the
data on the RE| available in 1989. Where not explicit given, he extracted the
values from the original articles, respectively. The data set includes protons,
heavy ions and neutrons. In 1990 additional data for heavy ions were pub-
lished [Olsen and Hansen, 1990]. To the knowledge of the author no relative
effectiveness data for ions heavier than protons have been published since.

The most recent overview on data on the [RE| of alanine towards pro-
ton was published by Palmans et al. [Palmans et al., 2007]], including pre-
liminary, unpublished data from measurements at proton energies below
60 MeV. However, these data are only included in a graph, not listed.

Onischuk et al. [Onischuk et al., 2010] recently reported alanine irradia-
tion with protons at energies between 6-25 MeV. However, they neither
provide values of the [RE| nor enough information to extract it from the
given data. This also applies for depth dose measurements of protons beams
with alanine reported by Nichiporov et al. [Nichiporov et al., 1995] and Gall
et al. [Gall et al., 1996].

The existing data for protons stopping in the detector are scattered and
partially contradict each other. They are shown in Figure 5.8l

Alanine measurements in antiproton beams have been reported by
Bassler et al. [Bassler et al., 2008]. However, the [RE] here is given around the
peak of an antiproton depth dose curve, thus in a strongly mixed radiation
field. values for a single particle type can not be extracted from these
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Response predictions for alanine

The one-hit characteristics, together with the high characteristic dose and the
stable readout protocol make alanine a good candidate for a model system
for amorphous track models (ATMk).

Previously other authors have calculated the [RE| of alanine. The first re-
sponse prediction for alanine has been done by Katz et al. [Katz, 1978], they
used their track-structure model to calculated the relative effectiveness of ala-
nine in a 220 MeV /u oxygen ion beam.

Based on the model by Katz et al., Hansen and Olsen [Hansen and Olsen, 1984],
Waligorski et al.[Waligorski et al., 1989] and Ohno et al. [Ohno et al., 2001]
calculated the[RE| of alanine and compared their results with measured data.

Olko [Olko, 1999, |Olko, 2002] published calculations of the [RE of alanine
based on microdosimetric theories.

Palmans [Palmans, 2003] suggested a fit function for the [RE| for protons
as a function LET weighted effective energy based on the available literature
data.

However, due to the sparse [RE| data available for alanine at clinical rele-
vant energies, this models have not been tested in clinical settings yet.



6. Introduction to experiments

The data on response behaviour of alanine in ion beams available in literature
are not sufficient to pass judgement on a response model, even less on single
aspects of it. In order to be able to investigate the influence of basic model
assumptions further experiments have to be conducted in regimes, where
these assumptions are dominating the final result of the model, respectively.
Some experimental settings to extract information are

i low LET particles at low fluences, especially in the energy range at which
the RE approaches unity

ii high LET particles at low fluences
iii fluences at which the onset of track-overlap effects becomes measurable

Under the assumptions of [TST} the implications of these constellations are
explained in the following.

adlit Experiments in this regime are suitable to investigate the validity of
the RDD formulations in the core region.

The response of a perfect detector would be linear with dose, regardless
of the applied dose, thus the RElwould be unity for all particle energies.

A semi- perfect detector would have a linear dose-response up to a satu-
ration dose Dgy, and would then immediately be saturated. A detector like
this would have a relative effectiveness of unity for particle energies at which
the core dose is below or equal the saturated dose (Dcore < Dgat)-

Following the assumptions of the relative effectiveness of a one-hit
detector becomes unity, when the maximal dose in a is in the dose
range, where the detector response can be assumed to be linear with dose,
ergo Dcore < D37-

The results of response models in the energy region around and below the
particle energy where the relative effectiveness of a detector becomes unity
is thus very sensitive to the used parameterisation of the effective RDD and
especially the value of Dcoe. Since most RDD models are normalised on the
stopping force, Dor. is determined through the choice of the ap-value.

adlit The influence of the model description of the core region of a RDD is
minimal in beams of particles with a[RDDIthat has an energy deposition close
to the particle trajectory so high that saturation is reached in this part of the
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detector. In this regime the maximal extension of the radial dose distribution
influences the results of model calculations maximal.

ad[iiit At high fluences the probability that a point in a detector receives
dose contributions from more than one crossing particle increases. As long
as the sum of dose contributions in a point is in a dose range, where the
detector response is linear with dose the detector response and thus the RE
is not influenced. If, however, the fluence is high enough, that the dose level
is raised into the sub linear response range, the detector response is affected,
the RE decreases.

Overlapping tracks can be neglected in alanine dosimeters over a wide
fluence range, due to the high characteristic dose of alanine. The size of the
region in a particle track with non linear dose response or even saturation is
very small, thus a high fluence is required to see effects of overlapping tracks
in alanine. The onset on these effects, however, is dependent on the maximal
width of the Experiments in the fluence regime where overlapping
tracks affect the detector response would be suitable for the determination of
the maximal extension of the

For all experiments it would be desirable to be conducted in the track-
segment regime, ie. having a mono-energetic, single particle field in the
detector. If the particles undergo significant energy loss additional factors,
as particle transport influence the results. However, due to the finite detec-
tor thickness mono-energetic measurements in the track-segment regime are
just possible for constellationfi i.e. particle energies with a penetration depth
much higher than the detector thickness.

The saturation dose, and thus the D37 value, of a one-hit detector strongly
influences its response-behaviour. Conducting response experiments with
different one-hit detectors with different D37 would allow to isolate detector
specific behaviour from artefacts introduced by basic assumptions of the[TSTl

In the following two chapters two experiments conducted during this
PhD project will be introduced. Chapter[/ldeals with experiments conducted
with protons at energies between 110 to 220 MeV. These experiment is in-
tended to fulfil the requirements of setting [l and yield information on the ag
value.

Chapter [8 presents an experiment with heavy ions at low energies. Be-
sides the alanine detector, lithium formate detectors were employed. These
detectors show a one-hit behaviour similar to alanine, but at a lower charac-
teristic dose. This experiment was intended to fulfil setting fiil and [iiil



7. Proton irradiation

7.1 Methods

The Heidelberg Ion-Beam Therapy Center (HIT) is a synchrotron based medi-
cal facility which provides carbon ion beams with particle energies from 80 to
430 MeV /u and proton beams with particle energies from 50 to 220 MeV /u.
Since November 2009 at[HIT|cancer patients are treated with carbon ions and
protons.

Homogeneous radiation fields are created by the active raster-scan
method, in which single Gaussian shaped pencil beams are superimposed.
The method is considered to be active, since range modulation is achieved by
energy modulation of the synchrotron. Beam delivery is called passive if the
energy of a beam is degraded by inserting material.

Irradiations of alanine detectors have been conducted at the quality
assurance beamline of the [HIT facility. The room is kept at a con-
stant temperature. The iso-centre of the beam is indicated by a laser system.
The beam exits the beamline through an exit window and a monitoring sys-
tem consisting of Multiwire Proportional chambers (MWPCk) and ionisation
chambers. The water-equivalent path-length (WEPL) - the distance in water
by which the particle range in water is reduced - of the beam exit system and
the air distance to the iso-centre corresponds to 2.9 mm [Parodi et al., 2010].

Setup

Alanine detectors provided by as described in Section 5.3 were used in
this experiment. The readout was conducted at[NPL] following the standard
procedure.

In a single irradiation two alanine pellets were mounted in a polymethyl
methacrylate (PMMA) holding plate, which was placed in front of a PTW!
Markus Chamber of type 23343. The protection cap of the Markus chamber
was mounted. The chamber was separated from the second pellet in beam
direction by a Gafchromic film (see Figure[7.).

The absorbed dose to water deposited in the Markus chamber D,, o was
determined following Equation as recommended by the International
Atomic Energy Agency (TAEA) [Andreo et al., 2004],

Duwg=Mo-Npaw-kg (7.1)

'PTW Freiburg GmbH (PTW)

48



CHAPTER 7. PROTON IRRADIATION 49

vacuum air

Gafchromic film

article beam
. n
/

alanine dosimeter Markus chamber

PMMA holder

beam exit equivalent

Figure 7.1: Scematic drawing of the geometry implemented in the FLUKA
dose calculations.

Mg denotes the corrected ion chamber reading and Np,, the calibration
factor for °°Co radiation as provided by the manufacturer. The ion cham-
ber reading has been corrected for recombination, the factor has been
determined using the two-voltage method described by Boag and Cur-
rant [Boag and Currant, 1980]. The value of the correction factor kg has been
chosen according to the [AEA| recommendations [Andreo et al., 2004]. The
calibration factor of the Markus chamber is traceable to the Physikalisch-
Technische Bundesanstalt (PTB) but the calibration of the alanine pellets is
traceable to the and thus to different primary standards. This factor of
uncertainty is included in the calculations.

The irradiation fields were manually planned and consisted of an equally
weighted superposition of pencil beams. The fields were designed to yield
an area of homogeneous particle intensity of at least 1 times 1 cm? around
the iso-centre, in which the pellets were placed. All detectors were irradiated
with mono-energetic proton fields at particle energies from 110 to 220 MeV
in steps of 10 MeV. The planned dose to the first detector in beam direction
was 20 Gy.

Dose calculations

The Monte Carlo particle transport code FLUKA [Battistoni et al., 2007,
Fasso et al., || version 2011.2.11 has been applied for particle transport and
energy deposition calculations.

The exact beam positions and particle numbers at each position were ex-
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tracted from the accelerator log files. The beam shape as specified in the con-
trol files was used. The information was used for the definition of primary
particles in FLUKA via a modified source user-routine. This routine allows
to define individual radiation fields in FLUKA, other than the predefined.
Scripts were written to extract the information from the accelerator log and
control files and transform them into an appropriate format. This format is
then read by a FLUKA executable, which has been compiled with the men-
tioned source user-routine.

The shape a of single pencil beam is assumed to be Gaussian. The
full width at half maximum (EWHM) of the beam intensity distribution is
used to describe it. This parameter is known at the iso-centre, whereas the
known particle energy is the extraction energy of the synchrotron. Between
this two positions are different materials in which the particles lose energy
and undergo scattering. Here we follow the method proposed by Parodi
et al. [Parodi et al., 2010]. Since the information on particle scattering and
thus beam widening in the beam exit (monitor system & exit window) and
the air distance between beam exit and iso-centre is already included in the
[FWHMI These materials are not included in the simulations. To account for
the energy loss in these elements a 2.9 mm slap of water is placed in front
of the iso-centre [Parodi et al., 2010]. The particle beams are assumed to be
parallel, which is justified by the small field sizes used in the experiments.
The momentum spread (Ap/p) is estimated to be ~ 0.1% and is included in
the simulations.

In order to prevent the need for conversions from dose to air to dose
to water in the Monte Carlo calculations, the Markus chamber has been
replaced by a volume filled with water. The volume has the same area
facing the beam as the sensitive volume of the chamber. At the effective
point of measurement [PTW Freiburg, 2005] the dose has been scored. Thus
the FLUKA calculations directly yield the dose to water as measured by
the Markus chamber. This method has been previously applied for carbon
ions [Herrmann et al., 2011b].

7.2 Results

After irradiation the detectors were shipped to and were read out
there. As previously shown [Herrmann et al., 2011b], signal fading can be
neglected at the applied doses. The dose deposited in the alanine detectors
was calculated with FLUKA, relative to the dose deposited in the Markus
chamber. The dose measured with the Markus chamber has be multiplied by
these ratios in order to obtain the dose in the pellets, respectively.

Following the iso-response definition of the [REl (Equation3.9) 7 is the ra-
tio between the and calculated the dose. Figure[Z.2lshows the measured
[RElas a function of the mean proton energy in a detector. Error bars in energy
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Figure 7.2: Measured relative effectiveness of alanine in proton beams as a
function of the particle energy. Error bars in the energy direction indicate the
width of the energy distribution (10) in a detector.

direction indicate the width (1o) of the energy distribution in one alanine de-
tector. The values are listed in Table[A.2]

The standard uncertainty of the Markus chamber measurements in pro-
ton beams was estimated to be 2.4 % (10), following the recommendations in
IAEA TRS-398 [Andreo et al., 2004]. The precision of the given by NPL]
is better than 0.05 Gy. The combined uncertainty on the measured [RE|values
is 2.45 % (one-standard deviation).

7.3 Discussion

All but two measured values for the relative effectiveness are dis-
tributed around unity within their uncertainties (one standard devia-
tion). They agree with the RE of unity for 160 MeV protons reported by
Berman [Waligorski et al., 1989]. The RE for lowest two energies show a
slight tendency to a value below unity, which can been interpreted as the
onset of the transition to a RE below unity. This is in contrast to measure-
ments by Olsen [Olsen and Hansen, 1990]], Cuttone [Cuttone et al., 1999]] and
Onori [Onori et al., 1997] which reportRE| values of unity for lower energies.
However, in consideration of the uncertainties of this measurement, as well
as of the reported uncertainties by the other authors this is not significant.
The goal of the experiment to characterise the transition of the [RE| from
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unity to lower values has not been fully achieved. The measurement of the
RE for proton energies down to 50 MeV, which would be available at the
[HIT! facility, was hindered by beam time limitations and shifts in the internal
schedule of the facility.



8. Experiments with stopping
particles

8.1 Material and Methods

The RADEF facility

At the Department of Physics of the University of Jyvaskyld, Finland, a K-
130 cyclotron is located, which provides beams for the RADiation Effect
Facility (RADEE), an irradiation side for ion irradiation studies of semicon-
ductor materials certified by the European Space Agency (ESA).

provides seven different ion species, xenon being the heaviest,
with energies up to 9.3 MeV /u.

