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Messung der im Wasser absorbierten Dosis im SOBP eines klinischen Kohlen-
stoffstrahls mit Hilfe von Wasserkalorimetrie

Die Dosimetrie bezogen auf die Wasser-Energiedosis erreicht in Kohlenstoffstrahlen bisher
nicht die gleiche Genauigkeit wie in hochenergetischen Photonenstrahlen. Dies ist grof-
tenteils durch die Standardunsicherheit des Korrektionsfaktors fiir die Strahlenqualitét
kg bedingt. Aufgrund fehlender experimenteller Daten basiert kg hauptsichlich auf
theoretischen Berechnungen und weist dadurch eine dreimal hohere Standardunsicher-
heit auf als in Photonenstrahlen. Um diese Unsicherheit zu reduzieren, wurden exper-
imentelle kg-Faktoren bereits fiir den Eingangskanal eines monoenergetischen Kohlen-
stoffstrahls bestimmt. Im Rahmen dieser Arbeit werden nun erstmals kg-Faktoren fiir
den Spread-Out-Bragg-Peak (SOBP) eines Kohlenstoffstrahls prisentiert. Dazu wurde
die Wasser-Energiedosis in einem zuvor gut charakterisierten Bestrahlungsfeld mit Hilfe
von Wasserkalorimetrie bestimmt. Um diese Messungen in gescannten Kohlenstoff-
strahlen durchfithren zu konnen, wurde der SOBP passiv mit einem statischen 2D-
Reichweitenmodulator erzeugt. Basierend auf den kalorimetrischen Messungen kon-
nten Ionisationskammern direkt kalibriert und dabei kammerspezifische kg-Faktoren mit
einer relativen Standardunsicherheit von 0,7 % bestimmt werden. Diese signifikante Re-
duzierung der Unsicherheit im Vergleich zu berechneten Werten erméglicht es, die Gesam-
tunsicherheit in der Ionisationskammer-basierten Dosimetrie fiir klinische Kohlenstoffs-
trahlen drastisch zu verringern.

Absorbed dose to water measurements in the SOBP of a clinical carbon-ion
beam using water calorimetry

Up til now, the dosimetry in terms of absorbed dose to water in carbon-ion beams has
not reached the same level of accuracy as in high-energy photon beams. This is strongly
influenced by the standard uncertainty of the beam quality correction factor kg. Due
to a lack of experimental data, kg is mainly based on theoretical calculations showing a
three times higher uncertainty than in photon beams. In order to reduce this standard
uncertainty, experimental k¢ factors have been determined for the entrance channel of a
monoenergetic carbon-ion beam. Within this thesis, kg factors are now presented for the
spread-out Bragg peak (SOBP) of a carbon-ion beam for the first time. Therefore, the
absorbed dose to water in a previously well-characterized irradiation field was determined
by means of water calorimetry. To be able to perform these measurements in scanned
carbon-ion beams, the SOBP was passively modulated using a static 2D range modulator.
Based on the water calorimetric measurements, ionization chambers could be calibrated
directly, determining chamber-specific kg factors with a relative standard uncertainty of
0.7 %. This significant reduction in uncertainty compared to calculated values gives the
chance to drastically decrease the overall uncertainty in IC-based dosimetry for clinical
carbon-ion beams.
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1 Introduction

The radiation therapy with carbon-ion beams has become an attractive tool for cancer
treatment [4, 5, 6], as it offers both physical and biological advantages compared to
conventional high-energy photon radiotherapy. Due to a low scattering behaviour and
a defined range in material with the highest energy deposition in the Bragg peak (BP)
(see Figure 1, mono-energet. '2C), carbon ions offer the opportunity for a very precise
spatial dose deposition, allowing a greater local tumor control while sparing the healthy
tissue [7]. Furthermore, carbon ions show an enhanced relative biological effectiveness
(RBE) due to an increased linear energy transfer (LET) and thus a higher ionization
density [8, 9].
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Figure 1: Schematic illustration of the superposition of mono-energetic carbon-ion beams
to a SOBP for the treatment of a certain tumor volume (gray area). The depth
dose curves of the single carbon-ion beams (blue, partially dashed lines) as well
as the resulting SOBP (dark blue) are shown in comparison to the depth dose
distribution of a photon beam (red). The healthy tissue that can be spared in
the carbon-ion treatment compared to the photon irradiation is indicated by
the light blue areas.

In consequence, this precise tool for cancer treatment requires a very accurate dosime-
try to verify and ensure the irradiation quality. However, the dosimetry for carbon-ion
beams has not reached the same level of accuracy as for photon beams so far. The
standard uncertainty for dosimetry in terms of the absorbed dose to water in clinical
photon beams using calibrated ionization chambers (ICs) is about 1% [10, 11, 12]|. For
carbon-ion beams, it is about three times higher [10], which is mainly caused by a high
standard uncertainty of the correction factor for the beam quality k¢ [6].
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As ICs are calibrated at a reference beam quality Qo (usually ®°Co), the absorbed dose
to water to be measured at the user’s beam quality () needs to be corrected for the dif-
ferent response of the IC to the beam qualities (Q and Q)¢ by applying the beam quality
correction factor kg. Due to a lack of experimental data in carbon-ion beams, kg values
are primarily based on theoretical calculations, as stated in the international recommen-
dations on reference dosimetry, the International Code of Practice for the Dosimetry of
External Radiotherapy Beams TRS-398 [10], as well as in the German DIN 6801-1 [13].
Hereby, different assumptions for the influencing quantities are being made resulting in a
standard uncertainty for kg of 2.8 % (TRS [10]) or rather 2.2% (DIN [13]). In contrast,
for photons this is 1.0 % [10]; if experimentally determined values are also taken into
account, it is even lower (0.6 %) [14].

Direct experimental determinations of kg values by means of water calorimetry for diffe-
rent ionization chambers have been presented for medium-energy x-rays [15], high-energy
photons [16, 17, 18], electron beams [19] as well as for passively scattered [20] and scanned
pulsed protons [21]. k¢ factors based on Monte Carlo (MC) simulations have also been
presented for photon [22, 23], electron [24, 25| and proton beams [26]. In contrast,
experimental and MC-based data for carbon-ion beams is very rare. Water calorimetry-
based absorbed dose to water values have been presented for example by Brede et al. [27];
Burigo et al. [28] performed MC simulations to calculate stopping power ratios and k¢
factors for carbon-ion beams based on the ICRU 90 key data [29].

Osinga et al. [30] experimentally determined k¢ factors for two Farmer-type ICs in the
entrance channel of a mono-energetic carbon-ion beam using the water calorimeter de-
signed at Physikalisch-Technische Bundesanstalt (PTB) [31, 15]. The entrance channel,
defined at a shallow depth of a mono-energetic field, is characterized by a relatively low
LET. Here, an overall standard uncertainty for kg of 0.8 % was achieved. Performing a
cross-calibration, kg factors for a further eight different cylindrical ICs and three diffe-
rent plane-parallel ICs were determined with a standard uncertainty of 1.1 % [32]. These
measurements were performed at the Heidelberg Ion-Beam Therapy Center (HIT) using
a raster scanning beam delivery system, since Jakel et al. [33] recommended measure-
ments at the entrance channel of a mono-energetic beam for the calibration of the beam
monitoring system of such a scanning system.

Nevertheless, as the target region of carbon-ion radiotherapy is irradiated with a spread-
out Bragg peak (SOBP, see Figure 1), additional verification of the delivered dose by
measurements at the SOBP is needed. This makes a precise dosimetry essential also
in this region. Within this thesis, kg factors for the SOBP of a carbon-ion beam were
determined for the first time. Measurements were performed at the HIT. As the SOBP is
characterized by a higher LET compared to the entrance channel, possible dependencies
of kg on the LET should be observed. The reduced standard uncertainty of the expe-
rimental determined k¢ values that could be achieved may contribute to a reduction of
the overall uncertainty in carbon-ion radiotherapy.
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To be able to determine kg factors, first, a suitable irradiation field was needed. An
irradiation technique using a static 2D range modulator (2DRM) was developed and
optimized in terms of field size and homogeneity achieving an irradiation time suitable
for water calorimetric measurement. The resulting dose distribution was characterized
in detail in order to verify its applicability for water calorimetry and as a data base to
determine correction factors and uncertainty contributions for the determination of kg.
A reliable measurement tool as well as an efficient setup were needed to be able to measure
a 3D dose distribution accurately and within a reasonable time. For this purpose, a setup
was developed to move an IC array inside a water phantom remote-controlled in depth.
Additional film measurements were performed to verify the spatial resolution of the
array. For a comprehensive comparison of film and IC array data, the film was corrected
for non-dose dependent artifacts by successfully applying the triple channel analysis to
carbon-ion irradiated film for the first time.

Water calorimetric and ionometric measurements were performed in order to determine
kq factors as well as their overall standard uncertainty.
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2 Background

In this chapter, an overview of the interaction processes of heavy charged particle with
matter and their description is presented. An introduction to dosimetric concepts to mea-
sure the absorbed dose to a medium is given including the theory of IC-based dosimetry
as well as water calorimetry. The practical dosimetry using calibrated ICs as well as the
current status of reference dosimetry in carbon-ion beams is presented.

2.1 Interaction of charged particles with matter

Unless otherwise indicated, the following explanations are taken from |34, 35].

When charged particles enter matter, several interaction processes occur leading to an en-
ergy loss of the particle, a slowing down, scattering and fragmentation processes. Heavy
charged particles (such as carbon ions) slowly loose their energy in matter until they
finally come to rest. The total mean energy lost during all interactions per distance in
matter travelled is called the stopping power S; it can be divided into three compo-
nents:

S = @/dﬂf = Secol + Srad + Snuc- (1)

The electronic stopping power S,,; describes the energy loss due to collisions with atomic
electrons. The energy loss due to the deflection of the primary particle from a target
nucleus leading to the emission of a photon, the so-called Bremsstrahlung, is given by the
radiative stopping power S,qq. It strongly depends on the mass of the primary particle
and is only relevant for electrons, whereas it can be neglected for heavy charged particles
at therapeutic energies. The nuclear stopping power Sy describes the energy loss due
to elastic Coulomb scattering of the particles at the target nuclei, this effect is negligible
for energies > 1 MeV. Energy loss due to inelastic scattering with target nuclei leading to
the production of secondary particles (fragments) is not included in the stopping power.
For clinically relevant energies of carbon ions (about 90 MeV /u up to 430 MeV /u), the
energy loss is dominated by the electronic stopping power. It is well described by the
relativistic Bethe formula derived by Hans Bethe [36]:

Z 2
S%Scol:p'k'Z'@'L(B% (2)
with a constant factor k& ~0.3071 MeV-cm? /g, the reduced electron density Z/A of the
target material, and the charge z and velocity 8 = v/c of the projectile. The rest function
L(p) includes additional dependencies on the velocity and the mean excitation potential
I
2mec? 32

L() = 1m (1_5) 5 In(1). (3)

The Bethe formula can be extended by additional correction terms which take e.g. the
impact of the atomic shell structure into account.
From Equation 2, it can be seen that for a decreasing energy, which means a slowing
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down of the projectile, the stopping power increases dramatically as S ~ 1/v?. This
leads to a increased deposition of energy at the end of the projectiles’ track resulting
in the characteristic depth dose distribution with the so-called Bragg peak, as shown in
Figure 1 (depth-dose curve of the mono-energetic 12C beam). As S ~ Z2, the stopping
power also increases dramatically with increasing charge of the projectile, meaning a
carbon ion will deposit more energy in the target medium than e.g. a proton at the same
velocity. Due to electron capture at low velocities, Z is not constant for heavy charged
particles, leading to a decrease of the stopping power at a certain energy of the projectile.
If restricted to secondary particles with an energy below a certain threshold A, the elec-
tronic stopping power for charged particles equals the linear energy transfer (LET)
L. For A — oo, the limit of the LET is the unrestricted electronic stopping power:

Algnoo LA = Scol- (4)

The LET describes the local energy deposition within a certain area around the primary
particle track. For heavy charged particles, many low-energy and therefore short-range
secondary electrons are produced within several interaction processes with the target
material. This leads to a very local energy deposition and a high LET.

Due to many interactions with low energy deposition, a continuous slowing down process
while travelling through an absorber can be assumed for heavy charged particles. Fol-
lowing that, the range of a particle in matter can be calculated by integrating the inverse
stopping power:

0
R(E) = /E S(lE,)dE’. (5)

In practice, one uses the practical range of a beam. For carbon ions it is defined as
the depth in water at which the value of the percentage depth dose distribution after
the Bragg peak (corresponding to 100 % dose) has dropped to 50 % [13]. Due to a low
scattering behaviour of the ions, this practical range is a good approximation of the par-
ticle’s range R (Equation 5).