At the particle fluence is measured by a combined collimation
and fluence measurement system, as schematically shown in Figure The
extracted particle beam is widened by wobbler magnets. The resulting ra-
diation field is then shaped by four collimators. On each of this collimators
a scintillation crystal is mounted. The scintillators are equipped with pho-
tomultipliers and have a counting area of 0.5 cm?. The fluence in the target
is estimated by the average of the fluences measured with the four scintil-
lators [Virtanen, 2006]. The beam can either be extracted through an exit
window or the target area can be evacuated thus eliminating the need for an
exit window.

< col}imator

O

() beam (%
®\

Figure 8.1: Sketch of the combined collimation and fluence measurement
system at RADEF, following the description by Virtanen et al.[Virtanen, 2006]

scintillator
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Dosimeter

Alanine

Alanine pellets provided by [NPL} as described in Section[5.3lwere used. The
pellets are part of batch 66 which shows the same dose-response behaviour
as batch 65 [Sharpe, 2012].

Lithium formate

Irradiation of poly-crystalline lithium formate monohydrate (HCOLi - HO)
induces the building of stable radicals in the material, making it a candidate
for dosimetry. The spectrum shows a single absorption peak and
no disruption of the spectrum due to hyperfine coupling. Due to its high
sensitivity it can be used at dose levels down to 0.5 Gy [Vestad et al., 2003,
Vestad et al., 2004]

The dose-response characteristic of lithium formate after %°Co irradia-
tion mimics an one-hit detector and is well described by Equation 5.2l The
characteristic dose D37 for peak-to-peak assessment of the EPR spectrum is
40.8 kGy and 53.5 kGy after evaluation of the area under the absorption spec-
trum [Waldeland et al., 2011]].

The lithium formate detectors used in this experiment were provided and
readout by The Norwegian Radium Hospital, Oslo University Hospital.

The peak-to-peak amplitude of the detectors were used for dose assess-
ment. The amplitude was corrected for the fraction of irradiated volume
using the penetration depth calculated with the methods discussed in Sub-
section “range calculations”.

For calibration pairs of two lithium formate detectors were irradiated
with 6 MeV electrons at known doses of 0.5, 1.0 and 2.0 kGy. The rel-
ative effectiveness of lithium formate towards MeV/u electron beams is
0.9940.03 [Malinen et al., 2007].

The assumption of linear dose response is not valid any more in dose lev-
els reached in the experiment. It would introduce an error of 15% at a dose
of 15 kGy. Therefore the one-hit response function (Equation 5.2) with the
D37 reported from the same group [Waldeland et al., 2011] was fitted to the
calibration data. Figure[8.2lshows the reference measurements and the fitted
calibration curves, the linear regression in black and the one-hit characteris-
tic in red. The inverse function of the one-hit fit was used to translate the
corrected EPR signal into dose.

The stopping force of lithium formate was calculated applying Bragg’s
addivity rule on stopping force values extracted from the SRIM 2011
code [Ziegler et al., 2010]. Since lithium formate is a monohydrate, the stop-
ping force for the formate and the water molecule were determined sepa-
rately and then combined following Bragg’s rule. This is done since water is
a material that shows large deviations from Bragg’s rule [ICRU, 1993].
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Figure 8.2: Peak-to-peak amplitude as function of dose of the lithium formate
samples irradiated with electrons and used for calibration. The black line
represents a linear fit to the data, the red line a fit of an one-hit dose response
curve.

EPR readout

EPR detectors exposed to radiation fields which result in a homogeneous
dose over the whole detector have a homogeneous radical distribution in the
whole detector volume. During readout the detectors are carefully placed
and the position of the EPR cavities is adjusted to face the maximal intensities
of the HE electric field and the magnetic field.

In the here described experiment high dose gradients exist in the pellets,
with a small part of the detector contributing the major part to the EPR signal.
Thus the orientation of the pellet in the cavity may have an impact on the
resulting readout. To correct for this effect the alanine detectors were readout
twice, once in every orientation. The average of the measurements was used
for dose determination.

Fluorescent nuclear track detectors

Fluorescent nuclear track detectors are doped aluminium oxide single crys-
tals (Al;O3:C,Mg). When irradiated, existing colour centres are transformed
into stable luminescent centres. These luminescent centres can be excited
with light at a wave length of 620 nm and emit light at 750 nm. The readout
with confocal microscopy is non destructive |Akselrod and Sykora, 2011]].
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ion energy
MeV/u
15N+4 93
56Kr+15 93
82Fe+22 913
131 Xe+35 93

Table 8.1: Ions used for detector irradiation.

ion Mylar Kapton Ein Eout,SRIM Erange
[pm] [pm]  [MeV/u] [MeV/u] [MeV/u]

Fe 10.0 50.0 9.3 5.19 5.8

Kr 2.5 50.0 9.3 5.01 5.0

Xe  25.0 20.0 9.3 5.87 6.4

Table 8.2: Degrader material and thickness. E,. sriv denotes the particle
energy calculated based on the degrader thickness. E,a,qc denotes the particle
energy derived from the penetration depth in Al>:O3.

Accuracy of optical microscopy is limited by Abbe’s law, which states that
the best resolution achievable is half the wavelength of the light used for ob-
servation.

The used detectors were rectangular (4 x 6 mm?) and 500 um thick,
they have a density of 3.97 g/cm3. The readout was conducted at the
Deutsches Krebsforschungszentrum (DKFZ) following the procedure de-
scribed by Greilich et al. [Greilich et al., 2012b].

Experimental setup

The ions and their non-degraded energies used in the experiment are listed
in Table Degrader were created on side by placing mylar and kapton
foils 1 cm in front of the detectors. Table [8.2] lists the approximated thick-
ness of the used degrading material. The radiation fields for the experiments
were created using a wobbler magnet. The radiation fields were sized 2.5
times 2.5 cm?. The samples were irradiated in an evacuated volume. Thus
no material had to be placed between the accelerator and the target which
minimised the energy spread in the beam.

The detectors have been mounted in alPMMA]plate in a pattern as shown
in Figure The EPR detectors were always irradiated in pairs of two,
lithium formate on position I and III, alanine on position II and IV.

The fluorescent nuclear track detectors (ENTDE) were irradiated in or-
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Figure 8.3: Drawing of the detector setup in frontal and side view.

thogonal and parallel orientation to the particle beam for iron, krypton and
xenon ion beams, non-degraded and degraded, respectively. They were not
employed for irradiation with nitrogen ions.

Irradiation programme

Detectors were irradiated using nitrogen, iron, krypton and xenon ion beams
at an energy of 9.3 MeV /u. Additionally, for all ions but nitrogen irradiations
with the beam energy degraded by insertion of thin foils 1 cm in front of the
detectors were conducted.

The applied fluences had been planned to yield detector responses similar
to the response towards 10 Gy %°Co irradiation.

Additionally, a dose escalation study with 9.3 MeV/u xenon ions was

conducted with a particle fluence up to 2.78 - 10° cm 2.

Fluence verification

Detectors were employed to estimate the penetration depth of the particles
and to verify the fluence and field size. The field size was determined with
Gafchromic films. The depth and fluence were measured employing [FNTDk.

For fluence determination with [FNTD5, detectors were irradiated with
full detector front facing the particle beam. On readout the number of particle
tracks in an area of known size was counted using the Mosaic particle tracker
plugin [Sbalzarini and Koumoutsakos, 2005] for image evaluation software
ImageJ'. The number of particles divided by the counting area yields the
fluence. Here a parallel beam with an angle of incident of 90° is assumed.
The detectors were scanned in two orthogonal directions.

The size of the radiation field were verified with self developing
GAFCHROMIC® HS radiochromic dosimetry films. The films have a 40 pm

"http://rsb.info.nih.gov/ij/
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Figure 8.4: Comparison of the stopping force of xenon in pristine alanine
and the NPL dosimeter material (Figure and its impact on the depth
dose distribution of 9.3 MeV/u xenon (Figure [8.4b). Both calculations have
been done for a density of 1.23 g/cm 3.

thick active layer pack in two approximately 97 pm thick polystyrene layers.
The film changes its colour from light blue to dark blue when irradiated. The
best response is achieved when using the red channel in a scan by flatbed
scanner [ISP Technologies inc., 1996].

Range calculations

For range calculations stopping force tables generated by the SRIM 2011
code [Ziegler et al., 2010] were used. SRIM data have been shown to be in
good agreement with measured stopping force values in silicon for ions and
energies used at [Javanainen et al., 2009]. Furthermore SRIM pro-
vides stopping force values for all used ions. As already mentioned in Chap-
ter 2 the deviation in stopping force between isotopes is negligible.

In order to estimate the accuracy of the used stopping force values and
thus the particle range estimates, range calculation were compared with the
penetration depth measured with ENTDk.

The particle range was calculated following the Stop-
ping force tables were exported from SRIM. In order to use these
data in own calculations, spline and material routines from the libd-
edx? [Liihr etal., 2011] program library were utilised. The output of the
resulting code has been compared with original SRIM range values and
Monte Carlo calculations using the Monte Carlo code Shield-HIT version
10a (Shield-HIT10a) [Dementyev and Sobolevsky, 1999 Hansen et al., 20124,
Hansen et al., 2012b].

The range calculations of the own code deviate by less than 0.1 % from
the values provided by SRIM demonstrating that the tables were properly

program code available under http://sourceforge.net/apps/trac/libdedx/
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implemented.

[Shield-HIT10al provides the opportunity to include generic stopping force
tables for ions up to argon. Input tables holding SRIM stopping force values
were generated. By using the same stopping force values, a comparison of
a depth dose curve calculated with [Shield-HIT10al with one calculated using
the own implementation can give an estimate of deviations created
by neglecting energy fluctuations and scattering in the Nitrogen was
used for the comparison since it has the largest penetration depth and thus
would be expected to show the largest deviation between and Monte
Carlo (MC) calculations.

Both calculations based on SRIM stopping powers showed no deviations.
Based on this comparison all particle transport calculations for experiments
with ions at energies below 10 MeV /u are in the following done with the
own code.

As already observed by Palmans [Palmans, 2003] the composition of ala-
nine dosimeters has an impact on the resulting stopping force. Figure
shows the stopping force of pure alanine (blue line) and the pellet mixture of
the used pellets (red line), towards xenon ions, both with the same density.
The stopping force of the pellet material was calculated using Bragg’s rule.
The main deviations are in the energy region below 10 MeV /u. While neg-
ligible in the track-segment regime this deviation has a high impact on the
range of stopping particles as shown in Figure

Determination of the relative effectiveness

The [RElis determined following Equation Both detector signal and dose
have to be corrected since only a sub volume of the detectors was irradiated.
The relative effectiveness thus is the ratio of effective response equivalent
dose RED.g and the effective dose Dg

RED.g
= 1
"= Do (8.1)
The average dose to the irradiated volume D.g is
Ekin 1
Deg = - - 8.2
fF R 5 (8.2)

where ® denotes the particle fluence, Ej, the total kinetic energy of the par-
ticle, R the penetration depth of the particle and p the density of the detector.

To obtain the RED.g, however, the effective detector signal has to be de-
rived from the total detector signal of the whole dosimeter. The effective
signal is the total signal multiplied by the ratio of the irradiated mass to the
total mass, which for a cylinder equals the ratio of penetration depth R to
the detector thickness 7" as shown in Figure However, the alanine de-
tectors do not have the shape of a perfect cylinder. Their edges are slanted as
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Figure 8.5: Illustration of the ratio of irradiated volume to total detec-
tor volume. R denotes the penetration depth and 7' the detector thick-
ness.Figure illustrates the case of a cylindrical detector, Figure [8.5b] the
case of a detector with slanted edges. The sketches are not to scale.
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Figure 8.6: [AFMlpicture of the edges of one alanine pellet, showing the

slanted edges as indicated in Figure [8.5b] can be seen. Courtesy Jacques
Chevallier, IFA, Aarhus University

shown in Figure As illustrated in Figure [8.5b the R/T ratio is not equal
to the mass ratio for such a geometry. The deviation from the ratio of irradi-
ated mass to total detector mass deviates from the ratio of penetration depth
to detector thickness by 4 %. The REDeg of the alanine detectors have been
corrected for this effect.

8.2 Results

Field homogeneity

The measurement response of detectors of the same kind irradiated in the
same field vary up to 19 %. The spatial resolved fluence measurements with
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Figure 8.7: Example for the fluence distribution along the central axis of a
FNTD irradiated with 9.3 MeV /u iron ions. The measured fluence is plotted
as a function of the measurement position on a The black line con-
nects all measured fluence values, the data marked red are used for deter-
mination of the average fluence. The blue line represents a linear regression
based on the red data points..

show gradients up to 9.4 cm~2 /mm over a distance of 2 mm and up
to 2.4 cm~2 /mm over a distance of 3.5 mm. An example of the fluence dis-
tribution measured on a irradited with 9.3 MeV /u iron ions is shown
in Figure[8.71

Particle fluence

Fluence measurements with[FNTDk and corresponding fluences provided by
the accelerator logging system are listed in Table[8.3l The fluence value for
9.3 MeV /u xenon ions is the average of measurements with four[FNTDk. The
measurements for the other ions are based on the irradiation of one
respectively.

The measured values are generally below the nominal values. The av-
erage ratio between nominal fluence and measured fluence is 0.878 + 0.051.
This value has been used to correct the nominal fluence in all following cal-
culations.



CHAPTER 8. EXPERIMENTS WITH STOPPING PARTICLES 62

ion D ominal PENTD deviation
[cm™2] [cm™2]

Fe5.8 5.04-10° 4.04(0.42) -10° -19.8%
Fe9.3 7.45-10° 7.07(0.56) -10°  -5.1%
Kr9.3 7.12-10° 6.49(0.54) -10° -8.8%
Xe 6.4 5.16-10° 4.63(0.56) -10°  -10.3 %
Xe9.3 1.14-105 9.94(1.27) -10° -128%

Table 8.3: Fluences measured for five different ion combinations. ®,ominal
denotes the fluence as given by the accelerator log system, ®pnxtp the average
particle fluence counted on The value in brackets gives the sample
standard deviation of the fluence values measured on the

Figure 8.8: Picture of two 5 MeV /u krypton tracks in a FNTD. The particles
are coming from the upper side of the picture and flying downwards.

Particle range

Non-degraded beams Range calculations with non-degraded particle
beams in aluminium oxide deviate less than 4.5 % from the measured range.
Values are listed in Table Figure[8.8 shows a picture of a FNTD with two
visible particle tracks.

The largest deviation between measured and calculated range is for
xenon ions, while the deviations for iron and krypton are within the experi-
mental uncertainties.

Degraded beams Table lists the ion with the employed degrader ma-
terial and the particle energy after passing the nominal thickness of the de-
grader material, E,y sriv, as calculated with the SRIM code, respectively.
These energy values do not comprehend with particle ranges measured in
[ENTDb.

Erange denotes the particle energies deducted from the penetration depth
measured in the[FNTD| The[CSDA|range as a function of particle energy was
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ion energy Rieas uncert Reac dev

[MeV/u] [pm] [pm] [pm]  [%]
0Fe 5.8 31.28 +£1.20 3124 -0.13
56Fe 9.3 5356 +1.51 5392 0.67
82Kr 5.0 2793 +1.68 28.14 0.75
82Kr 9.3 5238 +£2.0 5205 249

131Xe 6.4 3520 +£121 3509 -0.31
1B1Xe 9.3 5482 +1.69 4947 -453

Table 8.4: Measured and calculated particle ranges in Al,Osz, with
deV: Rcaﬁ_RIneaS -100

meas

calculated and compared with the particle range measured in the [ENTDk.
Figure shows the deviation between the calculated ranges as a function
of energy and the measured penetration depths for degraded iron, krypton
and xenon ions in Al;Os3. The E;ange values are the energy values which cor-
respond to the measured penetration depth. They are listed in Table [8.21land
used for all following calculations.

The setup with degrader of the nominal thickness has been simulated
with FLUKA to estimate a possible fluence decrease introduced through scat-
tering. The calculations showed that there were no changes in particle fluence
due to out-scattering in the part of the target area where the detectors were
placed .

Signal stability

Figure 8.9/ shows the detector signal for alanine relative to the first measure-
ment for a series of measurements conducted at different times after the ir-
radiation. The first measurement has been conducted latest two days after
irradiation. The particle energy has been 9.3 MeV /u for all displayed mea-
surements. The dose values given in the legend denote the average dose in
the irradiated volume. The data points for irradiations with iron and krypton
ions and xenon ions at a dose of 998 Gy are the average over four dosimeters.
The other values are the average of two dosimeter dosimeter irradiated in the
same radiation field. The uncertainty of the measurements is 3% at one stan-
dard deviation.

Relative effectiveness

Table lists the measured relative effectiveness of alanine for the applied
ion/energy combinations, respectively. Table [8.6 lists the same for lithium
formate detectors. Figure shows the measured [RE towards 9.3 MeV /u
xenon ions as a function of dose for alanine and lithium formate.
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Figure 8.9: Detector response of alanine dosimeters relative to the first mea-
surement as a function of time after irradiation. The uncertainties of 3% are
not plotted.
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Figure 8.10: The relative effectiveness of alanine (blue) and lithium formate
(green) towards stopping xenon with an initial energy of 9.3 MeV/u as a
function of dose to the irradiated volume. Error bars indicate one standard
deviation.
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ion  energy n oy
[MeV/u]

N 9.3 0.36  0.05
Fe 5.8 0.18 0.03
Fe 9.3 0.30 0.04
Kr 5.0 0.31 0.04
Kr 9.3 0.27 0.03
Xe 9.3 0.31 0.04

Table 8.5: Relative effectiveness of alanine. ¢, denotes one standard devia-
tion.

ion  energy 7 oy
[MeV/u]

N 9.3 0.66 0.15
Fe 5.8 0.62 0.15
Fe 9.3 0.31 0.08
Kr 5.0 0.66 0.16
Kr 9.3 041 0.10
Xe 6.4 0.39 0.10
Xe 9.3 0.33 0.08

Table 8.6: Relative effectiveness of lithium formate. o, denotes one standard
deviation.

8.3 Discussion

Particle fluence and field homogeneity

Detectors irradiated with the same field should yield the same detector re-
sponse within the uncertainties of the readout procedure. However, signals
of detectors irradiated in the same field are different up to 19 %. This is
observed regardless of detector type. However, the fluctuations for lithium
formate detectors are higher than for alanine detectors. Additionally, some
fluence measurements with[ENTDk show fluence gradients over the detector
as shown in Figure The size of the variations varies, however, there is
a tendency that the detectors placed in position I and II have a lower signal
than the once placed in position III and IV. The [ENTDs have always been
placed in the centre of the radiation field, between the positions I to IV, how-
ever their alignment was not controlled. If gradients appear on a they
are always only in one dimension.
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Since the gradients in the FNTD fluence measurements agree with the dif-
ferences between detector measurements at different positions it is assumed
that there is a linear gradient over the whole radiation field. For the calcula-
tion of the [REl thus the average RED of two detectors was always used.

Under the assumptions that the radiation field had a linear fluence gradi-
ent in one direction and that the have been place in the centre of the
radiation field, the average fluence measured with the[ENTDEk is estimated to
be the average fluence of the whole radiation field.

The values measured with the [ENTDs are below the nominal fluence
given by the accelerator control system. The counting efficiency of the de-
tectors is assumed to be 100 %. The average deviation of nine fluence mea-
surements from the nominal fluence was used as correction factor to yield
the actual fluence for all measurements.

Range calculations

The calculated range values agree better than 5 % with the values obtained
with the[ENTDk. However, this only proves that the stopping force values for
Al;O3 provided by SRIM agree with these measurements. Al,O3 is a crystal,
thus molecular bounding of electrons does not influence the stopping force.
For alanine and lithium formate one would expect slightly higher deviations
due to the electron configuration in the molecules, which is not considered in
stopping force calculations based on Bragg’s rule. This effect, however, can
not be quantified here.

The on-side manufacturing of the degrader induced uncertainties in the
degrader thickness and thus in the particle energy after the degrading foils.
As described in the Section[8.2the energy of the degraded beams has been es-
timated based on the penetration depth measured in the FNTDk. Figure [8.11]
shows the deviation of a calculated penetration depth R, from the mea-
sured values as function of the corresponding energy. The actual particle en-
ergies where determined at the minimal deviation. The dashed lines indicate
5 % deviation between measured and calculated range.

An estimated uncertainty in the particle range calculations of 5 % results
in an energy uncertainty of ~ 6.5 % for degraded beams.

For here reported measurements with effective doses below 10 kGy the
effective dose as well as the effective RED are linear dependent on the pen-
etration depth. In the determination of the RE following Equation [B.] the
penetration depth is reduced from the fraction. As discussed before he linear
RED dependence on range is not valid for the measurements at the highest
dose of 32 kGy. The estimated range uncertainty of 5 % has an impact of
below 0.5 % on the determination of the RE at this dose level.
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Figure 8.11: Deviation particle ranges calculated as a function of particle en-
ergy from measured values in degraded beams. The slashed lines indicate
5 % deviation.

Signal stability

For a time period from one to forty-two days after the irradiation the mea-
sured signal of alanine varies less than 2.8 % from the first measurement.
While below the uncertainty of the measurement, there is a tendency to a
fading of signal. This tendency, however, seems to be independent from par-
ticle type and applied dose. No significant difference between dosimeters
irradiated with 998 Gy to 31538 Gy has been found.

The investigations on signal fading after carbon ion irradia-
tion [Herrmann et al., 2011b] were done at relative high particle energies
(80 -400 MeV /u) and thus do not provide any information on possible signal
fading in the peak region of a depth dose distribution. However, findings in
this experiment allow to conclude, that compared to photon irradiation no
increased signal fading is to be expected in clinical settings, also not in the
Bragg peak, regardless of dose or particle type.

Relative effectiveness

Table lists the estimated uncertainties of the measured [RE values. The
high uncertainty on the lithium formate readout is due to a problem in the
sample support system of the readout device. A part of it had to be replaced
during the measurements. This changed the calibration of the device and
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alanine lithium formate
degraded 9.3MeV/u degraded 9.3MeV/u
particle energy 6.5 % 0.1 % 6.5 % 0.1 %
RED 3.0 % 3.0 % 20.0 % 20.0 %
fluence 12.2 % 12.2 % 12.2 % 12.2 %
combined 14.1 % 12.6 % 24.3 % 23.4 %

Table 8.7: Uncertainty budget for the determination of the RE. All values
represent one standard deviation.

happened before the reference samples have been scanned. The EPR mea-
surements of the lithium fomate detectors are not finished yet. Therefore, the
data set has to be considered as preliminary.

For the calculation of the RE of lithium formate towards 9.3 MeV /u xenon
ions the measurements at the two lowest doses have been used. The RE is
0.2140.05 if only the irradiations with the two lowest doses are considered
and 0.331-0.08 if all xenon measurements are included.

Generally, the RElis expected to decrease with decreasing particle energy.
However, the measured [RE/for the degraded krypton beam in alanine and for
all degraded beams in lithium formate is higher than for the not degraded
beams. This indicates that the dose to the pellet may have been underesti-
mated. Reasons for this could be an overestimation of the energy absorption
in the beam degrader. This however, would affect alanine and lithium for-
mate measurements to the same amount and is thus unlikely, since not ob-
served here. Variations in the particle fluence, with a higher fluence at the
positions I and III, in addition to the inhomogeneities already discussed can
also be ruled out, since such would affect the measurements at higher ion
energies to the same amount. Additionally, such variations between the de-
tector position were not seen in the case where alanine pellets were placed
in all four positions. An increased signal fading for detectors irradiated with
degraded beams, prior to the first measurement, can also be ruled out, since
such would result in a decrease of the REl It might thus be, that the inho-
mogeneities in radiation field have been more random than estimated or the
precision of the lithium formate readout has been worse than estimated.

The measured RE value for 9.3 MeV /u nitrogen is above the values re-
ported for higher energy nitrogen beams [Waldeland et al., 2010]. For this
value the same considerations as in the previous paragraph apply. It would
be expected to be lower.
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Dose dependency of the relative effectiveness

Variations of the relative effectiveness for higher doses in alanine can not
been seen. Possible effects of overlapping tracks are expected to be observed
in lithium formate at lower doses than for alanine. Due to the high fluctu-
ations in the measured values for the [REl of lithium formate, no conclusions
can be drawn out of these data.



9. Calculation of detector
response

In this chapter the computer codes used in this thesis for calculation of the
relative effectiveness are introduced.

9.1 Original Hansen and Olsen model

The original model by Hansen and Olsen [Hansen and Olsen, 1985] has been
written in Cobol and is presented in detail in the dissertation of Johnny W.
Hansen [Hansen, 1984]]. Later on the code has been translated into Turbo
Pascal. The concept of the model and its deviations from the original work
of Butts and Katz are presented in Section 4.5

For reference the model has now been reprogrammed in C. Thus the only
changes done in this implementation is the reorganisation of the code and a
transfer of the used parameters to the International System of Units (S units).

Figure 0.1l shows a comparison of the reprogrammed code with results
from the original code published in [Bassler et al., 2008]. The figure compares
the[RElas a function of the particle energy (n(E)) calculated for the six lightest
ions. Solid lines represent calculations with the original code, dashed lines
represent calculations with the re-implementation. The lines overlap over a
wide energy range. They only deviate at particle energies below 0.1 MeV /u.

The code does not account for relativistic effects and thus works only for
energies bellow ~465 MeV /u. At this energy the non-relativistic calculated
speed reaches the speed of light.

Note also that the calculated RE values for protons exceed unity which is
in contradiction to the target theory for one-hit detectors.

Hansen and Olsen estimated the accuracy of their calculations to be
within 10 % [Olsen and Hansen, 1985] and mainly accounted this to uncer-
tainties in the stopping force.

9.2 New implementation

The reference implementation as described in the previous section has been
used as basis for further development.

The original code had some numerical approximations to minimise cal-
culation time and memory use. These approximations have been replaced by

70
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Figure 9.1: Comparison of the results of the RE calculations as a function of
particle energy for infinitesimal thin alanine targets of the original code (solid
lines) from Hansen [Hansen, 1984]] and the re-implementation (dashed lines).
The graph shows calculations for the lightest six ions.

exact expressions where the amount of saved resources did not justify the in-
troduced uncertainties measured at the availability of computational power
today. Numerical approximations have also been replaced where they hin-
dered generalisation of the code, e.g., for detectors which can not be described
as one-hit detectors.

The calculation of the relative particle speed 5 is now done relativistic
which allows to calculate the response for higher particle energies. The im-
plementation of the has been improved and the deviation between the
integrated energy of a and the stopping force eliminated. This discrep-
ancy is in the original code the reason for the appearance of RE values above
unity.