The range straggling oyqnge is proportional to 1/ VM, with M denoting the projec-
tile’s mass. This means that for heavy charged particles with high mass M, the range
straggling is very low and the particles’ ranges and track length match well. Multiple
scattering leading to range straggling, as it occurs in thick absorbers, is described by the
Moliére theory [37, 38] which provides in a first approximation a normal distribution of
the scattering angles. The range straggling is determined by an energy straggling which
leads to a broadening of the initial beam energy to a normally distributed spectrum.

The path length of the particle is often stated in water-equivalent units, converting
the range in e.g. human tissue into the corresponding range in water as it is needed for
analytical dose planning algorithms [39]. The water-equivalent path length (WEPL)
is defined as the ratio of the mean particle range in a medium m and in water. It can be
derived from the stopping power ratios in both media. Experimentally, it is determined
via range in water measurements using e.g. the PTW Peakfinder (Chapter 3.2.3) as
described by Jikel et al. [40]. First, the depth dose distribution of a mono-energetic
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beam is measured without any additional material in the beam’s path. For a second
measurement, a material m of thickness d,, is positioned in the beam path. The Bragg
peak’s positions r, (without material) and r,, (with material) for both measurements
are determined, the WEPL then results from:

WEPL = (1w~ "m. (6)
dm
The material-specific property often specified is the water-equivalent thickness (WET),
which is defined as WET,,, =WEPL,, - d,,.

If the projectile’s energy is high enough to overcome the target nucleus’ Coulomb wall,
nuclear interactions can take place. These interactions are very short-ranged, mediated by
the strong interaction. In this process, fragments of both the projectile and the target are
produced. The resulting fragment spectrum effects the depth dose distribution (resulting
in the fragmentation tail), the biological efficiency, the response of detectors used, as well
as dosimetrical correction factors such as k.

2.2 Dosimetry

Unless otherwise indicated, the following explanations are taken from [34, 41].

The main quantity of interest in radiation therapy is the absorbed dose D which is defined
as the mean energy dE absorbed per unit mass dm to a volume dV with the density p:

dE dE
= dm  p-dv ")

Its ST unit of measure is Gray (Gy): 1 Gy= 1J/kg. Dosimetry is the field of representation
and measurement of absorbed dose.

2.2.1 IC-based dosimetry

The basic concept for the determination of the absorbed dose to a medium according to
DIN 6800-1 [42] is the probe method: A probe is inserted into the medium and irradiated
together with it. The probe most commonly used for absolute reference dosimetry are
air-filled ionization chambers (ICs). An IC consists of an anode and a cathode separated
by an active medium (air) between which an operating voltage is applied. Within the
active medium, free charges are created by the interaction between the radiation and
the medium, which are collected by the applied electric field. The resulting current is
measured by an electrometer as the IC’s signal M; the absorbed dose D to the medium
is determined from the signal M. To this end, corrections are needed due to the probe’s
material and components disturbing the irradiation field, or its measurement volume
leading to a volume averaged signal. In reference dosimetry, the medium used is water;
therefore, the absorbed dose to the medium will be referred as D,,.
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To convert the probe’s signal M to the absorbed dose to the medium D,, under reference
conditions, first, M is corrected for the dependence on the current air density (under
temperature 7" and air pressure p) using the correction factor k,,:

_pT

ky,=— ’
P p T

(8)
with pp = 101.325kPa and Ty = 293.15 K as reference condition. This gives the cor-
rected signal Mcorr = M - k,. Additional corrections needed for IC dosimetry, that are
not included in M, are described in Chapter 3.5.2. A possible background My # 0 is
considered during the measurement by performing a zero adjustment of the electrometer.
The absorbed dose to the probe Dg.;, which includes the influence of all probe’s compo-
nents, is given by introducing an intrinsic energy dependence factor k;,q,

Ddet = kintr(Q) : kz’l : Mcorra (9)
with y
wj/e
Kintr = —- 10
.= (10)

Hereby, w/e is the mean energy needed to produce an ion pair in air, also referred to as
Wair [10]; pV is the mass air in the measurement volume. k; is the intrinsic linearity
factor describing the deviation between Dy and Mcy.; if k; is dose-independent, a
linear detector response is given.

To determine the absorbed dose to the medium D,, from Dy, a dose conversion factor
f for the given beam quality ) and measurement conditions C' (field size, measurement
depth, etc.) is needed:

fQ,C) = <5‘Zt>Q,C (11)

If the following conditions (Bragg-Gray conditions) are fulfilled, the dose conversion
factor can be calculated according to the Bragg-Gray cavity theory, which was developed
by Louis Harold Gray, William Henry Bragg and William Lawrence Bragg in 1936:

1. The dose inside the probe is only mediated by electrons passing the probe, only
the electronic stopping power influences the energy transfer.

2. The electrons’ fluence inside the probe is identical to the one in the medium, the
probe does not disturb the fluence.

For a known electron fluence spectrum ®g ,,, the absorbed dose inside the probe D,
(assuming that all probe’s components are of the same material as the medium) can be

calculated via: g
Dy, = /%,m (’) dE, (12)
P/ m
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with (%) the mass electron stopping power of the measuring medium inside the probe.
m

Introducing a mean mass electron stopping power with respect to the fluence spectrum
inside the probe

- S,
% _féE,m(pl>de
P )m [ PemdE
the absorbed dose is given by

using [ Pp dE = @,
For the medium which the absorbed dose shall be determined for, this is

Dy :(Spe’>w. ®,. (15)

Assuming a very small probe to fulfill the Bragg-Gray conditions, the fluence inside and
outside the probe remains unchanged: ®,, = ®,,. It follows

(.50,

For the medium water and the probe’s material air (as given for air-filled ICs), this con-
version factor is denoted as f = sBG

As Equation 16 does not take d-electrons with energies high enough to leave the probe’s

material into account, but considers these energies in the stopping power (‘%’) , modi-

fications to the Bragg-Gray theory have to be made. These were introduced bymSpencer
and Attix in 1955 [43, 44]:

1. An energy-restricted electronic stopping power La was introduced excluding the
high-energy d-electrons which leave the probe’s volume. In addition, an extended
fluence ®" was used which considers the d-electrons’ energy contribution.

2. It was distinguished between those electrons leaving the probe’s material and those
stopping inside the probe by defining an energy threshold A, as well as a so-called
track-end term T'E including the fraction of energy absorption by electrons with
an energy £ < A.

With these modifications the dose conversion factor according to Spencer-Attix follows

as

o fEmaz cI)/ (LA/p)w + TEy (17)
e B <I>’E,a (La/p)a+ TE,
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In reality, the Bragg-Gray conditions are not completely fulfilled, the insertion of a probe
to a medium will always at least slightly change the fluence spectrum. To consider
this perturbation of the spectrum at the measurement position, an additional, chamber-
specific perturbation factor pg is introduced:

F(Q) = (sufa) g P (18)

2.2.2 Water calorimetry

Another and the most direct approach for the determination of the absorbed dose to
water, even though it is usually not suitable for routine clinical use, is water calorime-
try |6]. Hereby, the radiation-induced rise in temperature AT at a certain point inside a
water phantom is measured. The absorbed dose to water D,, o for the beam quality @
in which the measurement is performed is determined via

Dug=AT ¢, [[ ks, (19)

with ¢, denoting the specific heat capacity of water of 4206.8J/(kgK) [45]. The k;’s
indicate the different correction factors that have to be applied in order to correct for
several effects such as heat conduction effects, the heat defect (describing the amount
of deposited energy which does not appear as heat due to chemical reactions occurring)
and other corrections due to the calorimeter’s technical structure. These corrections are
described in detail in Chapter 3.4.2.

For a reliable water calorimetric determination of the absorbed dose to water with a small
standard uncertainty, a few requirements need to be fulfilled: As the radiation-induced
temperature rise that is measured within the calorimetric experiment only amounts to
about 0.24mK/Gy [31], doses >1Gy are usually applied [46] for a satisfying signal
to noise ratio. In addition, the irradiated field for the calorimetric measurement of
D, should have a certain size as a very small field directly influences the heat con-
duction effects making greater corrections necessary and thereby also increasing their
uncertainty [47, 18|. Heat conduction effects are also influenced by the time needed to
irradiate the field, as the initially induced heat dissolves with time [47]. This means, a
compromise has to made between irradiated dose and field size, and on the other hand
irradiation duration. To determine the correction factors k;, a detailed knowledge of the
irradiation field is required. In order to achieve a low uncertainty in these factors, and
thus a low uncertainty in the determined D,,, the irradiation field has to be reproducible
and homogeneous [46]. The irradiation field parameter and criteria choosen for this work
will be presented below (Chapter 3.1).

At the German national standard laboratory PTB, water calorimetry is used as the pri-
mary standard for the absorbed dose to water. Here, ICs are calibrated in the PTB’s
reference field (°Co) by means of water calorimetry.
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2.2.3 Practical dosimetry using calibrated ICs

In practical reference dosimetry, calibrated ICs are used. Therefore, the IC is brought
into in a reference field with beam quality (o, for which the absorbed dose to water D, ¢,
has been determined beforehand for reference conditions. Usually this reference field is
a 99Co beam [48]. Measuring the corrected IC reading Mg, under defined reference
measurement conditions, the calibration factor for the beam quality Qg is given by

ND1w1Q0 = Don /MQO' (2())

To be able to use this calibration factor for measurements at a given beam quality
Q@ # Qo, a correction factor kg g, has to be introduced correcting for the difference in
the IC’s response to the beam qualities Q and (Qg. This factor is defined as the ratio of
the calibration factors for both beam qualities:

k — NDvva — Dva/MQ
9 ND,w,qo ND,w,Qo '

(21)

kq,q, is a chamber-specific correction factor; for a known calibration factor Np ., g, of
the IC used, it can be experimentally determined by measuring the absorbed dose to
water Dy, o and the IC reading Mg under the same irradiation conditions. For the
corrected IC reading Mg in the beam quality @, the absorbed dose to water D, g is
then given by

Duw,g = Mg - Npw,qo - kQ.Qo- (22)

In the following kg g, will be referred to as kq.

2.2.4 Current status of reference dosimetry in carbon-ion beams

Following international recommendations by the TAEA given in the International Code
of Practice for the Dosimetry of External Radiotherapy Beams TRS-398 [10], kg is
determined via theoretical calculations due to a lack of experimental data. Therefore,
the following equation is given:

1 — (swairde Wair)o Po (23)

(SW,aiT)QO (Wair)Qo PQo '

Hereby, sy qir is defined as the ratio of the mean restricted mass stopping powers of water
and air, Wy;, denotes the mean energy spent to form an ion pair in air. p is the overall
perturbation factor for the IC used, it can be calculated as the product of perturbation
factors correcting for different effects:

® Pcaw: The air cavity changing the electron fluence at the measurement position
® p.o: The influence of the IC’s central electrode on the irradiation field

® pyay: The influence of the non-water-equivalent chamber wall
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e pgis: The effect of the replacement of water by the IC cavity when the IC’s reference
point is taken to be at the chamber centre

Due to a lack of experimental data, constant values are adopted for (sy qir)g and (Wyir)Q
which are valid for all ions with 2 < Z < 18, assuming (sy,qir)@ and (Wgir)g to be in-
dependent of the beam quality and neglecting contributions of fragmentation processes.
As no information on the perturbation effect of ICs in ion beams is available, pq is as-
sumed to be unity. The stated corresponding relative standard uncertainties are 2.0 %
for (Sw,air)qQ, 1.5% for (Wyir)g and 1.0 % for pg. This results in a combined standard
uncertainty of kg of 2.8%. An updated version of the TRS-398 shall be published in
2021 [49].

German national standard regulations stated in the DIN 6801-1 [13] also prescribe cal-
culated kg values for heavy ion beams according to Equation 23, but introducing the
stopping power ratio (sw,air)Q as a function of the residual range R,.s according to

c

Sw,air = @+ b Ryes + Roos

(24)
for Ryes > 0.03cm. Hereby, the residual range is defined as the difference between
the measurement depth and the depth at which the value of the percentage depth dose
distribution after the Bragg peak (100 %) has dropped to 50 %. For ions with 2 < Z < 10,
a=1.120,b=—3.998-10"° cm~ ! and ¢ = 3.942-10"* cm. A relative standard uncertainty
of 1.5% is stated for the resulting stopping power ratio, leading to a somewhat lower
overall standard uncertainty of kg of 2.2%. The values used for the calculation of kg
according to TRS-398 and DIN 6801-1 using Equation 23 are summarized in Table 1.