The original stopping force formulation has been replaced by the
libdEdx library which allows to choose between different stopping force
sources. Additionally, stopping force values generated by the SRIM
2011 [Ziegler et al., 2010] code have been implemented.

formulations by other authors have been implemented. Those are
the formulations suggested by [Waligorski et al., 1986] and [Katz et al., 1996]
which describe physical dose distributions which have to be convoluted
with the size of the target area according to Equation to receive
a effective dose distribution. Descriptions of the effective by au-
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Figure 9.2: The RE of alanine towards carbon ions (solid lines) and protons
(dashed lines) for different values of ag as a function of the particle energy.
The correspondentRDDk for carbon ions are shown in Equation9.3]

thors [Scholz and Kraft, 1996, [Edmund et al., 2007, [Elsédsser et al., 2008] are
also included.

At a fixed value for ag the formulations for extended targets of
Hansen, Waligérski, Katz and Edmund deviate in the maximum dose for a
distance r < ag from the ion path and in the transition region ag < r < 3 - ao.
The integral dose of the models by Katz and Waligérski do not agree
with tabulated stopping force values. The stopping force, however, does di-
rectly influence the [RE| (Equation B.18). The are thus adjusted to the
stopping force by adding the difference between the integrated and the
stopping force to the core region, as done by Hansen.

New formalisms for the calculation of the track width have been imple-
mented [Tabata et al., 1972, Waligorski et al., 1986, |Scholz and Kraft, 1996,
Elsasser et al., 2008]. The formulae for the formalisms are listed in Ap-
pendix

Variations in the used ag values have a high impact on the RE as shown
in Figure This is caused by the variation of the maximum energy in the
core for different values of agp which is demonstrated in Figure 0.3] for the
improved Hansen formulation.

With a variation of the ag value the results of RE calculation with
the stopping force adapted RDD formulations for [Waligorski et al., 1986],
[Katz et al., 1996], [Edmund et al., 2007] and the adapted Hansen RDD can
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Figure 9.3: Radial dose distributions of 100 MeV /u carbon ions in alanine
calculated for different values of ag. This RDDbk have been calculated with
the improved Hansen formula (Equation 4.25).

be assimilated. Therefore only the improved formulation by Hansen is used
for the further presented calculations.

The ap value for the alanine [RE| calculations has been adapted for the
composition and the characteristic dose of the NPL dosimeter. The optimal
agp value has been found through a x? goodness of fit test of the calculated
RE towards measured carbon ion[RE|data [Herrmann et al., 2011b]]. The best
agreement was found for an ag value of 4.4 nm for the Hansen formulation,
regardless of the electron range formulation.

Target theory (Equation £.4) approximates a value of 3.1 nm for an aver-
age hit energy of 60 eV and 2.9 nm for an average hit energy of 51 eV.
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9.3 Libamtrack

The libamtrack! open-source computational library is intended to pro-
vide a platform for amorphous track structure calculations. It provides
three algorithms, an implementation of the Katz ion/gamma-
kill (IGK) model, a compound Poisson processes using successive
convolution (CPP-SC) [Greilich et al., 2012a] and a generic grid summa-
tion (GSM) [Greilich et al., 2008] algorithm. Besides these main algorithms
it also provides different models for the underlying calculations such as
various and functions to determine the maximum electron range and
thus the extension of these [RDDs. Furthermore it provides pre-defined
photon response characteristics such as generalised multi-target, multi-
hit functions, functions describing radioluminescence and linear-quadratic
dose-response. With a few exceptions these functions can be combined
ad libitum [Greilich et al., 2010]. The RE determination in the libamtrack
algorithms follows the iso-dose definition (Equation[3.10).

The author contributed to the libamtrack project by testing and debug-
ging. Furthermore, he created the interface between the libamtrack code
written in C and the Python programming language.

The algorithm is a flavour of the model as described
in [Waligorski, 1988], as such it does not take into account the overlapping
of particle tracks. The gamma-kill concept does not play a role in the here
presented calculations since it only applies for multi-hit detectors.

ThelCPP-SClalgorithm is based on a probabilistic model [Grzanka et al., 2011,
Greilich et al., 2012a]. It calculates the probability frequency f(D) of a dose
D in a point. f(D) is the derivative of F},(D), the cumulative distribution
function of the local dose for n particle tracks. For a single particle F;(D) is
the ratio of the area covered with dose D to the total track area (27rmax),

R(D)=1- (@)2 ©.1)

T'max

here (D) = D~(r) denotes the inverse radial dose distribution. Given the
dose probability frequency the detector signal for a traversing particle x can
be calculated as

Dmax
s«o)= [ sy yap. 92)

the probability weighted integral over the v-response towards all local dose
levels. The cumulative distribution function for a number of tracks larger
than one is calculated using compound Poisson statistics, as the name of the
algorithm indicates.

Thttp://libamtrack.dkfz.de
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In the case of a single traversing particle results of Equation.2land Equa-
tion @9 are equal. This in mind deviations between the and the
algorithms should only occur in cases of overlapping tracks.

In a study [Herrmann et al., 2011a] the results of the[[GKland the
algorithms applied on alanine had been compared with literature data. The
physics models for both algorithms were chosen equally. The electron range
implementation based on [Waligorski et al., 1986] and a formulation of the
RDD by [Edmund et al., 2007]] were used.

The ag parameter was determined by comparison with experimental car-
bon ion data [Herrmann et al., 2011b] for each algorithm, respectively. The
best agreement between the algorithm and the data was achieved with
an ag value of 2.0 nm and 3.4 nm for the [CPP-SC]algorithm.

Besides the deviation of the ag value, the results of the two algorithms
also deviated for low particle energies and heavy ions which is not expected.

In the study a D37 value of 105 kGy as reported by Hansen was used.
The study had been conducted with the libamtrack code revision number
453 (April 2010).

The libamtrack library is now (April 2012) at code revision number 1208.
In this revision the and the algorithm yield identical results for
one-hit detectors at fluences at which overlapping tracks can be neglected if
the calculations only differ in the algorithm.

After introduction of the D37 value for NPL dosimeter the a¢ values were
adapted to 4.9 nm for the and the [CPP-SCJalgorithm to yield best agree-
ment with the before mentioned carbon ion data. For the calculations pre-
sented in the following the algorithm was used since it should con-
sider overlapping-track effects. However, it did not in the used version of
libamtrack and thus the calculations are representing the case of a
single ion crossing the detector.

9.4 Lithium formate

The lithium formate detector — being a one-hit detector— can easily be inte-
grated in the above mentioned codes by feeding in the material parameter as
D37 and stopping force and adapting the ag values.

The characteristic dose of lithium formate has been determined by Walde-
land et al. [Waldeland et al., 2011] for peak-to-peak (D37=40.8 kGy) and area
(Ds7= 53.5 kGy) evaluation. With this information the a¢ value can be ob-
tained by fitting [REl calculations to measurements.

Relative effectiveness values of lithium formate towards proton and nitro-
gen beams have been reported by Waldeland et al. [Waldeland et al., 2010].
The in this experiment was determined by integration over the EPR-
spectrum. However, the of a detector should at low doses not be depen-
dent of the dose evaluation method, as long as the same method is used for
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the evaluation of the EPR-spectra of the reference radiation and the test ra-
diation. For very high doses changes in EPR-spectra could create differences
between the two methods. Since the data were taken at doses below 20 Gy
these data can also be used to determine the ag value for RE calculations for
predictions of measurements evaluated with the peak-to-peak assessment.

The[RElwas measured along a depth dose curve for 175 MeV protons and
550 MeV nitrogen ions and is reported as a function of the average LET in a
detector.

The [RE data, including the uncertainties, have been extracted from
graphs in the publication. Figure 0.4 shows response calculations with the
modified code described in Section for different a values together with
the reported data. The reported values for the [RE| towards protons are be-
low unity. Waldeland et al. could reproduce this values with a [ATM| by us-
ing a point target and using the D37 value as a free parameter. They
achieved best agreement for a D37 value of 18+3 kGy. However, with the
given experimental determined D37 values the proton RE values can not be
reproduced by the here applied model, while agreeing with the[RElvalues for
nitrogen ions. Since in the experiments described in this thesis nitrogen ions
and heavier ions are applied a bias towards the nitrogen data exists. Addi-
tionally, at the used proton energy a RE close to unity, similar to the RE of
alanine would be expected, since the D37 of lithium formate is close to the
one of alanine. The ag value is thus determined to yield the best agreement
with the reported [RE towards nitrogen ions, neglecting the proton data. Best
agreement was found for ag value of 5 nm.



CHAPTER 9. CALCULATION OF DETECTOR RESPONSE 77

11 e e

—  ap=2nm

03 M | N N M | N N M |
100 101 102

LET [keV /pum]
Figure 9.4: RE of lithium formate towards protons and nitrogen ions
as a function of the average LET in the detector. The blue and green
crosses represent data for proton and nitrogen ions, respectively, extracted
from [Waldeland et al., 2010]. The solid line represent RE calculations with
D37=40.8 kGy for different values of ay. The dashed lines represent RE calcu-
lations for D37=53.5 kGy




10. Comparison of model
calculations with measurements

In this chapter the results of calculations with the three codes for [REl calcula-
tions presented in Chapter Qis compared with the measured data presented
in Chapter [7land Chapter[8 In the last section the calculations will be com-
pared with data from literature.

10.1 Alanine - own data

Signal stability

Hansen’s and Olsen’s model predicts fading of up to four percent for
9.3 MeV /u xenon ions 41 days after irradiation. The predicted fading values
for used ion/energy combinations applied in the here presented experiments
for 41 days after irradiation are compiled in Table All but the value for
xenon are smaller than the uncertainty of the alanine signal measurements
and thus can neither be confirmed nor rejected.

In general no increased signal fading for heavy ions compared to signal
fading reported for y-rays could be found in the here presented experiments.
Thus signal fading is not regarded as a special issue in the following consid-
erations.

ion initial energy signal fading

[MeV /u] [%]
N 9.3 3.0
Fe 5.8 2.9
Fe 9.3 2.8
Kr 5.0 2.6
Kr 9.3 2.3
Xe 9.3 4.0

Table 10.1: Percentage signal fading in alanine predicted with the model of
Hansen and Olsen [Hansen and Olsen, 1989] for 41 days after irradiation
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Crossing regime

Figure [10.1l compares the measured data for protons (blue) and carbon ions
(black) with results of calculations with the codes presented in Chapter [0
The black and the blue line represent calculations with the modified code for
carbon ions and protons, respectively. The red lines represent calculations
with the original model by Hansen and Olsen. The calculations for the green
lines were conducted with the algorithm in libamtrack.

The results of calculations with the libamtrack algorithm and the modi-
fied code are close at energies above 10 MeV /u. They start to deviate signifi-
cant for energies below 10 MeV /u downwards, both for carbon ions and pro-
tons. The agreement with the measured carbon ion data for both is enforced,
since the ag value has been chosen to fit these data. Libamtrack calculates the
relative effectiveness following the iso-dose definition. Close to a RE of unity
two very similar numbers are divided by each other, which may introduce
rounding errors. The zigzag in the libamtrack calculations for protons close
to a RE of unity are contributed to this numerical artefact.

The calculations with the original code from Hansen and Olsen deviate
both for protons and for carbon ions from the latter two codes two. For pro-
tons a lower for energies below 10 MeV is predicted. The RE reaches
values above unity for protons with energies above ~ 30 MeV as previously
discussed. Calculations with the reference code for carbon ions are below
the corresponding values by the other codes below an particle energy of
200 MeV /u. They agree with all carbon ion measurements but the two with
the lowest particle energy, within the experimental uncertainties.

Stopping regime

The relative effectiveness (RE) values of the experiment described in Chap-
ter [§ are plotted in Figure together with response prediction calculated
with the three discussed models. The calculated RE values for all three codes
are close to each other. Data values for irradiations with non-degraded beams
at 9.3 MeV/u agree with the calculations of the original and the modified
model within one standard uncertainty for all but xenon. For 9.3 MeV/u
xenon ions the original models deviates by 15 %, the calculations
by 16 % and the modified Hansen model by 19 %, whereas one standard
deviation equals 13 %. However, all three models are within two standard
uncertainties. Neither model agrees with the values found for 5.8 MeV/u
iron or 5.0 MeV /u krypton ion beams, with the latter one already discussed
in Section
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Figure 10.1: Comparison of measured relative effectiveness for protons (blue
data points) and carbon ions [Herrmann et al., 2011b]] (black data points) as
a function of the average particle energy with model calculations. The blue
and black lines represent calculations with the modified model for protons
and carbon ions, respectively. The red lines originate from calculations with
the original model and the green lines from calculations with the libamtrack
algorithm. Error bars on measured data indicate one standard devi-
ation.

10.2 Lithium formate

Figure[10.3]compares the measured relative effectiveness for stopping ions in
lithium formate with calculations done with the modified model. The model
calculations are based on the ag value found in Section As already dis-
cussed in Section [8.3] the [RE] values for degraded ion beams are unexpected
high. They do not match with calculated values.

The measured values for 9.3 MeV/u iron and xenon ions agree within
their uncertainties with the model predictions. However, the measurements
for nitrogen and krypton ions do not. As mentioned in Section[8.3/from com-
parison with the values reported by Waldeland ef al. [Waldeland et al., 2010]
the value for nitrogen ions would be expected to be lower.

Increasing the ag value elevates the REL However, the total agreement
between measurements and calculations is not improved, if the degraded
energies are ignored.
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Figure 10.2: Comparison of the resulting RE (n) for alanine of the stopping
ion measurements as a function of the initial particle energy with model cal-
culations. Solid lines represent calculations with the modified model, the
dashed lines calculations with the original model and the dash-dotted lines
calculations with the libamtrack algorithm. Error bars indicate one
standard deviation.

10.3 Alanine response data from literature

A comparison of the model calculations with literature data is difficult, since
neither the alanine species nor the dose characteristics of the used detectors
are known for all used alanine detectors. As listed in Table[5.T|the characteris-
tic dose and thus the response behaviour of the detectors varies significantly.
Especially for protons the available data consist of measurements with pro-
tons stopping in the detector and measurements where the protons cross the
detector with a significant energy loss in the detector. For comparison of
measurements with different detector thickness a representation of the RE
depending on a single parameter would be desirable.

For particle energies at which the energy loss in a detector is significant
(>~ 5 %) the detector thickness has an influence on the[RE| Figure[10.4aland
Figure[10.4blshow the relative effectiveness of alanine for protons and carbon
ions as a function of the initial particle energy for five different detector set-
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Figure 10.3: Comparison of the RE measured for stopping ions in lithium
formate as a function of the initial particle energy with model calculations.
Lines indicate calculations with them modified response model. Error bars
indicate one standard deviation. Note, that for 9.3 MeV /u xenon ions the
average RE of the two measurements with the lowest doses is plotted.

color detector thickness
red — 00

black -0

blue 1 mm
magenta 2 mm
green 3 mm

Table 10.2: Color code for Figure[10.4
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Figure 10.4: RE of alanine towards protons and carbon ions for different de-
tector thicknesses, as a function of the initial particle energy (Figure &
Figure and the average LET (Figure [[0.4d & Figure [10.4d). The red
lines represent infinitesimal thick, the black lines represent infinitesimal thin
detectors. The color code is given in Table 10.21

tings. Extreme cases are when the detector thickness can be neglected (black
line) and when all particle energies stop in the detector (red line). These two
curves build the boundaries in which the RE curves for all detector thickness
values lie. For illustration the curves for three different detectors of thickness
1 mm, 2 mm and 3 mm are plotted (For the color code see Table[10.2).
Palmans [Palmans, 2003] suggested to report[RE| values as function of an
effective energy as a solution for this problem. He defined the effective en-
ergy as the particle energy corresponding to the average LET in the detector,
or in the case of a fully stopping particle the average LET in the irradiated
volume. This equals de facto the report of the RE as function of the average
LET in the detector. In Figure [[0.4d and Figure [10.4d] the RE of protons and
carbon ions, respectively, is plotted as a function of the average LET in the
irradiated detector volume for the same five detector sizes as mentioned pre-
viously. While for carbon ions the RE is still dependent on the thickness of
the detector, for protons the curves overlap. They are not identical, however,
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Figure 10.5: Comparison of literature date for the RE of alanine towards pro-
tons as a function of the average LET with calculations done with the mod-
ified model (blue line). The black crosses represent the data already shown
in Figure the green dots show data extracted from [Palmans et al., 2007].
The blue data points represent the data presented in Chapter (/]

very close to each other.

While for heavier ions the detector thickness has an influence on the RE
and has thus to be considered in comparisons between different experiments,
for protons the detector thickness can be neglected if the RE is reported as
function of the average LET in the irradiated volume.

Figure shows a comparison of literature data of the RE of alanine
towards protons as function of the average LET with calculations done
with the modified model. The average LET has been calculated with the
information on detector density and thickness given in the publications,
respectively. The black crosses represent the data already shown in Fig-
ure Additionally data extracted from a graph ! in a report by Palmans
et al. [Palmans et al., 2007]] is shown as green dots in the figure. The graph
from which these data are extracted shows the RE as function of the LET
weighted effective energy. The data are marked as preliminary in the publi-
cation, thus no uncertainties are given, introduced inaccuracy by the graph-
ical extraction are below the size of the representing symbols in the graph.
The data discussed in Chapter[7lis drawn as blue crosses.

Data have been extracted with the g3data software
http://www.frantz.fi/software/g3data.php
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Figure 10.6: Deviation of model calculations from reported data. The ab-
scissa names the ion and the initial energy in MeV/u . Values are listed in
Table Where no uncertainty was given a uncertainty of 10 % has been
assumed.

The depiction of the [RE| of protons as a function of the average LET re-
moves the influence of detector thickness, compared to Figure 5.8l However,
as seen in Figure[10.5] the scatter in the data available in literature can not be
explained with the influence of the thickness of the detectors.

Reported RE values for ions heavier than protons and the corresponding
calculated values are listed in Table[A.6l Figure compares the deviations
between measured values and model calculations for the experimental data
with model calculations reported in literature.

RE values are calculated for a characteristic dose of 63.1 kGy and for
105 kGy to account for the influence of different detector characteristics. The
error bars indicate the reported experimental uncertainties. The deviation
drawn at ordinate is calculated as

Tlcalc

%dev = —1.

TImeas

The abscissa names the ion and the initial energy in MeV /u . The calculations
are done for particles stopping in the detector. For the values for 10.4 MeV /u
helium, lithium, boron and carbon ions reported by [Henriksen, 1966] it can
be assumed, that the particle did not fully stop in the detector, see discussion
of this values in [Waligorski et al., 1989].



11. Discussion

11.1 Comparison of the modified with the original
model

The model by Hansen and Olsen was developed for an energy range in which
relativistic effects could be neglected. It is thus surprising how well the re-
sults of the model agree with measured data at high energies. As shown in
[Herrmann et al., 2011b] for carbon ions with energies from 100 -400 MeV /u
the model agreed better than 4 %.

The change in the integration procedures solved the problem of the RE
exceeding unity. The original code did not account for increased dose of the
extended target dose distribution over the point target distribution in the
region ag < r < 3 - ap.

Figure [[1.]al shows the ratio between the non relativistic calculated and
the relativistic calculated relative speed (53,,/5;). The relative particle speed
affects the model calculations in determination of the dose to a point target
and thus also the dose to an extended target (see Equation .15)). This effect
is mediated through addition of the energy difference between the and
the stopping force to the core region. More important is that the maximum
electron range in the model is proportional to (%) 1.676. As B3y, approaches
unity for a particle energy of approximately 465 MeV /u the function and
also the maximum electron range diverges. However, as seen in Figure 11.1b]
the calculated RE for carbon ions deviates by less than four percent and for
protons less than one percent when only the calculation of 3 is changed in
the code. This shows how insensitive the RE calculations towards the track
width in the energy regime above approximately 10 MeV /u are.

11.2 Comparison of model calculations with
experimental data

Relative effectiveness of high energy protons

The measured [RElvalues for protons in the energy range from 110 to 220 MeV
agree well with calculations by all investigated models. As mentioned in
Section [Z.3 the aim of measuring the transition from a [REl of unity to lower
values was not reached.

The determination of the RE in the transition energy range would be cru-
cial to judge over the formulations. With a variation of the a value

86
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Figure 11.1: Figure[I1.1al shows the the ratio of relativistic to non relativistic
8 as function of the kinetic energy. Figure [[1.1] shows the ratio of the RE
calculated with the original code by Hansen and a code which only deviates
in the calculation of 3. The deviations are shown for protons and for carbon
ions.

the effective RDD formulations with an elevated dose in the track centre, as
the formulations base on the original Katz approach, can be brought in agree-
ment with the existing carbon ion RE data set. This is due to the fact that they
mainly deviate in the value of the dose in the track centre for a given ag value
when applied on extended targets. These changes in the ay values, however,
also change the results of RE calculations for other ions. A benchmark of the
RDD formulations could be conducted by comparison of model calculations
with data sets of two ions species in the transition energy range. The energy
range of the described experiments unfortunately does not extend to energies
low enough to observe this effects.

The data set mentioned in [Palmans et al., 2007] and included in Fig-
ure would be very valuable since it has been taken with alanine
detectors and thus could be directly compared with the existing RE measure-
ments for carbon ions. Additionally, the data seems to cover the transition re-
gion and to lie between the RE values reported by [Olsen and Hansen, 1990]
and the values by [Fattibene et al., 2002]. However, this are just speculations
since the data set is not yet published. The data extracted and plotted in
Figure were not been used for comparison with calculations since they
are plotted as a function of the effective energy correspondent to the average
LET in the publication. Palmans mentions in [Palmans et al., 2007]] that these
values have high uncertainties due to mixed energy spectrum in which the
pellets have been irradiated.

Generally, as seen in Figure [10.5]the here presented model seems to over-
estimate the RE of low energy protons. A quantitative statement is not pos-
sible, though.

However, previously measured proton depth dose curves in ala-
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nine had been normalised in the entrance region to diode measure-
ments [Nichiporov et al., 1995] or have been scaled to yield best agreement
with ionisation chamber measurements [Gall et al., 1996]. According to the
here presented measurements the absolute dose to alanine in entrance region
of proton beams with energies above 120 MeV can be measured without cor-
rections.

Relative effectiveness of heavy stopping particles

The data set resulting from the experiment described in Chapter [§ is am-
biguous. The uncertainties are immensely increased due to the unknown
field homogeneity and the deviation between reported and measured flu-
ence. Additionally, the reason for the increased RE for degraded energies in
the lithium formate detector is not known.

However, for alanine dosimeter the measured relative effectiveness for
three 9.3 MeV /u ions agrees with predicted values within one standard un-
certainty. The found value for xenon ions agrees within 2 standard devia-
tions.

An exchange of the formalism describing the maximal extension of the
track did change the agreement with the measured only slightly. The for-
mulae listed in Appendix [B.Il have been tested. The quality of agreement
was judged by a x? analysis. The best agreement was found with the for-
malism by Hansen [Hansen, 1984]. The RE values found with the formulae
by Waligoérski et al. [Waligorski et al., 1986], Tabata et al. [Tabata et al., 1972]
, Scholzet al. [Scholz and Kraft, 1996] and Elsédsser et al. [Elsédsser et al., 2008]
deviated slightly more.

Track width calculations for 9.3 MeV/u particles in water with the
Hansen formula yield 8.5 ym, 2.2 ym with the Scholz formula, 2.7 pm with
the Elsdsser approach and 42 pm with the Tabata formulation. A simulation
of a 9.3 MeV /u particle with TRAX yields a track width of 2.5 pm. A vari-
ation of the Hansen width by factors 0.2, 0.5, 2.0 or 5.0 resulted in a worse
agreement with the measured data.

However, the deviations in the calculated relative effectiveness for the
different formulae are small compared to the uncertainties of the measure-
ments, therefore, no judgement on the quality of the track extension models
can be passed based on these data.

Calculations for lithium formate only partially match the measured val-
ues. Given the lower characteristic dose of lithium formate a lower [RE| com-
pared to alanine is expected. However, the measured values are above the
values measured for alanine. The deviations of the degraded beams have
been discussed in Section 8.3

The final measurements of the detector response in lithium formate have
not been received at the moment of writing this thesis. There is some con-
fidence that the final results may solve some of the open questions on the
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lithium formate response variations. However, the 12 % uncertainty due to
the fluence determination will still remain.

The relative effectiveness at high fluence level

The dependence of the saturation response of alanine as reported by Hansen
and Olsen [Hansen et al., 1987] is in contrast to the assumptions of target
theory and also has an impact on the validity of [TST calculations. As shown
in Equation 4.2T] and Equation the calculation of the relative effective-
ness following Equation is only valid, if the ratio of saturation responses
is unity. Olsen and Hansen [Olsen and Hansen, 1985] suggested the dose
rate might be the reason for the found differences, whereas Rotblat and Sim-
mons [Rotblat and Simmons, 1963] predicted those differences for different
characteristic doses. However, following their formulation in Equation
the maximum response ratio would be equal to the ratio of characteristic
doses of different radiation types.

With the obtained data on the[RElof alanine towards xenon an estimate of
the maximum deviation between the saturation response of alanine towards
60Co v-rays and the saturation dose towards 9.3 MeV /u xenon can be done.
Figure 1.2 shows the relative effectiveness as function of dose for four dif-
ferent maximum response ratios. Dotted lines represent the corresponding
dose response curves. The[RE|curves have been calculated based on the mea-
sured average value for 9.3 MeV /u xenon ions and Equation4.23] Note, that
alower Sj /Si°® ratio implies also a lower value of D" for the same RE value.

The knowledge of the saturation dose level is of importance for measure-
ments of effects of overlapping tracks. At sufficiently high particle fluences
the range of secondary electrons overlap. An overlap of tracks increases the
local dose in the overlapping area, which leads to a decrease in the relative
effectiveness if the higher dose exceeds the dose range, where linear dose
response can be assumed. If the saturation response level of alanine would
depend on radiation quality it would have to be taken into account for mea-
surements.

A rough estimation for the onset of effects of overlapping tracks can be
done by the following geometrical considerations. Figure [[1.3]illustrates the
discussion.