Quantity TRS-398 DIN 6801-1

(Sw,air)Q 1.130 (2.0%) 1.120 (1.5 %)

(Sw.air) 0o 1.133 (0.5 %) 1.122 (0.1%)

(Wair)g / J/C 34.50 (1.5 %) 34.50 (1.5%)

(Wair)ao / J/C 33.97 (0.2%) 33.97 (0.2%)

Po 1.0 (1.0%) 1.0 (1.0%)

Do Listed in table B.I. TRS-398 [10] (0.6 %) TRS values multiplied by k. (see Equation 25, 26) (0.6 %)

Table 1: Values for Sy qir, Wair and p for the beam qualities @ (ion beams with 2 <
Z < 18 for TRS-398 and 2 < Z < 10 for DIN 6801-1) and Qo (%°Co) used for
the theoretical calculation according to Equation 23 as stated in TRS-398 [10]
and DIN 6801-1 [13]. The corresponding relative standard uncertainties are
given in parentheses. (Suqir)g according to DIN 6801-1 was calculated for a
residual range of 3.29 cm (as given for the calorimetric measurement position,
see Chapter 3.4) using Equation 24.

Chamber positioning In the beam quality ), both TRS-398 and DIN 6801-1 prescribe
a positioning of the chamber’s reference point 0.75 - r;c deeper than the measurement
position z to use the tabulated k¢ factors; hereby, r;c denotes the chamber’s radius. At
beam quality Qq, the reference point shall be positioned at z for the determination of
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Np.w,qo- In the TRS-398, this displacement effect is included as a factor pg;s g, in the
overall perturbation factor pg, used for the theoretical calculation of kg (Equation 23),
whereas the DIN 6801-1 introduces an additional IC-dependent factor k.

As the IC positioning as well as the treatment of the displacement effect as stated in TRS-
398/DIN 6801-1 differs from the experimental situation during the water calorimetric
measurements (see Chapter 3.5), the experimental factors kg will be expressed as k:gRS

DIN
kg

and according to the definitions given in these reports as follows:

kSRS = kg - (14 0.75r7¢ - d120) " (25)
k
kgIN = k—Q (14 0.7571¢ - 5120)71 (26)

with d12; denoting the relative depth dose gradient of the irradiation field at the mea-
surement position. k, is defined as (1 — 0.003 - r;¢) ! [13]; using the ICs’ radii given
in Table 4, this gives a value of k, = 1.009 for both ICs used within this thesis. These

values ]%RS and k:QDI N can then be compared to the values stated in the literature.
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3 Material and Methods

In this chapter the different devices, experimental setups and methods used within this
thesis are presented.

The following chapters 3.1.2, 3.1.3, 3.1.4, 3.2 and 3.3 are based on article [1]|; 3.2.1 is
based on article [2]. Chapters 3.4, 3.5 and 3.6 are based on article [3].

3.1 Irradiation

All measurements were performed at the Heidelberg Ion-beam Therapy Center (HIT).
The beam delivery system at HIT as well as the irradiation methods used within this
work, such as the irradiation plan and the 2DRM for a passive modulation of the SOBP,
are presented in this chapter.

3.1.1 Beam delivery system at HIT

The Heidelberg Ion-beam Therapy Center (HIT) as a part of the Heidelberg University
Hospital has been in clinical operation since 2009 [50]. It has three treatment rooms,
two of which with a horizontal beam line and one with a gantry allowing to rotate the
ion source by 360° around the patient, as well as one experimental room for quality as-
surance (QA) measurements and pre-clinical studies. All experiments within this thesis
were performed at this “QA-room”.

The acceleration takes place, in a first step, using a linear accelerator (LINAC) before the
ions are being injected into a synchrotron, where a final beam energy of up to 430 MeV /u
can be reached. The ions available at HIT are protons, helium, carbon and oxygen,
whereby only protons and carbon ions are clinically used at the moment. As the maxi-
mum number of particles per synchrotron cycle is limited, the final beam has a pulsed
structure with beam-on times of about 5s and beam-off times of about 4.5s, where new
particles are accelerated to the requested energy. The maximum beam intensity available
at HIT (defined as the number of particles per synchrotron cycle) is 1 - 10? for carbon
ions [51].

The beam is actively delivered using the so-called intensity-controlled rasterscan tech-
nique based on the developments at GSI [52]: A focused beam is scanned point by point
over the target volume by means of vertical and horizontal magnets in the x- and y-
directions; by actively adapting the beam’s energy, different slices in depth (z-direction)
are scanned. This technique allows an optimal target coverage. The beam’s focus width
is defined as the full width at half maximum (FWHM) of the Gaussian distribution that
is assumed for both the horizontal and vertical beam profiles; it ranges from 4 - 20 mm in
air at the isocenter [51].

The beam delivery is controlled by the beam application monitoring system (BAMS)
developed by SIEMENS AG; it is located in the beam nozzle at each irradiation room. It
consists of three identical ICs detecting the number of particles delivered per irradiation
spot, sandwiched by two multi-wire proportional chambers (MWPCs) for the detection of
the beam’s horizontal and vertical position. The time-resolved measurement data of the
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ICs and the MWPCs including the beam position and width in the x- and y-directions,
the number of delivered particles per spot and the irradiation duration is being stored in
the so-called machine beam records.

For all irradiations, a 3mm ripple filter was used. It consists of a PMMA plate with a
periodic structure of fine grooves [53| and is located inside the beam nozzle. The ripple
filter broadens the Bragg Peak and thereby smooths the resulting dose distribution.

3.1.2 Requirements for the irradiation

For the water calorimetric determination of the absorbed dose to water, a homogeneous
irradiation field of a reasonably size and dose irradiated in a short time is needed. The
following parameters were defined for this purpose, as they were also specified in [1]:

A dose of 1.5 Gy should be applied for a reliable signal to noise ratio. A field size of
6x6 cm? was choosen which fully covers the sensitive parts of the calorimetric detector
as well as the ICs used. The SOBP should have a depth of 6 cm resulting in a dose cube of
6x6x6cm3. This field size was considered to be a good compromise with respect to the
irradiation time (see below): A large field (as e.g. the reference field size of 10x 10 cm?
according to TRS-398 [10]) would require a long irradiation time, whereas a very small
field would influence the heat conduction effects [47, 18].

Water calorimetric measurements are rather time-critical as the heat conduction correc-
tions are especially dependent on the duration of the irradiation. Here, an irradiation
time of less than 100s should be achieved based on the findings by Medin et al. [20],
who performed water calorimetric measurements in proton beams with an irradiation
time of 2min, and Osinga et al. [30], who irradiated a mono-energetic carbon ion field
within about 95 s for water calorimetric measurements in the entrance channel of a mono-
energetic carbon-on beam.

A passive modulation of the SOBP in terms of depth was needed, as a full three-
dimensional active scanning of the irradiation field, as is usually done in carbon-ion
therapy [51, 7] would take several minutes (about 8 min for a 6x6x6cm?® volume of
1.5Gy). Therefore, a static 2D range modulator (2DRM) [54] comparable to a ridge
filter [55] was used. It is described in Chapter 3.1.3.

A detailed knowledge of the irradiation field is needed to determine correction factors
for the water calorimetric (Chapter 3.4.2) and ionometric measurements (Chapter 3.5.2).
For a low uncertainty in these factors, the field has to be reproducible and homoge-
neous [46]. As a criteria for homogeneity, the standard deviation of dose values within
a sphere with 20 mm radius was calculated; the deviation of repeated measured values
within this sphere was considered as a measure for the reproducebility. They should be
below below 2 % for the homogeneity and below 0.5 % for the reproducebility, based on
the findings by Osinga et al. [30]. The 20 mm radius was choosen to generously cover
the position of the thermistor probes inside the calorimetric detector (see Chapter 3.4.1)
and the ICs’ volume (Chapter 3.5.1).
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3.1.3 2D range modulator

Due to time restrictions during the water calorimetric measurements, the SOBP is pas-
sively modulated in depth using a so-called 2D range modulator (2DRM) [54, 56]. The
2DRM consists of many pyramid-shaped pins of the same height (as can be seen in Fig-
ure 2). When the 2DRM is positioned in the beam path, nearly mono-energetic particles
pass through different thicknesses of the 2DRM’s material depending on the position at
which they hit one of the pins. This leads to an energy broadening of the beam creating
Bragg peaks with different ranges, which superimpose to a SOBP. The resulting dose
distribution in depth D(z) can be described by the following equation:

N
D(z) =) wi-B(z+ Az-i), (27)
=1

with B(z) the pristine Bragg peak’s depth dose distribution, Az the step size between
successive Bragg peaks and w; the weight of the contribution of each Brag peak ¢ to
the resulting SOBP dose distribution D(z). By optimizing the Bragg peaks’ weights
w;, a homogeneous SOBP can be created. These optimized weights determine the well-
defined profile of the 2DRM’s pins which shows different gradients at different heights,
as described by Simeonov et al. [54].

The 2DRM has a total area of 10x10cm? to fully cover the irradiation field; each pin
has a height of 57mm. As a dose cube with constant dose was required for the water
calorimetric measurements, the pin’s shape and thereby also the created depth dose
distribution is constant over the modulator’s lateral area. Different pin base areas (period
of the pin distance) of 2x2mm?, 3x3mm? and 4x4 mm? were considered; their impact
on the resulting irradiation field was tested. In addition, two identical 2DRMs were
compared to investigate the reproducibility of the manufacturing process. The 2DRMs
were produced using rapid prototyping with a Stratasys Objet30 Pro PolyJet 3D printer
and the printing material RIGUR RGD450, a manufacturer’s own polymer for which the
composition is not specified. A schematic drawing of a 2DRM with 3x3mm? pin base
area is shown in Figure 2.

Figure 2: Schematic drawing of the 2DRM with 3x3 mm? pin base area with a detailed
view of 4x4 pins. Reprinted from [1].
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Positioning table The 2DRMs were placed on a positioning table to be able to in-
vestigate the impact of its positioning accuracy on the resulting dose distribution. This
table allows a relative positioning accuracy of 5 um in the x- and y-directions and 1 ym
in the z-direction, as well as a defined tilting around each spatial axes: 0.1° around the
x- and y-axes, less than 0.006° around the z-axis. The 2DRM was aligned using the
wall-mounted laser system which offers a positioning accuracy of 0.5mm [57|. In this
way, a total alignment accuracy of the 2DRM of 0.5 mm in each direction and less than
0.3 ° around each spatial axes can be achieved.

The 2DRM was fixed in a 3D-printed holder which was attached to the positioning table
for a stable position. The setup can be seen in Figure 3.

2DRM

Holder

Positioning
table

Figure 3: The 2DRM on the positioning table.

The back of the 2DRM was positioned at the isocenter for all measurements, the pins
were pointing towards the beam nozzle.

3.1.4 Irradiation plan

As the SOBP was passively modulated in depth, only one energy was needed. This
energy was defined by the maximum depth (that means the distal edge of the SOBP)
inside the experimental setup that should be reached. As the calorimetric measurement
position should be at 10 cm water depth inside the water calorimeter (which corresponds
to a WET from the isocenter of 11.1cm) and in the middle of the 6 cm wide SOBP, an
energy of 278.29 MeV /u had to be choosen. The different layers inside the beam path,
that lead to the given WET are summarized in Table 2 and are shown in Figure 11.
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Material geom. thickness / mm WET / mm

Air 655.0 0.7
Polystyrene 202.5 6.5
Air 7.0 0.01
PMMA 3.0 3.5
Water (RW-3) 79.3 (77.3) 79.3 (79.2)
Glass 0.7 1.28
Water (RW-3) 20.1 (19.6) 20.1 (20.1)
3 111.3

Table 2: The different material layers in the beam path of the water calorimeter and, in
parentheses, of the calorimeter slab phantom (mimicking the water calorimeter
in the Peakfinder experiment, see Chapter 3.2.3) with its geometrical thicknesses
and corresponding WETs. In summary, the WET from the isocenter to the
measurement position at 10 cm water depth inside the calorimeter is given.

The best results concerning field homogeneity were achieved for a fourfold repainting of
the irradiation field with the irradiated layers slightly shifted against each other. There-
fore, the whole irradiation plan consisted of four layers of the same energy (278.29 MeV /u);
each layer had 36 x 36 spots, a focus size of 8.2mm FWHM and a spot distance of 2 mm,
resulting in a 6 x6 cm? field. The second, third and fourth layer were shifted against the
first layer by 1 mm in the x-, y- and xy-directing. The scheme of the whole irradiation is
shown in Figure 4.
2mm

-

®@0O®O0O®O ®:---36spots per scan
ON NON NOX XNO)
L NON NON NOX |
ON NON NOX XO)
 NON NON NON |

2mm

O . O . O . O ‘lst scan
L AOA RON JON O 2nd scan
: O 3rd scan

36 spots per scan ® 4th scan

Figure 4: Scheme of the irradiation plan showing the four different layers that are irradia-
ted in a sequence. Each layer consisted of 36 x 36 spots with a spot distance of
2mm, they were shifted against each other by 1 mm. All layers were irradiated
with the same energy of 278.29 MeV /u. Reprinted from [1].