Given a parallel, mono-energetic particle field with fluence @, the average
amount of particles crossing a cylindrical shell with an inner radius r and an
outer radius r + Ar around a particle track is given as the shell area times the
fluence

N=>-7-((Ar)? +2rAr) (11.1)

where 91 denotes the number of tracks crossing. To simplicity all tracks are
considered to be a distance Rqg = r + % from the central track. If they are
placed equidistant from each other the angle between two tracks ¢ is given
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Figure 11.2: Influence on the saturation signal of 9.3 MeV/u xenon on the
RE. The solid lines represent the RE for different ratios of the saturation sig-
nal of xenon to the saturation signal of ®°Co, respectively. The dotted lines
represent the dose response curves, respectively. Track overlap effects are not
included in these calculations.

as 9
¢ = 2% i €[0,..., M (11.2)

The distance 7" from the tracks in this shell to the point z is given as

T = \/Rgff — 2 Regt 08 ¢ + 72 (11.3)

Given a radial dose distribution D(t) the dose contribution to the dose in
point z( from the tracks in the interval [r; + dr] can be estimated as

N
Dy r(z0) = Y D (T(wo,27/i)) (11.4)
i=0

where D, z) denotes the dose added to point z( by the tracks in the shell at
radius r. Integration over all distances (z9 < rmax) and all shell radii (r < zo+
rmax) Would eventually yield a radial dose distribution around on particle
track which would include overlapping tracks. mmax represents the maximal
track extension. However, for higher particle energies the track area (r2,,, 7))
increases and thus the amount of particles contributing to the dose in one
point. The calculation time would increase rapidly.
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Figure 11.3: This figure aids the discussion of the track overlap effect estima-
tion. In this case eight tracks are crossing the grey area and are equidistant
placed at distance R.g from the central track.

In the here discussed case of a particle energy of 9.3 MeV/u and flu-
ence of at maximum 3-10% cm~2 approximately 2500 particle tracks con-
tribute to the dose in one point, depending on the calculation of the track
extension. Figure [[1.4lshows the resulting for different fluences. Fig-
ure shows calculations conducted with the track extension formalism
from [Hansen, 1984]. The in Figure[11.4blare calculated with the track
extension following [Elsdsser et al., 2008]. The dose level at same fluence is
higher in Figure [[1.4al since here more tracks contribute to the dose in one
point. Areas of different gray shade indicate the maximal deviation from lin-
earity in this dose range. The deviation from linearity is calculated according
to the definition in Equation

As seen in Figure [[T4] at a fluence of 3-10° cm~2 the local dose is in-
creased by ~7 kGy over the whole track area. This increase is not high
enough to expect significant changes in the RE since the deviation from lin-
earity is only slightly increased. Comparing Figure [T.4a] with Figure [11.4Dl
one can estimate that at a fluence of approximately 1-10'° cm~?2 a significant
reduction in the RE|would be expected according to the Hansen formulation
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Figure 11.4: Radial dose distribution for 9.3 MeV /u xenon ions in alanine for
different fluences. Figure [[T.4alshows calculations conducted with the track
extension formalism from [Hansen, 1984]. The in Figure are
calculated with the track extension following [Elsasser et al., 2008]]. Different
shades of gray indicate different levels of deviation from linearity as defined

in Equation5.3]
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but also at the maximal applied fluence in the experiment a decrease would
be expected. Alanine has the advantage that track overlap effects can be ne-
glected over a wide fluence range. However, this implies that it is not a good
system to measure such effects since very high fluences are needed. Unfortu-
nately the measurements with the lithium formate detector show high fluc-
tuations as seen in Figure Due to the lower characteristic dose effects of
overlapping tracks should be seen at the applied fluences.

The simplification of a homogeneous track distribution in this track over-
lap model may account for 10 % variation in the resulting dose level. An
over- or underestimation in this order of magnitude would not have an im-
pact on the previous discussion.

Data from literature

Figure [10.6] shows the deviations of model calculations from measured data
for stopping heavy ions reported in literature. A judgement of the agreement
for the different models is difficult. The average absolute deviation for the
calculations from the respective data set of the calculations by Hansen and
Olsen is 18 %. For the same data set it is 12 % for the modified model, re-
gardless of the D37 value. For the data set used by Waligérski et al. their
calculations deviate in average by 9 % for a D37 value of 105 kGyand 10 %
for a D3y value of 75 kGy. The latter value is a parameter chosen to yield
the best results with a modified electron range and is not found by measure-
ments. The deviations of the here presented model for this data set are 7 %
for a D37 value of 63.1 kGy and 9 % for a D37 value of 105 kGy.

The here presented model is in slightly better agreement with data re-
ported in literature than the original model by Hansen and Olsen and the
calculations by Waligérski. This is attributed to the new stopping force val-
ues, since the impact of the deviation of the here presented model from the
original Hansen model is mainly at higher particle energies. Additionally,
the available data is for stopping particles, so particle transport calculations
based on the stopping force influence the results. The calculated RE for pro-
tons in not in agreement with the published data on proton RE. However,
this data are very heterogeneous. The values are scattered and partially con-
tradicting each other. Additionally, the values have been measured with de-
tectors with different characteristic doses.

11.3 The definition of the relative effectiveness

The different definitions of the[REldo not result in numerical different values
for alanine in a dose range below 10 kGy. However, the determination of the
[RElas done in the experiments and application for dose determination is only
possible if the iso-response definition is applied.
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For detectors with a lower saturation dose and a none one-hit dose char-
acteristic the difference between definitions also becomes numerical visible.

11.4 Detector response prediction with ATMs

[ATME offer a phenomenological approach to describe and predict the be-
haviour of detectors in particle beams. The strongest argument for their va-
lidity is their good agreement with measured data. The concept of an amor-
phous track as substitute for a considerations of the stochastic nature of dose
deposition can be motivated by its analogy to stopping force calculations.

The alanine detector allows to neglect impact factors as overlapping
tracks which makes it a rewarding work to model its response. This is il-
lustrated by the good agreement of the original code by Hansen and Olsen
with experimental data at energies above 100 MeV /u even though the track
extension was diverging due to the non relativistic calculation of the parti-
cle speed. This robustness of the alanine detector makes it hard to judge over
underlying physics model without going to very high fluences. On the other
hand this robustness makes alanine a perfect candidate for practical dosime-
try, since overlapping tracks can be neglected in every possible clinical set-
ting, contrary to other solid state detectors.

Track-structure theory and target theory are successful in the description
of one-hit response towards particle beams. The main free parameter in the
here applied model calculations is the radius ay of the hypothetical target
area. However, with a variation of a( the dose in central part of the particle
track is changed. This is the actual parameter which influences the RE, at
least in the model calculations. Further investigations in models for the radial
dose distributions should also include this factor and not keep it as a free
parameter to fit the energy deposition to the LET.



12. Application of the alanine
detector in clinical settings

In this chapter the findings of the previous chapters are transferred to clini-
cal problems and energies. The successful application of the response model
in a pilot study for a particle facility audit is presented as well as the pos-
sible application of alanine as LET estimator. Finally, an analytical formula
is introduced to determine the dose to water with alanine measurements in
proton and carbon ion beams.

12.1 Ion therapy facility audit with alanine detectors

Inter-facility dosimetry comparisons and audits provide the possibility to
find systematic errors in the dosimetric procedures of participating facili-
ties. This is important for new facilities and even more for new techniques.
Further standardisation in dosimetry is necessary for exchanging research
results and clinical experience.

Assuming an audit, where a dosimetry system gets irradiated at the fa-
cilities and evaluated at a third, independent laboratory. Dosimeters should
fulfil several requirements, some mandatory, some optional. Mandatory are a
reliable and stable readout protocol and predictable detector behaviour. Fur-
thermore the detector signal must not be object of fading over time, or if
so a reliable model must exist. Detector response should be least possible
influenced by environmental conditions as humidity, air pressure, ambient
light or temperature. The dosimeter should be easy to setup and handle, so
that no additional uncertainties are introduced. Compact systems have an
advantage both in shipping but also a faster installation time allows fewer
interference with the normal clinical routine at the facility.

The features of alanine as described in Chapter[5land the above listed re-
quirements suggest alanine as a suitable dosimeter for inter-facility compar-
isons. It already has been applied for audits for [IMRT] [Budgell et al., 2011].
However, for the use of alanine detectors for audits of ion-beam facilities re-
sponse modelling is inevitable.

A feasibility study has been performed at the Heidelberg
Ion-Beam Therapy Center (HIT) and is described by Ableitinger
et al. [Ableitinger et al., 2012]. While the study covered the development
of a whole end-to-end auditing procedure, this discussion mainly focuses
on the applicability of the response model in clinical situations. The concept
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Figure 12.1: Schematic drawing of the phantom used for the study. Fig-
ure shows the phantom in the beams eye of view. Figure shows
the phantom as seen from the side. The beam incidents from the left side.
The red boxed area represents the target volume. The blue cylinders denote
the position of alanine detectors.

and results of the study are presented in this section.

Methods

An octagonal prism, resembling a head phantom consisting of seven slaps
of 3 cm thickness was used. The octagonal base has a span of 20 cm. The
phantom consists of black polystyrene. Five alanine pellets can be mounted
in depths of 5.8, 11.8, 14.8 and 17.8 cm, respectively. A schematic drawing of
the phantom and the arrangement of the pellets is shown in Figure[I2.1] The
red boxed area represents the target volume. The positions of the alanine
dosimeter is indicated by blue cylinders. The positions are described by a
capital letter indicating the depth in the phantom and a number indicating
the position in the slice.

Alanine dosimeters provided by as described in Section have
been used. They have been readout at the NPl according to standard proce-
dure.

A computer tomography (CT) of the phantom was taken and based on
this CT a irradiation plan was created with the local treatment planning
system (TPS). A homogeneous dose of 10 Gy has been described to the target
volume, a 8 cm x 8 cm x 12 cm rectangular parallelepiped, starting at 4.5 cm
depth in the phantom. One irradiation plan was created for irradiation with
protons and one with carbon ions.

In order to predict the relative effectiveness for every pellet, the irradia-
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tions were simulated in FLUKA. For the irradiation with protons the same
procedure as described in Section[ZIlwas applied to simulate the beamline.

For carbon ions, additionally, a ripple-filter [Weber and Kraft, 1999], as
used during irradiation, was implemented in the calculations. A ripple
filter widens mono-energetic Bragg peaks and thus allows to create flat
with less energy steps. It consists of periodic wedge structure. The
ripple-filter has been implemented using the method described by Bassler
et al. [Bassler and others, 2010].

The slice width, and thus the depth resolution of a normal patient CT is
3 mm. The thickness of an alanine pellet, however, is 2.2 mm. In order to
increase the quality of the Monte Carlo dose calculations they are based on
the actual geometry of the phantom and detectors instead of the information
from the

For the calculation of average RE] 7,the FLUKA user-routine comscw has
been modified, as described in [Herrmann et al., 2011b|]. Following Equa-
tion the RE|has been calculated as a dose-weighted average of the [RE of
all energy depositing particles.

With the calculated RE values the physical dose in the pellets can be de-
rived through the iso-response definition of the RE (Equation[3.9). For com-
parisons with the doses planned by the the dose to water has to be cal-
culated. This is done by multiplication of the physical dose to the alanine
pellets with the stopping force ration as defined in Equation 3.5l

The dose to water is then given as:

1
Dy, = % : RED6OCo,w ) S(water,alanine) (12-1)

To calculated the stopping force ratio the particle energy spectra in every
pellet have been scored using the FLUKA usrtrack estimator together with a
modified fluscw user-routine. The stopping force ratio calculations are based
on stopping force values from tables in ICRU report 73 [Sigmund et al., 2005]
provided by libdEdx.

Results

The measured as well as the dose to water given by the and the
calculated values for the [RE] the stopping force ratio and the resulting dose
to water are given in Table [A.3 and Table [A.4] in Appendix [Al The devia-
tion from the dose to water in the alanine pellets based on the alanine mea-
surements to the values provided by the are in average below 1 % and
maximal 4.3 %.

Discussion

The study demonstrates that an inter-facility comparison with alanine pellets
is feasible. However, the calculation of the required a full Monte Carlo
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simulation of the applied treatment in the facility specific beam line setting.

The experiment was designed to verify the dose delivery, with the va-
lidity of the alanine-response model postulated. Nevertheless, the overall
agreement between calculated and measured dose is a further indication for
the validity of the applied track-structure response model.

12.2 Estimation of the dose averaged LET with alanine

As previously mentioned the relation between average LET and biological
effects is a discussed topic. However, a recent literature study by Serensen
et al. [Serensen et al., 2011]] found indications for a LET dependence of RBE
for several cell lines, independent of the ion species. Furthermore, Wenzl
et al. [Wenzl and Wilkens, 2011] reviewed experimental data from literature
and related the with the LET, regardless of the ion type. Motivated
by these findings an additional biological optimisation of the LET distri-
bution in treatment planing, the so-called LET-painting has been proposed
[Bassler et al., 2010].

A plan verification of a LET-optimised treatment plan requires a method
of measuring the LET. A possibility to estimate the dose-averaged LET with
the help of alanine is presented in this section.

Hypothesis

Following the model assumptions on detector response of alanine discussed
in Chapter [ the relative effectiveness 1) at low doses can be calculated as

g\ !
n=D}. o(E,Z) <p> (12.2)

where D3 is the characteristic photon dose of the detector, o(E, Z) the acti-
vation cross section and £ the mass stopping force of the detector material
towards the particle. At a given[LET value, different particles have different
kinetic energies which - in the model- only affect the maximum extension of
the Thus, the maximum dose inside the track is only minimal affected,
as shown in Figure[12.2] As discussed in Chapter @l the extension of the track
has the largest impact for particles at low energies and high stopping forces.
For intermediate particle energies, the activation cross section o does not vary
much for different particles with the same[LETlin an one-hit detector with a
high characteristic dose. This behaviour of one-hit detectors has already been
postulated by Katz et al. [Katz et al., 1972b]. Figure demonstrates the in-
fluence of the characteristic dose on the [RE] of a detector towards different
particle types. Figure shows the relative effectiveness of alanine as a
function of particle LET for the lightest six ions. Figure shows the same
calculations with a detector having a ten times lower characteristic dose. In
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Figure 12.2: Dose in a particle trac kas a function of distance from particle
trajectory for 6.4 MeV /u helium ions and 100 MeV /u carbon ions both with
a stopping force of 256 MeVcm? /g in alanine.