A total dose of 1.5 Gy was irradiated following this scheme. For a short irradiation time,
the highest clinically used beam intensity of 8-107 ions per second was choosen resulting
in an overall irradiation time of about 90s. This plan will be referred to the “standard
irradiation plan”.
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3.2 Field characterization

Field characterization measurements were performed (I) to find the best irradiation con-
ditions (irradiation plan: focus, repainting, etc.) and 2DRM properties (pin base area,
pin length), (II) to verify if the resulting field is suitable for water calorimetric measure-
ments in terms of homogeneity and reproducebility, and (III) to be able to determine
correction factors for the calorimetric and ionometric measurements based on the dose
distribution.

3.2.1 2D field homogeneity: Film measurements

Film measurements were performed to analyse the pattern in the irradiation field induced
by the 2DRM, as film provides a very high spatial resolution. In addition, it should be
verified experimentally if the spatial resolution of the IC array Octavius 1000p is sufficient
for the detailed characterization of the irradiation field (as presented in Chapter 3.2.2).
To this purpose, self-developing radiochromatic film (Gafchromic ® EBT3, lot number
10031801) was used as it is also widely employed in clinical routine [58].

EBT3 film consists of an active 28 um layer between two 125 um matte-polyester lay-
ers [59]. When exposed to radiation, the active layer becomes polymerized, changing the
light absorption properties in the irradiated film region. The film is self-developing, e.g.
no developing process is needed [60]. After a certain development time after the irradi-
ation, it is read out using a flatbed scanner. EBT3 film has a high spatial resolution of
max. 25 um (the spatial resolution of the measurement may be lower depending on the
performance of the read-out system) and is nearly equivalent to tissue [61].

Film measurements can be affected by artifacts and material inhomogeneities [62, 63],
variations in the active layer may add variation to the film signal and by that also to
the measured dose. A well-established method to reduce these artifacts is the triple
channel analysis method. Here, the information from all three color channels is used
to separate the dose-independent part of the signal from the resulting dose distribution.
Micke et al. |64] and Mayer et al. [65] introduced different approaches to this multichan-
nel method, generating identical resulting dose distributions. Other channel-independent
correction methods such as the weighted mean model and the truncated normal distri-
bution model were presented by Méndez et al. [66, 67]. The application of these methods
has been investigated in photon radiotherapy [68, 69, 70| as well as in brachytherapy [71].
Within this thesis, it was applied for carbon-ion irradiated film for the first time.

The dosimetric properties of EBT3 in carbon-ion beams investigated e.g. in [72| showed
a signal dependency on the ionization density. For mono-energetic beams, a decreased
response of EBT to carbon ions of about 30 % compared to photons was observed [73].
A quenching effect appeared that increased with depth [74]. It was shown that the film
response is dependent on the ion type and its energy, which means that in carbon-ion
beams, due to the nuclear fragmentation process, the optical density is not uniquely
connected to the dose for most cases. Nevertheless, it is possible to use EBT film in
carbon-ion beams if restricted to relative dose measurements of lateral distributions with
similar ionization density, as it was the case for the measurements performed here.
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Scanning The film specimens were scanned at least 32 h after the irradiation, as a 24 h
post-exposure time is recommended, preferably 48 h [75]. An Epson Expression 10000XL
flatbed scanner was used. First, 10 pre-scans of the entire scanning field were performed
to ensure a constant working temperature [76, 77]. Then, the film specimens were scanned
as positive film in transparency mode. Every specimen was scanned separately, positioned
at the middle of the scanning field to minimize lateral scan artifacts [78]. Care was taken
to position every specimen in the same orientation on the scanner relative to its position
during the irradiation. The specimens were kept flat on the scan field using a glass
compression plate [79]. They were scanned with resolution of 72dpi and 48-bit color
depth, all color-correction features were deactivated. Each specimen was scanned once,
since the investigated reproducibility of scanning was found to be 0.1 % of the maximum.
Each scanned image was separated into its red, green and blue color component using the
convert tool from the software ImageMagick [80]. From the pixel values P, the optical
density OD for each pixel was calculated using

Pyiank

OD = log1o D

(28)
with Pygnir = 65325 taken from a flood field image (nothing was placed on the scanner).

Calibration A calibration curve was determined to be able to obtain a dose-related
quantity from the optical density. Therefore, eight single fields of different number of
primary particles in the range of (0.05-1.5)-10"%mm~?2 corresponding to absorbed doses
to water between 0.1 and 3.2 Gy (measured with a calibrated IC) were irradiated onto
one EBT3 film specimen at a water-equivalent depth of 2.9 mm. The beam had an initial
energy of 278.29 MeV /u, as it was also used for all other measurements.

In addition to the carbon-ion irradiation calibration curve, film specimens were also
irradiated at a 6 MV LINAC (Elekta Synergy) to compare the resulting calibration curves.
Here, doses in the range of 0.5-3.0 Gy (determined from the LINAC’s monitor units)
were irradiated; the specimens were positioned at 10 cm depth in a water-equivalent slab
phantom.

For each calibration field the mean optical density for a central ROI of 56 x 56 px was
determined and plotted against the corresponding irradiated dose. Equation 29 was fitted
to this plot, yielding the fitting parameters a, b and ¢ for each color channel.

c-1079P — ¢

PoD) =5 —15on

(29)
Triple channel analysis In order to reduce film artifacts and make the measured
dose distribution better visible, the triple channel analysis according to Micke et al. [64]
was applied. This analysis method separates the non-dose-related part of the film signal
which is caused by film or scanning artifacts, from the dose-related part. To this end, a
disturbance value ¢ is introduced, it describes the dose-independent disturbance in the
measured optical density. The dose Dy for the color channel X using the corresponding
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calibration function fx (Equation 29) is then given by
Dx = fx(ODx - 9),. (30)

It is important to notice that the calibration condition for the average disturbance 6§ = 1
is fulfilled; this is the case for a sufficiently large measurement area reflecting average
response of the system [64]. § was determined by minimizing the differences between the
doses values of the three color channel red, green and blue for each pixel according to
the following equation:

Q(6) =min [ > (Dx, - Dx,)* | , (31)
i#]

with X;, X; € {R, G, B} denoting the three color channels red, green and blue. To avoid
diverging calculations due to artifacts in the scans, the constraint 0.8 < § < 1.2 was set
for the minimization [81]. The optical density obtained from the film was greatest for
the red color channel [60], as the main absorption band is at 633 nm [82]. Therefore, the
corrected dose distribution was calculated by multiplying the optical density from the
red channel by the value obtained for 6.
The data was processed by means of a Python routine using the NumPy package [83]
and the Image module from the Pillow package [84]; equation (31) was solved by means
of the minimizer routine from SciPy [85].

Gamma index analysis A gamma index analysis was performed as described by
Low et al. [86] to compare the dose distributions measured with EBT3 film (and corrected
by the triple channel analysis) and the IC array (see chapter 3.2.2). Thereby, the IC
array’s spatial resolution should be checked.

The gamma index analysis yields a numerical quality index for the comparison of two
dose distributions (here referred to as distribution 1 and 2). As a criterion, it combines
the distance to agreement (DTA) as the smallest distance between two points of the
distributions to be compared that show the same dose, and a dose-difference criterion.
A measured point 1“_1> of distribution 1 with dose Dl(r_f) is compared to a measurement
point 75 of distribution 2 with dose Dl(r_f) by the value I' using the defined distance
criterion Ad and dose criterion AD:

= — r? &2
r =\ — +— 2
(7‘1, 2) Ad2+AD27 (3)
with the distance between the two points r = |7“_1> — T_2>| and the dose difference
0= Dl(r_f) — Dg(ﬁ). Based on this, the gamma index + is defined as
v = min{I'(7{, 73)} v73. (33)

If v < 1, the measured point B passes the analysis, otherwise the defined threshold is
exceeded and the analysis fails. This calculation is repeated for all measurement points
of dose distribution 1.
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3.2.2 2D dose measurements: IC array

The IC array PTW Octavius 1000p was used to measure 2D dose distributions. It consists
of 977 ICs arranged in an 11x 11 cm? rectangle with a distance of 2.5mm in the inner
5x5cm? and 5 mm in the outer part of the detecting area, as it can be seen in Figure 5.
Each IC has an active area of 2.3x2.3mm? [87]. The 1000p is adapted for particle-beam
applications with the ICs filled with air instead of liquid to avoid recombination effects.
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Figure 5: Picture of the PTW Octavius 1000p (left) [88] and schematic drawing of the
ICs’ arrangement (right) [87].

The IC array was only used for relative dose measurements. The dose distributions were
normalized to the mean of the dose values within a 20 mm radius around the center. In
this way, the measurements could be better compared.

Calibration of the relative response The IC array was calibrated for the chamber’s
response relative to each other at a well characterized 6 MV photon field at PTB Braun-
schweig. Measurements were performed with the array at a measurement depth inside
a slab phantom corresponding to 10 cm depth in water; different doses between 0.5 and
5.0 Gy were irradiated. The irradiation field was characterized beforehand using a cali-
brated Pinpoint IC scanned across the field.

Water phantom setup The IC array was positioned in a water phantom inside a
waterproof PMMA case. The upper edge of the case is attached to a linear drive at
one side and to a smooth-running rail at the other side. Thus, the IC array can be
moved remote-controlled in depth inside the water phantom with a positioning accuracy
of 0.1 mm, allowing a three-dimensional measurement of the dose distribution. This setup
was developed for the purpose of a fast and effective characterization of the irradiation
field around the water calorimeter’s measurement position. Therefore, it is placed on
the same earth anchors mounted to the floor of the QA-room as the water calorimeter
(see Chapter 3.4.1) assuring a reproducible position. The setup is shown in Figure 6.
The phantom was built at the PTB workshop and is similar to the setup developed by
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Schuy et al. [89].

linear drive
(remote controlled)

Octavius 1000P —

watertight case —

water phantom |

Figure 6: Schematic drawing of the water phantom setup in side view (left); side view
(middle) and front view (right) of the setup with IC array positioned inside the
PMMA case and the water phantom filled with water. Reprinted from [1].

For the repeated field characterization measurements, the IC array was moved in steps of
2.5mm in depth over a course of 8 mm covering the whole SOBP including parts of the
entrance channel and the fragmentation tail. A polysterol block of the same thickness
and material as the calorimeter’s insulation was positioned in front of the phantom to
better map the irradiation conditions inside the calorimeter.

To compare the depth dose distributions measured with this setup with the Peakfinder
data, the Octavius’ measured values within a radius of 41 mm around the center (cor-
responding to the active area of the Peakfinder’s measurement chamber) were averaged
for each depth. For the coordinates in depth (z-axis), the measurement position relative
to the isocenter, the phantom’s and the array case’s PMMA wall thicknesses, the linear
drive’s offset and the Octavius’ measurement depth, in total 51 mm, were taken into
account.

As a quantity for field homogeneity, the relative standard deviation of measured dose
values within a sphere with 20 mm radius around the center of the dose cube was calcu-
lated. Repeated field characterization measurements were performed to investigate the
reproducebility of the distribution. For each measurement point, the standard deviation
of the repeated measurements was calculated; the mean of these standard deviations was
then taken as the measure of reproducibility.

Data interpolation For the graphical visualization and comparison of the dose distri-
bution as well as for the determination of correction factors such as k; (Chapter 3.4.2) and
k, (Chapter 3.5.2), the Octavius’ discrete measurement points were one-dimensionally
interpolated according to the Nyquist—-Shannon sampling theorem [90], using a Python
routine as also done by Bauer [87]. First, the 1D-measurement data was multiplied by
a Tukey window function (from the SciPy package [85]) of the same dimensions in order
to smoothly level down the data to zero at its outer edges. This prevented oscillating
artifacts in the interpolated data. The Tukey window function, also called cosine taper
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window, is defined as

n—a(N/2) (34)

{1 for()gngoz%
N N
%(1+COS7T|:W}> fora7<n§7

for N total points and « defining the window’s plateau width [91]| as shown in figure 7.
The plateau width had to be choosen carefully: If the plateau is too wide, oscillating
artifacts in the interpolated data are not completely suppressed due to the steep slopes
on both sides of the plateau. On the other hand, a narrower plateau means an even
greater loss of data, since a larger portion of the measured values is changed by the
window function. Here, an « value of 0.3 was found to be a good compromise.
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Figure 7: Tukey window function for o = 0.9 (left) and o = 0.3 (left) as it was applied
for the interpolation of the Octavius 1D-measurement data.

Next, a one-dimensional discrete Fourier transformation was performed to the data using
the fft.fft function from the Python NumPy package [83]. After adding 200 zeros to both
sides of the Fourier transform, the data was transferred back performing an inverse
Fourier transformation using the fft.ifft function. This added points between the actual
measurement points, resulting in a smooth curve connecting the discrete points.

3.2.3 Depth-dose measurements

The PTW Peakfinder Water Column [92| was used to measure the depth dose distribu-
tions of the different 2DRM models. It consists of a reference detector (plane-parallel
Bragg peak type 34082 chamber) fixed at the entrance window and one measuring detec-
tor (type 34080 chamber) between two water-containing bellows that are adjustable in
length. In this way, the measuring detector can be moved in depth, measuring depth dose
distributions with a spatial resolution of 10 pm and a positioning accuracy of 100 pm. Its
movement is synchronized with the synchrotron’s spill signal. The measuring detector
has a circular sensitive area with a 41 mm radius. Both chambers were operated at 400 V
using a PTW-TANDEM XDR dual channel electrometer.

Due to spatial constrains inside the QA-room, the Peakfinder’s front window was po-
sitioned at the isocenter for all Peakfinder measurements. The 2DRM was positioned
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65.5 cm in front of it, as this is also the distance between 2DRM and water calorimeter
(see Chapter 3.4). The setup is shown in Figure 8. The Peakfinder’s offset of 19.5 mm
was taken into account for all measurements.

Beam nozzle 2DRM Slab phantom Peakfinder

Figure 8: Experimental setup of the Peakfinder measurement with the beam nozzle (left),
the 2DRM on the positioning table and the calorimeter slab phantom in front
of the Peakfinder (right). The dashed red line indicates the beam path.

Calorimeter slab phantom The slab phantom positioned in front of the Peakfinder
mimes the water calorimeter in terms of absorption and scattering. It consists of slabs
of the same materials and thicknesses as they are in the beam path for the water ca-
lorimetric measurements, except for the water which is replaced by solid water (RW-3,
PTW, Germany) slabs of corresponding thickness. Thicknesses and materials of the
slabs are listed in Table 2. The phantom was a modified version of the one used by
Osinga et al. [30]; additional RW-3 slabs were added to reach a measurement depth of
10 cm in water whereas Osinga et al. used the phantom for a maximum depth of 5 cm.

3.2.4 IC measurements at the isocenter

Repeated measurements with an IC (PTW TM30013, see Chapter 3.5.1) were performed
over a period of 16 months, irradiating the standard irradiation plan without the 2DRM.
The IC was positioned inside a solid water slab phantom (RW-3, PTW, Germany) with
its reference point at the isocenter. With this measurements, the time stability of the
delivered dose independent from the positioning of the 2DRM was examined. The deter-
mined variation in the delivered dose was considered in the overall uncertainty budget of

ko
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3.3 Monte Carlo simulations

Monte Carlo (MC) simulations were performed to analyse the particle spectra at the
measurement position. Thereby, it should be investigated if the resulting kg values for
the passively modulated SOBP can be transferred to active scanning conditions, as an
active beam scanning is prevalent in clinical carbon-ion radiotherapy [7]. Different scat-
tering processes due to different material in the beam path and different initial beam
energies may lead to the beam qualities for passively modulated and actively scanned
SOBP differing. This was examined by comparing the particle and LET spectra defining
the beam quality at the calorimetric measurement position of both irradiation modalities.
All MC simulations were performed using the FLUKA transport code version 2011.2x.5 [93].
The settings are described below.

3.3.1 FLUKA transport code

The settings for precise simulations (PRECISIO) were used for all simulations. For
the passively modulated SOBP, a 278.29 MeV /u carbon-ion beam was simulated with a
rectangular beam shape and an area of 11x 11 mm? to fully cover the area of the 2DRM
implemented (see Chapter 3.3.2). The actively scanned irradiation field consisted of 22
layers with energies ranging from 196.23 MeV /u to 272.77 MeV /u to create a 6 cm SOBP
comparable to the 2DRM-modulated SOBP.

The full experimental setup was implemented including the 3 mm ripple filter and the
different layers of the calorimeter. The BAMS was not taken into account for the simula-
tion, as its WET was already considered in the Peakfinder’s offset; thus, the depth dose
distributions resulting from the Peakfinder experiment and the simulation could be com-
pared as a proof of concept for the simulation setup. The ripple filter was modeled using
several rectangular parallelepipeds and infinite half-spaces crossing the parallelepipeds,
its material was set to water. The calorimeter was implemented as rectangular material
slabs imitating the different calorimeter materials in the beam path. The entire setup is
shown in Figure 9.

Polysterene Air gap PMMA Glass
10
Ripple Filter
E‘ 2DRM Air
o, 07 = Polyst. Water
>
_10_
Calorimetric mesurement depth
T T T T T
-100 -50 0 50 100

z[cm]

Figure 9: Measurement setup as it was implemented in the MC simulations. z-coordinates
indicate geometrical depths. Reprinted from [1].
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3.3.2 Implementation of the 2DRM

Due to its complex structure, the 2DRM was implemented in the simulation as a voxel
geometry. As this is limited within the FLUKA code, only a section of 5x5 pins could
be realized. Each pin had a 3x3mm? base area and a 57 mm height.

For the implementation as a voxel geometry, the STL-file (data file containing the geo-
metric information for 3D printing) of a single pin was converted into a text file which
contained the voxel coordinates using an online voxelizer program [94]. After reshaping
and duplicating the single pin to a 5x 5 pins geometry, the voxel text file was converted
into a FLUKA voxel geometry file using the FORTRAN routine writegolemn [93]. This
file was implemented in FLUKA using the VOXELS card. As the exact composition of
the 3D printing material was not given by the manufacturer, the voxel’s material was set
to water and the voxel’s size was scaled with the water-equivalent thickness (WET) of
the 2DRM’s material. The WET was experimentally determined using the Peakfinder
as described in Chapter 2.1. Different resolutions of the voxel geometry ranging from
59x 59x 56 voxel per pin (vx/pin) to 160x 160 x 152 vx/pin were tested.

y/cm

zicm

Figure 10: Side view of the 2DRM as it was implemented in FLUKA as a voxel geometry
of 5x 5 pins.

3.3.3 Scoring

The absorbed dose to matter was detected using the USRBIN DOSE card. The flu-
ence, fluence-weighted LET and dose-weighted LET were recorded using the USRBIN
ALL-PART card and an additional FORTRAN routine implemented in the FLUKA
simulation. For each quantity, the particle spectra for particles with atomic number
Z = 1...6 were determined using the AUXSCORE card. Each USRBIN detector had a
size of 5x5x20cm?® (xyz), with one detecting bin in the x- and y-directions and 400
bins in the z-direction to record distributions in depth.

3.4 Calorimetric measurements

The absorbed dose to water was determined by means of water calorimetry via Equa-
tion 19, measuring the radiation-induced rise in temperature inside an insulated water
phantom. The measurement position was in the middle of the SOBP at 10cm depth
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in water inside the calorimeter corresponding to a WET from the isocenter of 11.1 cm.
In total, four calorimetric measurement campaigns were performed over a time period
of 18 months, each consisting of one night shift for field characterization measurements
(see Chapter 3.2.2) to ensure a stable dose distribution, followed by two night shifts of
water calorimetric measurements and one night shift of ionometric measurements (see
Chapter 3.5). Within each campaign, 65-88 calorimetric measurements were done.

3.4.1 The PTB water calorimeter

The calorimetric measurements were performed using the PTB portable water calorimeter
designed for horizontal beams; it was operated at a water temperature of 4°C [15]. The
calorimeter consists of a cubic water phantom with an edge length of 30 cm which is
thermally insulated against the room temperature. The insulation consists of actively
cooled aluminum plates sandwiched by two 5 cm thick layers of Styrofoam, surrounding
the whole water phantom except for the entrance window. Here, a 20 cm thick Styrofoam
block is used as insulation. Cooling channels connected to an external cooling unit
lead cooling liquid through the aluminum plates. To accelerate the cooling from room
temperature to the operating temperature at 4°C, the liquid can be additionally lead
through a stainless steel tube inside the water phantom. This tube is closed several
hours before and during the calorimetric measurements to reach and maintain a thermal
equilibrium. A mechanical stirrer is located on the bottom of the water phantom which
is used after one block if irradiations (see Figure 15) to homogenise the temperature
distribution again.

The water calorimeter was positioned on earth anchors mounted to the floor of the QA-
room 65.5 cm behind the isocenter. This allowed a stable and reproducible measurement
position. The 2DRM was positioned in front of the calorimeter with its back in the
isocenter. The detailed structure of the calorimeter including the different material layers
in the beam path as also given in Table 2, is shown in Figure 11; the entire setup at the
QA-room can be seen in Figure 12.
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Figure 11: Water calorimetric measurement setup with the 2DRM positioned in the
isocenter and the PTB portable water calorimeter 65.5cm behind (sizes are
not true to scale). The different material layers of the water calorimeter in
the beam path are shown in detail. The dashed red line indicates the beam
path. Reprinted from [3].
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Figure 12: Picture of the calorimetric measurement setup with the beam nozzle (left), the
2DRM on the positioning table (middle) and the water calorimeter (right).
The dashed red line indicates the beam path.
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Calorimetric detector The calorimetric detector that was positioned inside the calorime-
ter consists of a thin-walled plane-parallel glass cylinder with 95 mm outer diameter and
41.4mm outside length. The flat walls have a thickness of 0.70 mm, the cylinder walls’
thickness is 2.5mm [15]. The cylinder is filled with purified water, which is saturated
with hydrogen and was pre-irradiated with about 50 Gy dose in order to assure a zero
heat defect (see Chapter 3.4.2).

As the detecting elements, two thermistors fused into glass pipettes are mounted inside
the cylinder perpendicular to the cylinder axis. They are opposite each other with a
distance to the beam axis of about 3.5 mm (exact values are given in Table 3). The glass
pipettes are conically shaped with an outer diameter between 0.51 mm and 0.61 mm at the
end sections (varying between different detectors). The detector is shown in Figure 13.

Figure 13: Upper Picture: Water calorimetric detector consisting of the water-filled glass
cylinder held in a PMMA frame and the thermistor probes fused into glass
pipettes that are placed in the cylinder from both sides. Lower pictures: One
glass pipette as it is positioned inside the glass cylinder and detailed view of
the pipette’s tip with the thermistor fused into it. Reprinted from [31].

The calorimetric detector can be mounted at different depths in water relative to the
entrance window with the central beam axis matching the cylinder axis. Within this
thesis, a geometrical measurement depth of about 10cm relative to the inner water
phantom’s wall (beam entrance window) was used which corresponds to the middle of
the SOBP (11.1cm water-equivalent depth from the isocenter). This distance between
detector and entrance window was checked before each beam time, a time-dependent
distance change over the course of one beam time due to a bowing of the entrance
window was found to be negligible.
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Two different detectors were used over the course of the calorimetric measurements:
Detector 1 was used for the first two measurement campaigns in September and November
2019, detector 2 was used for the campaigns in July 2020 and March 2021. Thereby, a
possible influence of the detector itself on the measurement result should be excluded,
thus, obtaining a more reliable result. The detectors’ properties such as distance of the
thermistors to the beam axis, thermistors’ diameter and resistance are listed in Table 3.

Detector ~Thermistor Resistance / k Diameter / mm  Horizontal position / mm B value / K

1 E15 12.0 0.69 +3.44 3248.47
E18 8.6 0.56 -3.50 3235.08
2 E9 16.3 0.69 -2.19 3233.79
E12 14.2 0.61 +3.53 3228.34

Table 3: Properties of the water calorimetric detectors that were used for the determi-
nation of D,, . Resistance and material specific value B are valid at a water
temperature of 4°C; the given diameter is the one of the glass pipettes tips in
which the thermistor was fused.

A thermistor consists of a semiconductor material exhibiting a temperature-dependent
resistance change Ry, (T') according to

Run(T) = Rypg - B/ T—1/T0) (35)

with the measured absolute temperature 7', the resistance [, o at a temperature Ty and
a material parameter B. The thermistor’s sensitivity .S describing the relative resistance
change with temperature is given by

_ 1 ORw __B
Ry, 0T  T?