Figure [[2.3al the curves for all particles are close to each other for LET val-
ues below = 200 keV /um except for protons. In Figure[12.3b|they are further
apart.

In a therapeutic carbon ion the dose-averaged LET does
not exceed =200 keV/um [Bassler etal., 2010]. Furthermore, Lihr
et al. [Lihretal., 2011a] showed that the primary ion dominates the
stopping-force ratio in a therapeutic This implies that the dose-
averaged LET is also dominated by the primary ion. This assumption can of
course only be valid as long as the primary particles is dominating the energy
deposition, i.e. before and in the Bragg peak, but not in the fragmentation
tail. The highest deviation would be expected at the distal end of a Bragg
peak, where the amount of secondary particles is highest.

Based on this assumptions the dose-averaged LET could be estimated
if the relative effectiveness of the alanine detector is known at this point.
In Chapter [/] a method to determine the with a combination of alanine
dosimeters and a Markus chamber is described. This method, however,
could be improved by placing only a single, thin dosimeter in front of the
Markus chamber. This would reduce the perturbation of the radiation field
by the detector and would minimise the difference in dose between alanine
detector and Markus chamber.
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Figure 12.3: Figure[I2.3ashows the relative effectiveness of alanine as a func-
tion of particle LET for the lightest six ions. Figure shows the same cal-
culations with a one-hit detector having a ten times lower characteristic dose.
Calculations are done for infinitesimal thin detectors.
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Figure 12.4: The relative effectiveness of alanine towards carbon ions as a
function of LET, compared with RE values derived from previous experi-
ments. The solid black line represents the RE of alanine towards carbon
ions for infinitesimal thin detectors calculated with the modified response
model. The dashed line represents the same calculations done with the orig-
inal model by Hansen and Olsen. See text for description of the data points.

Results

Figure [[2.4 shows the relative effectiveness of alanine towards carbon ions
as a function of the LET calculated with the model described in Sec-
tion (black solid line) compared with RE| data from previous experi-
ments [Herrmann et al., 2011b), |Ableitinger et al., 2012]. The model calcula-
tions have been done for infinitesimal thin detectors. For comparison the
results of original model by Hansen and Olsen are plotted as dashed black
line.

The relative effectiveness data set from the experiment, described in Sec-
tion [[2.1} been calculated from the dose given by the corrected by the
stopping force ratio from water to alanine and the of the alanine detec-
tors. These data are represented in Figure [[2.4 by green stars.

One part of the RE values from [Herrmann et al., 2011b|] are directly
measured values for mono-energetic carbon ion beams (red squares in Fig-
ure[I2.4). These values are measured with the method described in Chapter[Zl
However, these data have been used to estimate the a¢ value for the model
calculations. Their agreement with the calculations is obvious. The second
part are RE values derived from depth-dose curves of a thus in mixed
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Figure 12.5: Carbon ion SOBP measured with alanine pellets. The blue
crosses indicate alanine RED measurements, the black lines the correspond-
ing dose calculated with FLUKA. The data from the region with the gray
background is not included in Figure 124l

radiation fields (blue circles). The in the pellets has been measured, but
the dose has been calculated using FLUKA. Error bars indicate 5 % uncer-
tainty due to geometrical uncertainties in the Monte Carlo dose simulations,
which are discussed in [Herrmann et al., 2011b]]. Following the assumptions
only the measured RE data in the entrance and peak region of a [SOBP| as
indicated in Figure have been used. The magenta coloured circles are
unpublished data originating from the same experiment and setup as de-
scribed in [Herrmann et al., 2011b]. The alanine RED data and the calculated
doses for this experiment are shown in Figure The region of the plot
with the gray background is regarded as fragmentation tail. The radiation
field region in this region is not dominated by the primary carbon ions. The
RE values from this region are thus not included in Figure

The corresponding [LET] values for the extracted [RE| values have been cal-
culated using FLUKA. The experimental setup has been implemented in
FLUKA and the energy-resolved particle spectrum in the pellets has been
scored using the usrtrack detector combined with a modified fluscw user-
routine. The dose averaged LET has been calculated by weighting the spec-
tra with stopping force values extracted from SRIM, in order to be consistent
with the model calculations.
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Discussion

As seen in Figure [[2.4] the available experimental data on the relative effec-
tiveness of alanine in a carbon ion beams agree within the experimental un-
certainties well with the [RE| curve calculated for mono-energetic carbon ion
beams.

Other authors [Waligorski et al., 1989, Olsen and Hansen, 1988] criticised
the presentation of the RE as function of the LET. However, for a single ion
the RE can be expressed as a function of LET, as it can as a function of the
particle energy. Here, it is shown that in the investigated parameter space, the
dose average LET of a radiation field is sufficient to describe the RE, under
the assumption that it is dominated by the primary ion.

Horrowitz [Horowitz et al., 2003] discussed the topic of LET dependence
of relative effectiveness in the context of thermoluminescence (TL) and con-
cluded a) that track structure theory does not allow a dependence of [RE| on
only and b) the techniques and protocols of [IT]dosimetry are not stable
enough for this purpose. However, those two points of criticism do not apply
to the here suggested estimation of LET, since point a) is taken into account
and point b) is fulfilled with the established alanine readout protocols.

The use of alanine for LET determination would have a restricted res-
olution, though, increasing with higher LET. The limitations on the RE
determination are mainly due to the uncertainty of the Markus chamber.
An uncertainty of 2 % in the RE results in a uncertainty of 5.5 % at a
LET of 136 keV, of 8.0 % at a LET of 23 keV and of 17.5 % at a LET of
23 keV. However, biological effects as and [RBE] are also only ele-
vated at a higher LET values in the order of magnitude of 100 keV and
above [Serensen et al., 2011} [Wenzl and Wilkens, 2011]. The here suggested
method may serve as a LET estimator in biological experiments with heavy
ions.

Even if the here proposed method of LET estimation may not be used for
LET measurements, the found relation between dose-averaged LET and the
relative effectiveness can instead by used for the calculation of the RE, if the
LET of the dominant particle is known.

12.3 Analytic expression for the RE

The findings of the previous section show, that the RE in a carbon ion
is dominated by the primary ions, and that gor such a setting the RE can
be well described as a function of the LET. In with a homogeneous
peak dose the LET distribution is similar regardless of the peak width or
depth. Therefore, the relative effectiveness in can to —some extend—
be described as function of the residual range and the peak width by fitting
functions to calculated [RE| distributions.

The residual range is the distance of a point in a to the endpoint
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Figure 12.6: Dose as a function of depth for proton SOBPs with different
modulation width and total range in alanine. Solid lines represent the dose,
dashed lines the predicted RED. The vertical red line indicates the endpoint
of the blue SOBP.

of the The concept of residual range is motivated by the fact that the
radiation field at a certain distance from the endpoint of a dose distribution
has the same remaining range, regardless of the initial particle energy. In
the this implies that the particle energy spectra are the same. This
is a good assumption for protons, which create only a few fragments and
secondary ions. For heavier ions the assumption gets worse with increasing
contribution of fragments to the dose. That means that the residual range
concept is less valid the higher the initial energy and the heavier the primary
particle is.

Here, the endpoint of a proton is defined in accordance to
[Andreo et al., 2004] as the point of 10 % peak dose at the distal dose falloff.
For carbon ions the endpoint here is chosen to be at 80 % peak dose.

Figure shows the depth dose distributions of three proton [SOBD5 in
alanine calculated with FLUKA. For each of the[SOBDPk the dose (solid line) as
well as the (dashed line) is given. The vertical red line gives an example
of the endpoint definition.

In proton the RE| 75 (Rres) as a function of the residual range and
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Figure 12.7: The upper part shows the RE as a function of the residual range
in the proton SOBPs in alanine shown in Figure and fits according to
Equation[12.3l The lower part of the figure shows the 7 to fit ratio.

the width w of the can be expressed as:

(Rue) = 0.983 — 0.20- (Ryes + 1.16) 3% 40.0014 - Rres : Ryes < w
Mieltres) = 9. 1071 Ryes + 0.995 i Ryes > W
(12.3)

Figure[I2.7/displays in the upper part the[RElas function of the residual range
for the different shown in Figure together with the two compo-
nents of the fitting function. The solid red line represents the fitted function
for the peak region (Rys < w) and the dashed red line the fitted function for
plateau region. The lower part of Figure [I2.7lshows the ratio of the RE from
the Monte Carlo simulation calculation to the RE calculated with the fitted
function. The deviation is up to 2 % in the first 2 mm and below 0.2 % there-
after. However, in the transition region R,es ~ w the deviation rises. The
deviation rises in this region the narrower the

As mentioned previously the residual range concepts loses validity for
heavier ions thus higher deviations are expected for carbon ion beams. Nev-
ertheless, the[RElin a carbon ion[SOBP| optimised to yield a flat physical dose
can also be expressed as function of the residual range.

Through a fit to the three carbon ion in alanine shown in Fig-
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Figure 12.8: Dose as a function of depth for carbon ion SOBPs with different
modulation width and total range in alanine. Solid lines represent the dose,
dashed lines the predicted RED.

ure[I2.8/the following function was found:

(R = { 09630235 (Ruws +0.094) °** £ 0.0079. Rres = R S
Mt res) = 55 4,65 (Rees +7) %% + 0.007 - Ryes i Ries > w
(12.4)

The description of the RE in the plateau region (R.s > w) is dependent on a
value 7 which is a linear function of the modulation width w of the investi-
gated

7= 0.155-w + 0.80 (12.5)

Figure shows in the upper part the RE as function of the residual range
for the showed in Figure The fitted function describing the RE
1 (Ryes, w) is plotted as solid red line in the peak region and dashed red line in
the plateau region. The lower part shows the ratio of the RE calculated with
the Monte Carlo implementation of the[TST]and the fitting function. The de-
viations close to endpoint of the (Rres ~ 0) is up to 4 %. This region is
very sensitive to the determination of endpoint and thus to the precision and
spatial resolution of the Monte Carlo simulation. Similar to the RE of protons
the deviation rises up to 3 % in the border region between peak and plateau.
Else the agreement is better than 1 %. Here, the RE in three[SOBDk for protons
and carbon ions, respectively, with different range and modulation width has
been investigated. A simple fitted analytical expression dependent on resid-
ual range and modulation width agrees general better than 4 % with results
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Figure 12.9: The upper part shows the RE as a function of the residual range
in the carbon ion SOBPs in alanine shown in Figure and fits according
to Equation[12.4] The lower part of the figure shows the 7 to fit ratio. Equa-
tion[12.4]

of full Monte Carlo simulations. The general validity of the fitted functions
is thus proven given the small sample. However, deviations are only to be
expected in the order of a view percent in the transition region between peak
and plateau, also for combinations not explicitly investigated in this
study.

The analytic function agrees with the RE values extracted from Sec-
tion[I2.T]as described in Section [I2.2]better than 1.6 % for protons and carbon
ions. These had a total depth of 16.5 cm and a modulation width of
12 cm. All detectors have been placed in the peak region. The residual range
has been determined from the extension of the planed Since the phan-
tom consisted of polystyrene and the fitting functions have been found for
in alanine the residual range has been scaled by the density ratio of
the two materials.

Liihr et al. [Liihr et al., 2011a] suggested that stopping force ratios can be
analytically expressed as a function of the residual range. Combined with the
here found fitting function for the RE, the dose to water can be determined
from the RED with correction factors, which are only dependent on residual
range and peak width.

The dose to water D,, can be calculated as

Dy, =RED-n (Rr687 w)il : S(watcr,alanino) (Rres) . (12.6)
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With this formulation alanine can be used to determine dose to water in[SOBP]
without the need of a full Monte Carlo simulation of the set up. The uncer-
tainty level should be below 5 %. Thus, given further experimental valida-
tion, this formulation is suitable for use in clinical practise, e.g. for the control
and documentation of machine output.



13. Conclusions

Synopsis

In this thesis, important steps towards the use of the alanine radiation de-
tector for dosimetry in clinical particle beams have been taken. An existing
response model has been adapted for the particle energies used in therapy
and its validity was verified using measured data. The definition of the rel-
ative effectiveness of detectors has been discussed and arguments favouring
an iso-response definition are provided.

It has been shown that alanine dosimeters in combination with track-
structure based response models are suitable for dosimetric comparisons or
external audits of particle therapy facilities. A simple formalism to estimate
the dose to water with alanine dosimeters within a few percent is proposed.

Alanine is a good test system for detector response models because of its
one-hit characterisation which prevents supralinearity and since dose con-
tributions of overlapping tracks can be neglected over a wide dose range. A
further important advantage is the existence of reliable and comparable read-
out protocols. The drawback as test system is that very high fluences have to
be applied to see effects from overlapping tracks in alanine. A reliable one-
hit detector system with a lower characteristic dose would be desirable for
investigation of underlying physical assumptions. Further experiments with
the lithium formate one-hit detector have to show if it can be used as such.

Measured data does not allow to draw conclusions on specific assump-
tions of track structure models. However, the agreement of the response
models with the acquired data over a wide energy and dose regime supports
the validity of the used model.

109
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Résumé

I naervaerende afhandling er vaesentlige skridt blevet foretaget i anvendelsen
af alanin strdlingsdetektorer til dosimetri i kliniske partikelstraler. En ek-
sisterende responsmodel blev tilpasset de partikelenergier som anvendes i
strdleterapi, og blev valideret med maélte data. Definitionen af den relative ef-
fektivitet af detektorer er blevet diskuteret, og argumenter for en iso-respons
definition er blevet fremfort.