(36)

Each thermistor was calibrated before at PTB, allowing a determination of S with a rela-
tive standard uncertainty of 0.07 % [31]. Therefore, during each measurement campaign,
the water temperature T" was measured using a calibrated PT-100 sensor and recorded
throughout the entire measurement. Measuring the relative resistance change ARy, /Ryp,
the radiation-induced rise in temperature AT was determined via
1 ARy

AT = — .
T Ry

(37)

Each thermistor’s resistance was measured individually with a resolution better than
1m$ [18] using two independent 1.5V DC-powered voltage divider circuits with a well-
known fixed pre-resistor of about 20 k{2 as one part and the thermistor as the other part.
The voltage drop over each part of circuit was measured by high-stability multimeters
(Agilent 3588A) within a time interval of 0.1s. The circuit is shown in Figure 14.
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Figure 14: 1.5V DC-powered voltage divider circuit for the determination of Ryy,.

Since I = I, = Iy, for the circuit, it follows for the thermistor’s resistance Ry,

Uin, Uin,

Ry = — =R L
th 7 pre Upre,

(38)
with Ip,e and U, denoting the current and voltage in the pre-resistor part of the circuit
and I;;, and Uy, in the thermistor’s part. Ry, was recorded with 1 Hz as the average over
10 values each.

The calorimetric signal measured during the irradiation is shown in Figure 15. Here, an
irradiation causing a rise in temperature corresponds to a decrease in the signal. The sig-
nal during a single irradiation of the standard irradiation plan is shown by the embedded
picture; it clearly reflects the rescanning of the field as described in Chapter 3.1.4.
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Figure 15: Course of the measurement signal (thermistor probe’s resistance R) during a
water the calorimetric measurement. The lower left pictures shows a zoom
of the signal during one irradiation of the plan (dashed red box) and the
determination method of the resistance change AR. Reprinted from [3].
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The resistance change for each irradiation AR was determined at the middle of the
irradiation by fitting two linear functions to the signal’s course before and after the
irradiation. Each fit covers a time window of 110s starting 10s after the last irradiated
spill. [18]. The standard irradiation plan was irradiated ten times in a sequence with a
break of two minutes between each irradiation. This block of irradiation was followed by a
mixing of the water of five minutes with a remote-controlled mixer inside the calorimeter
and a waiting for about one hour for the temperature distribution to stabilize.

3.4.2 Correction factors for calorimetric measurements

Correction factors were applied for the determination of D,, g to correct for the following
effects:

e Heat conduction effects k.: Heat conduction effects were modeled performing
finite-element calculations using the software COMSOL Multiphysics (version 5.4).
The heat transport simulation was split into three separate calculations: Within a
first calculation, the influence of the actual dose distribution during the experiments
was simulated based on the data from the field characterization measurements (see
Chapter 4.3.2). The water calorimetric detector’s glass cylinder was implemented
in the software within a second calculation, but excluding the glass pipettes and the
thermistor probes. These were included in a third calculation. This separation was
done, as the thin structures of the glass cylinder and additionally of the pipettes
within one calculation would require an extremely high spatial resolution leading
to very long computation times and memory needed. For the last two calculations,
again the dose distribution resulting from the field characterization measurements
was simulated. Thereby, the effect of the dose distribution, the glass cylinder and
the glass pipettes on the heat conduction could be separated from each other. The
resulting k. was given as the product of the correction factors obtained from these
three influencing quantities.

For the implemented glass tips with the thermistor probes, the mean diameter of
0.64mm (calculated from the values given in Table 3) was used. As the depen-
dence of the heat conduction on the diameter was known from other calculations
performed for the geometry of the PTB water calorimeter [31], an uncertainty con-
tribution could be estimated to account for the deviation of the thermistor probes’
diameter from this mean value.

To further decrease the computation time needed, simplifications concerning the
temporal structure of the irradiation were made. The irradiation was devided only
in single spills assuming that each part of the field per spill is irradiated at once
instead of simulating each single beam spot as a Gaussian distribution. Therefore,
an averaged spill / spill break sequence with 2.6-4.6s per spill and 4.1s break was
used; these were determined on the basis of the accelerator’s beam records. As
an estimation of the uncertainty contribution due to this simplification, the results
of this simulations were compared to simulations where the entire irradiation field
was applied at once (still taking the time structure of spills and spill breaks into
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account).
All heat transport correction factors were calculated as the respective mean value
of the corrections for the 10 consecutive measurements of one block of irradiations.

Heat defect kj: The heat defect describes the possible difference between the
absorbed radiation energy and the energy that appears as heat, caused by the
radiolyses of water. Different studies [95, 96] showed that for high-purified, Ho-
saturated water a steady state of the radiolyses’ products was reached after a
small irradiated dose, which means a zero heat defect and kp = 1. This result
was validated also for protons via calculations for a passively scattered [97] and a
scanned proton beam [46]. Since no LET-dependence of the heat defect has been
found, kj can be assumed to be unity also for carbon ions. For the PTB water
calorimeter at a %°Co beam, it was experimentally shown that the assumption
of a zero heat defect is reasonable under the described circumstances within a
relative standard uncertainty of 0.14% [31]|. Here, the calorimetric detector was pre-
irradiated with a dose of about 50 Gy before every measurement campaign; kp = 1
was assumed with a relative standard uncertainty of 0.14% for all measurements.

Lateral displacement of the thermistor probes k;: The off-axis position of
the thermistor probes caused a difference in the measured D,, g compared to the
center position (at which the ICs are positioned), as the dose distribution was not
perfectly uniform. As a correction for this effect, the ratio of dose values given at the
center of the irradiation field and at the thermistor probes’ position was calculated
based on the field characterization measurements. The discrete measurement points
were interpolated as described in Chapter 3.2.2 to determine the dose values at the
thermistors’ positions. A correction factor k; was determined for each thermistor
and for each measurement campaign.

Measurement depth at different water temperatures k;: As the density of
water changes with temperature (999.97kg/m? at 4°C, 998.60 kg/m? at 18°C), the
water-equivalent measurement depth differed for the calorimetric measurements at
4°C water temperature and the ionometric measurements that were performed at
18°C. The dose values at the measurement depth at 4°C and at room temperature
were determined via a linear interpolation in depth of the central dose values in the
SOBP (taken from the field characterization measurements). The correction factor
kg was calculated as the ratio between these two values.

Field perturbation effect k,: The calorimetric detector caused a perturbation
of the irradiation field. To determine this effect, an IC (PTW TM30013) was
positioned inside a glass cylinder identical to the one used for the calorimetric
detector. The measured IC reading was compared to measurements under the
same conditions, but without the glass cylinder. In total, 22 measurements were
performed with and 20 without the glass cylinder. As these measurements do not
consider the perturbation effect of the glass pipettes, additional MC simulations
were performed as described in Chapter 3.3.1. In addition to the settings and
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geometrical setup described there, the full glass cylinder as a geometry as well as
the glass pipettes approximated by solid glass cylinders with a diameter of 0.5 mm
were implemented. The simulations were performed both with the material of the
region for the calorimetric detector’s glass components set to water and to glass. A
detector with a thermistor’s dimensions was inserted by a USRBIN card, its output
for both materials was compared.

Influence of the thermistors’ electrical power k.: The temperature rise of
the thermistor probes due to the change in the thermistors’ electrical power during
the irradiation influenced the measurement. The corresponding correction factor
k. was calculated theoretically based on the the setup of the resistance measu-
ring circuit (Figure 14), the temperature rise dT,, as it was measured during the
calorimetric experiment and the thermal coupling between thermistor and water
(g%)th’ with dPy, denoting the change in the thermistor’s power due to the change
in the thermistor’s temperature d73,. The thermal coupling was known from the
temperature calibration of the probes, it is typically in the order of 1073 K/uW. k.

is given as

chal+thh
frp = Srcal T Oth 39
chal ( )
with T
dli, = dPy, - | —= . 4
w=drn- (5) (10)

From the divider circuit it follows

U2 Ry, - U?
Py =U,; -] =—th — "0 “total A1
th th Rth (Rth +Rpre)27 ( )

with P, denoting the thermistor’s power, Uy, the voltage in the thermistor’s part
of the circuit and Uy the total voltage, Ry, the thermistor’s resistance and Ryye
the pre-resistance. Performing the derivation of Py, with respect to Ry, dPy, is
given by

U? 2U2 Ry
AP, — total _ total *'t dRir. 49
th ((Rth + Rpre)2 (Rth + Rpre)3 th ( )

Using Equation 39 together with Equation 40 and 42, k. was calculated.

3.5 lonometric measurements

IC measurements were performed directly after the calorimetric measurements and under
the same irradiation conditions. Therefore, the water was heated to 18°C water tempera-
ture. The IC’s reference point was positioned at the central beam axis at the same depth
as the thermistor probes of the calorimetric detector. IC reading, water temperature and
air pressure were recorded with 1 Hz frequency, which allowed a continuous correction of
the IC measurement signal for the present air density. 20-30 measurements for each IC
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were performed during each measurement campaign.
Based on the measured 1C reading M which was corrected for the present air density,
the IC reading Mg needed for the determination of kg (Equation 21) was determined as

MQ - Mcorr . kpol : ks . k’l}? (43)

with the correction factors for the polarity effect k., the ion recombination effect ks and
the volume effect k,. All three are representing the respective ratios of the corrections
for the radiation qualities () and Q. The correction factors are discussed in detail in
Chapter 3.5.2.

3.5.1 lonization chambers

kg factors were determined for two different Farmer type ICs, the PTW TM30013 [98]
and the IBA FC65G [99]. Their characteristics are given in Table 4.

Quantity TM30013 (PTW) FC65G (IBA)
Active medium air air
Active volume 0.60 cm® 0.65 cm?

(r: 3.05mm, I: 23.0mm) (r: 3.10mm, 1: 23.0 mm)
Reference point 13 mm 13 mm
(dist. from chamber tip)
Chamber voltage 400V (£500V max.) 300V (£500V max.)
Nbp,w,qo 5.3687-10” Gy/C 4.8105-10" Gy/C

Table 4: Properties of the ionization chambers used for the determination of kg factors.
Chamber voltage denotes the voltage at which the chambers were operated and
in parentheses the maximum voltage allowed. The calibration factors Np ., 0,
were determined at %0Co with a relative standard uncertainty of 0.25 % using the
PTB’s primary standard water calorimeter [31|. Data taken from [98] and [99]
as well as from the chambers’ calibration certificates.

The ICs’ calibration factors Np ¢, were determined again at PTB at the end of this
project to check their time stability; the changes in the factors found compared to the
factors used within this thesis (as listed in Table 4) lie within the factors’ uncertainty.

3.5.2 Correction factors for ionometric measurements

According to Equation 43, the following correction factors were applied in order to de-
termine the corrected IC reading Mg:

e Polarity effect k,,: The polarity effect at beam quality @), was determined via

| Mpos| + [Mneg|
2'|Mp08| '

kpol,@ = (44)
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Mpos and M4 are the IC readings at positive and negative operating voltages, both
corrected for air density effects. The correction factors kyy g, at beam quality Qo
were found in the IC’s calibration certificates.

e Saturation effect k;: The correction factor ks g in the beam quality @) was deter-
mined for each IC according to DIN 6801-1 [13]. The IC reading M was repeated
measured at 10 different voltages, each at positive and negative polarity. The in-
verse of M was plotted against the inverse of the corresponding voltage U. A
second-order polynomial was fitted to that:

1 1 1\?
M:a0+a1'<U>+a2‘<U> ) (45)

from which kg g was obtained as

al 1 as 1\?
ksg=1+——]+=2-(—]) . 46
@ +ao (UG>+ao (UG> (46)

Hereby, Ug denotes the IC’s operating voltage. The fit was performed by means of
a Python routine using the Optimize module from the SciPy package [85]. Based
on [100], a value of 1.001 was used for ks g, at beam quality Q.

e Volume effect k,: The IC measurement had to be corrected for a volume effect, as
Dy, g is a point-like quantity. Actually, the ICs’ spatial dose response functions, as
they were presented for photon beams in [101] and for electrons in [102], should be
used to determined the volume effect. As these functions are not known for carbon-
ion beams, simplified assumptions were made to account for the volume effect in
the beam quality @Q: k, o was determined as the ratio of the relative dose at the
1C’s reference point and the numerical integral across the IC’s cross section, based
on the field characterization measurements. As the dose distribution within the
I1C’s volume was smooth and without any steep gradients, this procedure provided
a satisfying result. The numerical integral was calculated for both only the single
measured data points and the interpolated measurement data (see Chapter 3.2.2),
the resulting k, o were compared. For the beam quality Qp, the volume effect was
negligible due to a flat dose distribution of the reference °Co field; therefore, no
correction factor k, g, had to be applied and k, g = k.