Det er blevet vist, at alanindosimetre i kombination med sporstruktur-
baserede responsmodeller er velegnede for klinisk dosimetri eller eksterne
revisioner af partikelterapifacilitieter. Der forslds en simpel formalisme for
estimering af dosis til vand indenfor fa procent.

Alanin er et velegnet testsystem for detektorresponsmodeller grundet
dets et-hit karakterisik, som udelukker supralineariet og idet dosisbidrag af
overlappende spor kan negliceres over et bredt dosisomrdde. Endvidere er
en vigtig fordel tilstedeveerelsen af pélidelige og sammenlignelige udleese-
protokoller. Ulempen ved testsystemet er dog, at meget hoje fluenser er
nedvendige for at se effekter fra sporoverlap i alanin. Et palideligt et-hit de-
tektorsystem med en lavere karakteristisk dosis ville her vere gnskverdig
for undersogelser af de underliggende fysiske antagelser. Eksperimenter
med et-hit detektoren lithiumformat ma vise om denne kan bruges som
sadan.

De malte data tillader ikke konklusioner om specifikke antagelser af
sporstrukturmodeller. Imidlertid understetter overensstemmelsen af respon-
smodellerne med indsamlede data over et bredt energi- og dosisomrdde
gyldigheden af den anvendte model.
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When you finish reading this scroll, tie a stone to it
and throw it into the Euphrates.
JEREMIA 51:63
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A. Tables

A.1 Relative effectiveness of alanine in carbon ion
beams

mean energy energy spread 7  uncert.

[MeV /u] [MeVu]
68.94 3.25 0.836 0.028
76.22 3.50 0.852 0.029
88.16 3.25 0.855 0.029
94.33 3.00 0.867 0.029
109.3 2.70 0.887 0.030
114.6 2.50 0.890 0.030
147.8 2.20 0913 0.031
152.1 2.00 0915 0.031
200.7 1.80 0.928 0.032
204.3 1.50 0.930 0.032
291.8 1.15 0.961 0.033
294.6 1.15 0.953 0.032
393.5 1.05 0.955 0.032
395.9 1.05 0.954 0.032

Table A.1: Measured relative effectiveness in carbon ion beams from
[Herrmann et al., 2011b].

113
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A.2 Relative effectiveness of alanine in proton beams

mean energy energy spread n uncert.
[MeV] [MeV]
104.5 0.7 0975 =+ 0.024
106.4 0.6 0981 =+ 0.024
114.7 0.6 0971 + 0.024
116.4 0.6 0966 + 0.024
125.5 0.6 1.005 + 0.028
127.1 0.5 1.002 + 0.026
135.7 0.6 0988 + 0.042
137.2 0.6 0985 + 0.042
145.9 0.6 1.023 + 0.026
147.4 0.5 1.024 =+ 0.025
156.3 0.6 0988 + 0.044
157.1 0.5 1.021 =+ 0.025
166 0.5 099% + 0.027
167.3 0.5 0994 + 0.026
176.6 0.5 0991 + 0.024
177.8 0.5 0991 + 0.024
186.7 0.5 1.018 =+ 0.025
187.9 0.5 1.016 =+ 0.024
196.4 0.5 1.014 + 0.024
197.6 0.5 1.011 + 0.024
206.0 0.5 0976 =+ 0.024
207.7 04 0975 + 0.024
217.7 0.5 0995 + 0.024
218.8 04 0990 =+ 0.024

Table A.2: Measured relative effectiveness of alanine in proton beams. The
measurements are described in Chapter
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A.3 Results of the HIT audit study

Tables [A.3] and [A.4] are listing the results of the audit study conducted at
[HIT] described in Section [I2.T] for proton and carbon ion irradiation, respec-
tively. The pellets are named according to Figure [[2.J TPS., denotes the
dose planned by the corrected by a machine output factor, which varies
daily. RED denotes the response equivalent dose in the alanine detectors de-
termined at[NPLl The average RE eta and the stopping force ratio S(,, 5y have
been calculated in FLUKA. The physical dose and the dose to water in the de-
tectors were determined according to Equation[I2.1l The deviation between
the expected dose TPS.,,+ and the measured dose D,, is calculated as

Pellet TPS... RED n S(w,a) Dphysical D, dev

[Gy] Gyl [Gy]  [Gyl

Al 9.87 929 0965 1.023 9.62 9.85 0.20%
A2 9.88 927 0966 1.023 9.60 9.82 0.53%
A3 9.93 - 0965 1.023 - - -

A4 993 934 0965 1.023 9.67 990 0.28%
A5 9.88 931 0965 1.023 9.65 9.87 0.03%
Bl 9.87 9.60 0988 1.023 972 995 -0.81%
B2 9.85 950 0.987 1.023 9.63 9.85 -0.04%
B3 9.89 9.67 0987 1.023 9.80 10.02 -1.40%
B4 990 9.60 0987 1.023 9.72 995 -0.54%
B5 9.84 9.62 0985 1.023 9.77 10.00 -1.62%
C1 9.85 952 0989 1.024 9.63 9.86 -0.12%
C2 9.87 9.60 0991 1.024 9.69 9.92 -0.55%
C3 991 964 0991 1.024 9.73  9.96 -0.50%
C4 9.89 9.65 0991 1.024 9.73 996 -0.76%
C5 977 971 0989 1.024 9.82 10.05 -2.86%
D1 9.88 952 0991 1.024 9.61 9.85 0.31%
D2 991 954 0992 1.024 9.61 9.85 0.58%
D3 9.86 9.68 0992 1.024 9.76 10.00 -1.43%
D4 9.88 9.69 0991 1.024 9.78 10.02 -1.44%
D5 993 9.66 0990 1.024 9.75 9.99 -0.64%

Table A.3: Measured and calculated data of the proton irradiation described
in Section [12.1]
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Pellet TPSc,: RED n S (w,a) Dphysical Dy, dev
Gyl Gyl Gyl  [Gy]
Al 9.89 742 0.748 1.014 9.92 10.06 -1.76%
A2 993 741 0.748 1.003 990 994 -0.12%
A3 993 730 0.741 1.004 9.84 989 0.39%
A4 9.88 735 0.746 1.002 9.85 987 0.07%
A5 9.82 736 0.748 1.004 9.83 987 -0.51%
Bl 9.89 8.27 0.840 1.014 9.85 999 -1.02%
B2 990 822 0.840 1.015 9.78 993 -0.40%
B3 9.89 823 0.841 1.018 9.79 997 -0.86%
B4 9.88 824 0.840 1.013 9.80 994 -0.62%
B5 9.85 828 0.840 1.017 9.86 10.03 -1.88%
C1 993 855 0.876 1.024 9.75 999 -0.63%
C2 992 856 0.876 1.025 9.76 10.01 -0.93%
C3 991 840 0.876 1.026 959 984 0.66%
C4 992 862 0876 1.024 9.84 10.08 -1.65%
C5 993 8.60 0.876 1.026 9.82 10.08 -1.43%
D1 990 859 0900 1.017 955 972 1.81%
D2 990 8.86 0.900 1.031 9.85 10.16 -2.62%
D3 9.89 9.00 0.899 1.029 10.01 10.30 -4.24%
D4 9.87 8.79 0.899 1.031 9.78 10.08 -2.19%
D5 993 876 0.899 1.030 9.75 10.04 -1.20%
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Table A.4: Measured and calculated data of the carbon ion irradiation de-

scribed in Section [12.7]

A.4 Data from literature
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ion energy Ui oy D37 mode source
[MeV /u] [kGy]

H 1 054 0.04 105 stopping [Olsen and Hansen, 1990]
H 1.63 0.607 0.042 72.6 stopping [Fattibene et al., 2002]

H 2 0.65 0.02 105 stopping [Olsen and Hansen, 1990]
H 2.85 0.613 0.043 72.6 stopping [Fattibene et al., 2002]

H 3 074 0.07 105 stopping [Olsen and Hansen, 1990]
H 3.97 0.633 0.044 72.6 stopping [Fattibene et al., 2002]

H 5.05 0.652 0.046 72.6 stopping [Fattibene et al., 2002]

H 6 086 0.03 105 stopping [Olsen and Hansen, 1990]
H 6.1 0.623 0.056 72.6 stopping [Fattibene et al., 2002]

H 10.2 0.64 0.13 stopping Ebert 1965 +

H 12.6 0.61 0.12 stopping Ebert 1965 +

H 14 069 0.14 stopping Bradshaw 1962 +

H 14.5 069 0.14 stopping Ebert 1965 +

H 15.6 092 0.032 726 crossing [Bartolotta et al., 1999]

H 15.8 07 014 stopping Ebert 1965 +

H 16 1 0.03 105 stopping [Olsen and Hansen, 1990]
H 24.9 096 0.034 72.6 crossing [Bartolotta etal., 1999]

H 62 097 0.02 72.6  crossing [Onori et al., 1997]

H 40 1.017 0.051 72.6 crossing [Cuttone et al., 1999]

H 60 0.99 0.05 72.6  crossing [Cuttone et al., 1999

H 160 1 _/_ 110 crossing  Bermann 1978 +
He 5 058  _/- 105  stopping [Hansen et al., 1987]
He 10.4 0.99 /- crossing  [Henriksen, 1966]*
He 58.6 1 /- 110  stopping Bermann 1978 +
He 162.5 1 /- 110 crossing Bermann 1978 +

Li 3 0.7 /- 105  stopping [Hansen etal., 1987]

Li 10.4 0.88 /- crossing  [Henriksen, 1966] *

B 10.4 0.61 /- crossing  [Henriksen, 1966] *

C 10.4 0.55 _/- crossing  [Henriksen, 1966] *

@) 4 032 0.02 105 stopping [Olsen and Hansen, 1990]
O 104 041 0.04 stopping [Henriksen, 1966| *

F 10.4 041 0.04 stopping [Henriksen, 1966] *

Si 10.4 035 0.04 stopping [Henriksen, 1966] *

S 2.5 025 _/_ 105  stopping [Hansen et al., 1987]

Ar 18.5 037 0.02 105 stopping [Olsen and Hansen, 1990]
Ar 10.4 031 0.04 stopping [Henriksen, 1966] *

Ni 154 0.35 0.07 stopping [Olsen and Hansen, 1990]
Pb 13.8 025 0.05 105 stopping [Olsen and Hansen, 1990]
U 15 033 0.06 105 stopping [Olsen and Hansen, 1990]
U 5.9 027 0.03 105 stopping [Olsen and Hansen, 1990]

Table A.5: Collection of literature data on the RE of alanine. If sources are
marked with “+” the values have been given in [Waligorski et al., 1989], if

ey

marked wit

values have been extracted from graphs in original article.

The column mode indicates if the particles stopped in the detector or crossed

the detector.
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. +
10n energy Tlmeas On Neale dev n:alc dev

[MeV /u]
He 50 058 0.03 065 -12% 0.64 -10%
He 104 0.99 076 23% 074 25%
Li 30 037 004 043 16% 044 18%
Li 104 0.88 063 29% 0.62 30%
B 104 0.61 047 23% 048 22%
C 104 0.55 043 21% 045 19%
(@) 40 041 002 032 22% 035 15%
O 104 0.32 039 -23% 041 -29%
F 104 0.41 038 9% 040 3%
Ne 104 0.38 037 4% 039 2%
Si 104 0.35 035 -1% 038 -9%
S 25 025 025 023 7% 026 -4%
Ar 104 0.31 034 -8% 036 -17%
Ar 185 037 002 037 1% 039 -6%
Ni 152 035 0.07 035 -01% 038 -7%
Ca 154 034 002 033 3% 035 -4%
Pb 13.8 025 0.05 028 -13% 031 -23%
U 59 027 0.03 021 21% 024 12%
U 150 033 0.06 026 21% 0.28 14%

Table A.6: Comparison of RE data from literature for ions heavier than pro-
tons with model calculations for + D37 = 63.1 kGy and *D37; = 105 kGy. The
data is visualised in Figure [10.6



B. Track-structure formulations

In the following formulae m. and e denotes the rest mass and charge of an
electron, retrospectively. § denotes the speed of the projectile ion relative to

the speed of light and F its kinetic energy in MeV /u .

B.1 Track extension formulae

[Hansen, 1984]
2 1.676
Frmaz = 0.5962 - <1—B2> [gem 2]

[Waligorski et al., 1986]

2 @
) e

{1079 : forB <0.03
~ 1 1.667 : forB>0.03

Praw = 6-1075 (Qme

[Scholz and Kraft, 1996]
Tmax = O 10_6 : (E‘)l.7 [gcm—Z]

[Elsasser et al., 2008]
Fmax = 6.2-107%. (E)*"  [gem™?]

[Tabata et al., 1972]

1
Tmax = Q1 ai IOg (1 + a27-) — agzT (1 + a47_a5) [gcm—Z]
2

where 7 = 2- % and a; is defined as:

bhA
ar = 1b2T
Z7
ay = b3ZT

ag = by —bsZp

ay = b —brZr
b8
a = —_—
5 Z;g
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with Zr representing the average atomic number and Ay representing the
average atomic mass of the target material. The parameter b; are determined
as:

1 bi

1 02335 + 0.0091

2 1290 + 0.015

3 (178 £ 0.36)-1074
4 09891 =+ 0.001

5 (301 £ 0.35)-1074
6 1468 + 0.09

7 (1180 + 0.097)-1072
8§ 1232 + 0.067

9 0109 + 0.017
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