3.6 Uncertainty estimation

The overall uncertainty budget for the resulting k¢ factors as well as for other quantities
were determined according to the Guide to the Expression of Uncertainty in Measurement
(GUM) [103] using the software GUM workbench [104]. This software allows the input of
user-defined model equations with several input quantities and provides interim results,
one result quantity and a budget table which are automatically documented as a report.
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4 Development and characterization of the irradiation field

In this chapter the development of an irradiation field suitable for the water calorimetric
measurements is presented as well as its characterization using different measurement
methods such as ICs and film. This detailed field characterization was indispensable for
the following calorimetric measurements as it provided information about the applicabil-
ity of the irradiation techniques used for water calorimetry, as well as it generated the
data basis to determine several correction factors and uncertainty contributions for the
determination of k¢ factors.

This chapter is based on article [1]. Furthermore, Chapter 4.2 is based on article [2].

4.1 Optimization of the 2DRM

A 6x6x6cm? dose cube was required for the water calorimetric measurements. Hereby,
the lateral field size specified the 2DRM’s total area of 10x 10 cm? and the SOBP width
defined the pins’ height of 57mm. The pin base area was optimized in terms of field
homogeneity, different base areas and their impact on both the resulting lateral dose
distribution and depth dose distribution were tested. The 2DRM’s sensitivity to tilting
was investigated to estimate the effect of possible positioning inaccuracies on the dose
distribution. Two identical 2DRMs were produced and compared to investigate the
reproducebility of the printing process.

4.1.1 Depth dose distribution

Dose distributions in depth were measured using the Peakfinder for a 278.29 MeV /u 2C
beam in water after passing a 2DRM with a 2x2mm?, 3x3mm? and 4x4 mm? pin base
area, they are shown in Figure 16.

A clear formation of a SOBP with a plateau region of flat dose distribution at z = 85...141 mm
can be observed for all 2DRMs. For the 2x2mm? pin 2DRM, the SOBP shows a peak at
the beginning and at the end of the plateau region, which become smaller for 3 x 3 mm?
pins and disappear for 4x4 mm? pins. These peaks are artifacts caused by inaccuracies
during the 3D printing process: Due to the hardening of the initially liquid printing ma-
terial during the printing process, a bending of the pins’ tips and a filling of the grooves
between the pins may occur. This slightly changes the weights for the contribution of the
highest and lowest energy of the SOBP superposition. The printed structures become
less fine for bigger pin base areas and the relative printing inaccuracies, and consequently
also the artifacts, become smaller.
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Figure 16: Depth dose distributions for 2DRMs with pin base areas of 2x2mm? (blue),
3x3mm? (orange) and 4x4mm? (green), measured with the PTW Peak-
finder. Reprinted from [1].

The relative standard deviations and the relative maximum deviations of the dose values
within the plateau region of the SOBP for the three different versions of the 2DRM were
calculated, they are given in Table 5. The standard deviation becomes smaller, which
means the plateau becomes more homogeneous, the larger the pin base area is.

2DRM Rel. std. dev. / % Max. dev. / %
2x2mm? pins 0.53 2.08
3x3mm? pins 0.44 1.54
4x4mm? pins 0.31 1.34

Table 5: Relative standard deviation and maximum relative deviation of dose values mea-
sured within the plateau region (z=85...141 mm) of the SOBP for each 2DRM.

4.1.2 Lateral dose distribution

The pattern of the 2DRM’s pins creates a pattern in the resulting dose distribution that
becomes increasingly blurred with greater distance from the 2DRM. EBT3 film segments
were positioned inside the slab phantom (as described in Chapter 3.2.3) at different
depths to investigate this effect. The corresponding positions at the water calorimetric
measurement setup are:

e in front of the calorimeter, 65.5 cm in air behind the 2DRM (0.7 mm WET),

e at a 5cm depth in water inside the calorimeter (60.7 mm WET),
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e at a 10cm depth in water (including the calorimetric detector’s glass wall) inside
the calorimeter (111.3mm WET); this position corresponds to the calorimetric
measurement depth.

The values given in parentheses are the sums of material’s WETs in the beam path be-
tween the isocenter (2DRM’s backside) and the measurement position. All film segments
were corrected using the triple channel analysis, the result can be seen in Figure 17.
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Figure 17: EBT3 film measurements of the lateral dose distributions in front of the
calorimeter (top), at a 5cm depth in water inside the calorimeter (middle)
and at a 10 cm depth in water (bottom). Measurements were performed with
the 3x3mm? (right) and the 4x4 mm? (left) pin base area 2DRM in the beam
path. The inner 100x 100 px are exemplary indicated by the red square in
the lower right picture, standard deviations were calculated for this region.
Reprinted from [1].
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The pin pattern of both 2DRMs can be clearly seen in the lateral dose distribution in
front of the calorimeter. At 5cm depth, this pattern is completely blurred and invisible
for the 3x3mm? pin 2DRM. In contrast, for the 4 x4 mm? pin 2DRM, the pattern is still
visible at this position and can be even slightly recognized at a 10 cm depth in water. This
means that the distance between the 2DRM and the calorimetric measurement position
at 10 cm depth in water is not large enough for a homogeneous dose distribution when
using the 4x4mm? pin 2DRM. For this depth, the relative standard deviations of dose
values within the inner 100x 100 px (= 35x35mm?) of the film segment were calculated
as a measure for the lateral dose distribution’s homogeneity. This was 1.32% for the
3x3mm? pin 2DRM and 1.51 % for the 4x4 mm? pins, indicating a better homogeneity
for a small pin base area.

4.1.3 Sensitivity to tilting

The impact of the alignment accuracy of the 2DRM on the dose distribution was inves-
tigated. Therefore, each of the three different 2DRMs was set onto the positioning table
first accurately aligned to the beam and then tilted by 0.5°, 1.0° and 2.0° around the
y-axis. For each position, the depth dose distribution was measured for a 278.29 MeV /u
12C beam using the Peakfinder, the result is shown in Figure 18.
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Figure 18: Depth dose distributions for the 2DRMs with 2x2mm? (left), 3x 3 mm? (mid-
dle) and 4x4mm? (right) pin base area. The 2DRMs are aligned (blue) to
the beam and tilted by 0.5° (orange), 1.0° (green) and 2.0° (red) around the
y-axes. Measurements were performed with the Peakfinder, the data was nor-
malized to the plateau’s (z=85...141 mm) mean value for the aligned 2DRM.
Reprinted from [1].

An influence of a misalignment of the 2DRM can be clearly observed: the measured
distribution differs more from the aligned 2DRM’s distribution the larger the tilting
angle is. This effect becomes smaller for a bigger pin base area. For the 2DRM with
2x2mm? pin base area, even a titling angle of 0.5° clearly changes the distribution. In
contrast, for the 4x4mm? pin 2DRM, nearly no difference in the distributions can be
observed up to a tilting angle of 1°; the maximum deviation of the distributions in the
plateau region for aligned and tilted around 1° 2DRM is 0.5 %.

The lateral dose distribution at the water calorimetric measurement position (10 cm depth
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in water) was measurement with respect to the tilting angle, using the Octavius inside
the water phantom. The one-dimensional distribution across the the x- (y =0, top) and
y-axes (x =0, bottom) for each of the three 2DRMs can be seen in Figure 19.

2x2 mm? pins 3x3 mm? pins 4x4 mm? pins

norm. Dose

14 14 147
o o

12 =2

N

0.8 0.81

norm. Dose

0.6 0.61

0.4 041

0.2 0.2

0.0 0.01

-40 -20 0 20 40 -20 -20 0 20 40
y [mm] y [mm] y [mm]

Figure 19: Lateral dose distributions for the 2DRMs with 2x2mm? (left), 3x3mm?
(middle) and 4 x4 mm? (right) pin base area, aligned (blue) to the beam and
tilted by 0.5° (orange), 1.0° (green) and 2.0° (red) around the y-axes. Plotted
across the x- (y =0, top) and y-axes (x =0, bottom). Measurements were per-
formed with the Octavius inside the water phantom at 10 cm depth, the data
was normalized to the plateau’s (x =-20...20 mm) mean value for the aligned
2DRM.

An increase in the dose towards negative values across the x-axes can be observed. Across
the y-axis, the dose distribution stays constant, but the absolute dose rises for large tilting
angles. These effects also become smaller for a bigger pin base area. In addition to the
experiment, simulations were performed [105] showing that a tilting of the 2DRM does
not lead to an oblique lateral profile. Instead, the effect can be explained by a slight
misalignment of the Octavius during the measurements. In regions with high gradients
as given for the depth dose distributions of the tilted 2DRMs (Figure 18), a misalignment
would be clearly visible in the lateral profile. In contrast, for the perfectly aligned 2DRM
with a flat depth dose distribution, such a misalignment would not change the lateral
distribution visibly.

4.1.4 Comparison of identical 2DRMs

As a good compromise between axial and lateral field homogeneity, the 2DRM with a
3x3mm? pin base area was selected for all upcoming measurements. A second, identical
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2DRM was produced as a backup and to investigate the reproducibility of the manufac-
turing process. This 2DRM will be denoted as “version 27, “version 1”is the 3x3mm?
pin 2DRM which was used for the measurements described above. Lateral and depth
dose distributions were measured also for version 2 of the 2DRM. A comparison of the
resulting distributions from both 2DRM versions are shown in Figure 20.
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Figure 20: Depth dose distribution (left) and lateral dose distribution (right) for
3x3mm? pin 2DRM version 1 (blue) and version 2 (orange). Measurements
were performed with the Peakfinder and the Octavius inside the water phan-
tom at 10 cm depth, the data was normalized to each plateau’s mean value.

The two 2DRM versions produce very similar dose distributions both in depth and la-
terally, although there are small differences. Based on the measurements, the relative
standard deviations in terms of depth within the plateau region (z =85 mm and 141 mm)
and laterally within a radius around the center of the dose distribution was calculated.
Therefore, a radius of 20 mm was choosen, as it is also used as a criteria for field homo-
geneity (see Chapter 3.1, 4.3.2). In addition, the standard deviation was also calculated
for a radius of 15 mm to clarify the difference between both 2DRM versions. The results
are given in Table 6.

Rel. standard deviation / % Modulator version 1 ~Modulator version 2

in terms of depth 0.44 0.42
laterally (15 mm radius) 1.13 1.00
laterally (20 mm radius) 1.35 1.34

Table 6: Relative standard deviation of measured dose values for the two versions of the
2DRM with a 3x3mm? pin base area. Calculated in terms of depth for values
within the plateau region of the SOBP (taken from the Peakfinder measure-
ments) and laterally for values within a certain radius around the center of the
2D dose distribution in the middle of the SOBP (measured with the Octavius).

The standard deviations stated are of the same order, both 2DRMs can be used for
calorimetric measurements, although slight differences appear. For better comparison,
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the differences between each measurement point of the normalized distributions created
with the two versions of the 2DRM were calculated. These are below 1.1 % within the
plateau region for the depth dose distribution and at about 0.4 % for the lateral dose
distribution. From that, it can be concluded that the dose distributions created by the
two version of the 2DRM must be characterized individually when using both 2DRMs
for water calorimetric measurements.

If not stated otherwise, all following measurements were performed with the 3x 3 mm?
pin 2DRM version 1. Version 2 was kept as a backup.

4.2 EBT3 measurements

EBT3 film was used for measurements of the lateral dose distribution with a high spatial
resolution, as it was needed to investigate the blurring of the 2DRM’s pin pattern pre-
sented in Chapter 4.1.2. In addition, it was checked if the Octavius’ spatial resolution is
sufficient for the detailed field characterization, needed for the determination of kg. First,
a calibration curve was determined to be able to calculate a dose-related quantity from
the film’s optical density. The triple channel analysis was applied to improve the image
quality removing the non-dose related artifacts from the film signal. The resulting film
dose distribution was compared with Octavius measurements performed simultaneously
with the film stack onto the Octavius.

4.2.1 Calibration of EBT3 signal

Carbon-ion fields of different number of primary particles corresponding to absorbed
doses to water between 0.1 and 3.2 Gy were irradiated to one film specimen. The mean
optical density value of each fields’ central ROI of 56 x 56 px (separated into the three
color components red, green and blue) was calculated and plotted against the applied
dose, the calibration function (Equation 29) was fitted to that. The same was done to
calibration fields irradiated with photons using a LINAC for comparison. The resulting
calibration curves for each color channel are shown in Figure 21. The corresponding
fitting parameters and the normalized root-mean-square errors (RMSEs) of the fit are
given in Table 7.
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Figure 21: Calibration curves for the red, green and blue color channel of EBT3 film
specimens irradiated with carbon ions (solid lines) and photons (dashed lines).
Error bars show the standard deviation of the pixel values from each other
within the central ROI. Reprinted from [2].

Channel a b c RMSE / %
Red 2.14+£0.03 0.00106 £0.00006 3.19+0.05 0.92
Green 6.10£0.15 -0.028 £0.018 9.40£0.23 0.76
Blue 9.3+0.3 -0.196 +0.018 20.0£0.6 3.49

Table 7: Fitting parameters for equation (29) with one standard deviation errors and
normalized RMSEs for '?C-irradiated film.

The calibration curves fit the data points very well. Comparing the calibration curves
based on the carbon-irradiated film (Figure 21, solid lines) with the curves based on
photon-irradiated film (Figure 21, dashed lines), they show a similar course: The red
curves have the steepest gradient and cross first the green and then the blue curves.
However, the calibration curves of the photon-irradiated film are above the curves for 2C-
irradiated specimens for the red and green color channel, corresponding to a higher signal
of the photon-irradiated film specimens to the same applied dose. A decreased response
of EBT to carbon ions compared to photons was also observed by Martisikova et al. [73],
they found a response to carbon ions at about 70 % of the response to photons. Here, the
optical density of the carbon-ion irradiated film was at 90-96 % of the photon-irradiated
OD for the red color channel and at minimum 94,% for the green color channel. In
contrast, for the blue color channel, a higher response of the carbon-ion-irradiated film
compared to the photon-irradiated film was observed. The calibration curves of LINAC-
irradiated and '?C-irradiated film show a slightly different slope, especially for the red
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color channel. Due to these differences, it can be concluded that calibration parame-
ters for EBT3 measurements with carbon-ion beams should always be taken from 2C-
irradiated film specimens.

Uncertainty budget A standard uncertainty for the film measurements was determined
based on the uncertainty of the calibration and the correlation of the fitting parameters
determined from the fit’s covariance matrix. The mean relative standard deviation of
3.2% of repeated film measurements at the same measurement position was taken into
account as the uncertainty of the film signal. The uncertainty budget was calculated
according to the GUM [103] using GUM workbench [104], it is given in Table 8. As
the resulting dose values are determined from the red color channel, the budget was
calculated only for this channel.

Quantity Rel. standard uncertainty / %
Film signal OD 3.2
Calibration
Fitting parameter a 1.6
Fitting parameter b 5.5
Fitting parameter ¢ 1.7
Dose D 8.9

Table 8: Combined standard measurement uncertainty budget for the absorbed dose to
water determined from the red color channel of EBT3 film measurements.

4.2.2 Correction using the triple channel analysis

Dose distributions measured with EBT3 film were corrected applying the triple channel
analysis as described in Chapter 3.2.1. A comparison of the original, uncorrected dose
distribution and the corrected one are shown in the figures 22 and 23. The film speci-
mens were irradiated with the standard plan described in Chapter 3.1.4 using the 2DRM.

The one-dimensional corrected dose distribution shows a quite constant course within the
plateau region of the field, whereas the uncorrected distribution drops at higher x-values.
A very sharp peak can be seen in the uncorrected distribution at x = 122, which vanishes
in the corrected signal.
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Figure 22:

Figure 23:
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Comparison of an uncorrected (red) and corrected (green) film dose distribu-
tion, plotted in one dimension, taken from the center of the film specimens
positioned at the middle of the SOBP. Dose values were normalized to the
central dose value of each signal. Coordinates are given as pixel numbers.
Reprinted from [2].
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2D dose distributions of an uncorrected (left) and corrected film signal (mid-
dle) as well as the distribution of the corresponding disturbance value § (right).
Arrows show artifacts in the uncorrected film as well as their reflection in the
distribution of 4. Dose distributions were normalized to the maximum; co-
ordinates are given as pixel numbers. The film specimens were positioned at

the middle of the SOBP. Reprinted from [2].

Several artifacts (marked by the arrows) can be observed in the uncorrected dose distri-
bution, the signal drops slightly to the upper left. In contrast, the corrected distribution
shows a rather homogeneous signal without artifacts. Both the artifacts and the signal
drop are clearly reflected in the distribution of the disturbance value §. The standard de-
viation (maximum deviation) for the inner 100x 100 px (= 35x 35 mm?) is 1.9 % (28.6 %)
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for the uncorrected signal and 1.3 % (9.8 %) for the corrected signal.

A higher signal can be observed on the left side (y ~ 60 px) for both the corrected (Fig-
ure 23, left) and the uncorrected distribution (Figure 23, middle), it is not reflected in the
d distribution (Figure 23, right). This increased signal was caused by additional material
in the beam path (0.5 mm PMMA, backside of the 2 cm tall 2DRM holder, was removed
later). The ratio between the signal in this area and the signal in the middle of the field
(between x,y = 85...185 px) is 1.038 for the uncorrected distribution and at 1.033 for the
corrected distribution.

Applying the triple channel analysis, artifacts are removed from the film dose distribu-
tion, as it is also reflected in the lower maximum deviation of the inner measurement
points for the corrected signal compared to the uncorrected. The artifacts were caused
by contaminations in the film specimens such as impurities within the film or dust par-
ticles on the film or the scanner. The asymmetric distribution dropping from low to
high x-values in Figure 22 and from the upper left to the lower right in Figure 23 (left)
can be explained by a variation in the film thickness or an asymmetry in the scanning
system. This is also compensated by the triple channel analysis, the drop is not observ-
able in the corrected film signal. However, the increased signal at y ~60px (Figure 23,
left and middle), which is not related to any film or scanning artifacts, but is an actual
inhomogeneity in the applied dose distribution itself, is not affected by the correction.

4.2.3 Comparison between EBT3 and IC array signal

EBTS3 film specimens were stuck onto the Octavius to measure the dose distribution
simultaneously with both devices. As the Octavius ICs’ effective measuring point is
at 5.5 mm water-equivalent depth beneath the array’s surface, the measurement depth
of the film specimens differs slightly from the Octavius’. However, as the depth dose
distribution shows a very flat course in the middle of the SOBP (see Chapter 4.1.1),
this slight difference in the measurement depths can be neglected. The Octavius was
positioned behind the slab phantom at the calorimeter’s measurement position to measure
at the middle of the SOBP, and irradiated with the standard irradiation plan using the
2DRM. The film signal was averaged over the inner seven rows of pixels which correspond
to a width of 2.5 mm, to match the IC dimensions of the Octavius. Four repeated
measurements were performed and averaged, their relative standard deviation was 3.2 %
for the film and 0.2 % for the Octavius. The resulting 1D dose distributions across the x-
axes are shown in Figure 24. Each data set was normalized to its central value; the pixel
numbers were converted to mm to fit them to the coordinates of the Octavius data. The
Octavius was calibrated for the relative response of its individual chambers beforehand
as presented in Chapter 4.3.1.
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Figure 24: Comparison of dose distributions measured simultaneously with EBT3 film
and the Octavius. FError bars give the standard deviation of the repeated
measurements from which the average was plotted. Reprinted from [2].

The distributions agree very well, differences are within the standard deviation of the
repeated film measurements. The standard deviation and the maximum deviation of
the measured data points in the inner 35x35mm? (corresponding to 100x 100 px) was
calculated for both distribution. For the Octavius data, this is 0.8 % with a maximum
deviation of 3.1%; for the film data a standard deviation of 1.3% and a maximum
deviation of 9.8 % was found. The higher standard deviation in the film signal compared
to the Octavius can be explained by a volume averaging in the Octavius’ ICs leading to
a smaller contribution of high spatial frequencies. This is also reflected by the noisier
film signal compared to the Octavius signal.

A gamma index analysis with a 3mm (3 %) criterion was performed for a quantitative
comparison of Octavius and film data. It gave a pass rate of 85.4 % when all measurement
points are considered and 97.6 % when only taking points with dose values >10% of
the maximum dose into account. As only the high-dose plateau region is of interested
for the field characterization measurements, the gamma pass rate is satisfying. These
results show, that the Octavius provides a sufficient spatial resolution to be used for field
characterization measurements.

4.3 Field characterization

The experimental kg factors determined by calorimetric and ionometric measurements
are influenced by the dose distribution around the measurement position. Therefore, a
detailed characterization of the three-dimensional dose distribution had to be performed
including repeated measurements as a measure for the distribution’s time stability. Based
on this measurements, correction factors for the calorimetric (Chapter 5.1.1) and iono-
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metric measurements (Chapter 5.2.1) as well as uncertainty contributions to the overall
standard uncertainty of kg (Chapter 5.3.2) were determined.

4.3.1 Calibration of the IC array’s relative response

The Octavius was calibrated for the relative response of its chambers. Therefore, it was
irradiated at a well characterized 6 MV photon field at PTB Braunschweig as described
in Chapter 3.2.2. Different doses between 0.5 and 5.0 Gy were applied. As no systematic
dependency of the Octavius’ relative response on the dose within this dose range could
be observed, the Octavius data was averaged over all measurements. The comparison
with the PTB data of the irradiation field can be seen in Figure 25.
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Figure 25: Comparison between the PTB measurement data (blue) and the Octavius
signal (orange) at the PTB 6 MV photon field. The data was normalized to
the central value (x,y =0) and plotted in one dimension across the x- (y =0,
left) and y-axes (x =0, right). Error bars indicate the standard deviation of
repeated measurements.

A correction factor for each IC of the Octavius was determined as the ratio between the
PTB measured dose value at the IC’s position and the Octavius IC’s measured value.
All correction factors were saved to a calibration file, which was then applied to all data
measured with the Octavius within this thesis. A standard uncertainty of this correction
factors of 0.34 % was estimated based on the standard deviation of the repeated PTB
and Octavius measurements.

4.3.2 Repeated IC array measurements

To measure the 3D dose distribution, the Octavius was positioned inside the water phan-
tom setup as described in Chapter 3.2.2. To fully cover the SOBP, the Octavius’ depth
in water was adjusted in steps of 2.5 mm over a width of 80 mm. For each version of the
3x3mm? pin 2DRM, seven measurements were performed over a period of time of 10
weeks as a data basis to evaluate the irradiation field’s homogeneity and reproducebility.
During the calorimetric measurement campaigns, additional field characterization were
performed to assure a certain time stability.
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A measured dose distribution for the 2DRM version 1 can be seen in Figure 26. Each
data set was normalized as described in Chapter 3.2.2. Depth dose distributions were
determined from the 3D dose distributions as described in Chapter 3.2.2 to compare
them with the Peakfinder data. Both data sets agree very well, which indicates a good
positioning stability of the Octavius when moved in depth.
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Figure 26: Dose distributions for 2DRM version 1 measured using the Octavius water
phantom setup for the characterization of the irradiation field. Left: Com-
parison of the depth dose distribution measured with the Octavius and the
Peakfinder, coordinates given as WEPL from the isocenter. Middle/right:
Lateral dose distributions for different depths across the x-/y-axes, normal-
ized to the mean dose within a 20 mm sphere around the center of the dose
distribution (x =0mm, y =0mm, z=60mm). Reprinted from [1].

Measurement  Modulator vers.

Rel. std. dev. / %

05-19-19
05-21-19
05-21-19
05-23-19
05-31-19
06-25-19
07-31-19

05-19-19
05-21-19
05-23-19
05-23-19
05-31-19
06-25-19
07-31-19
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0.78
0.97
0.83
1.03
1.05
0.78
0.91

0.71
0.92
1.00
0.98
1.02
0.86
0.85

Table 9: Relative standard deviation of dose values measured within a sphere with a
20 mm radius around the calorimetric measurement position for each field cha-

racterization measurement.

The standard deviation of the dose values measured within a sphere with a 20 mm radius
around the center of the 3D dose distribution (5164 data points) was calculated as a
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value for the field’s homogeneity. The values for each measurement, given in Table 9,
are all below 1.1%. This indicates a flat and homogeneous irradiation field around the
calorimetric measurement position.

For every single measurement point within the 20 mm sphere, the standard deviation be-
tween the repeated measurements was calculated. The average of this standard deviation
was used as a criterion for the reproducebility of the relative dose distribution. This is
0.26 % for both versions of the 2DRM, which means that the field is quite stable over the
given period of time.

4.4 Time stability of the delivered absolute dose

The evolution of the dose delivered by the accelerator was investigated performing IC
measurements at the isocenter for the mono-energetic standard irradiation plan (e.g.
without 2DRM), as described in Chapter 3.2.4. The IC reading corrected for air density
for each measurement is shown in Figure 27.
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Figure 27: Plot of the IC reading corrected for air density, measured over a period of
time of 16 months for the investigation of the delivered dose’s time stability.
The IC was positioned at the isocenter inside a slab phantom and irradiated
without 2DRM in the beam path. The solid line indicates the mean value,
dotted lines indicate the standard uncertainty of the measured values.

A relative standard deviation of 0.21 % of the measured values was determined, which
was later used as an uncertainty contribution due to fluctuations in the dose application
to the uncertainty budget of kg (Chapter 5.3.2).
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4.5 Monte Carlo simulations

Monte Carlo simulations were performed using the FLUKA code to analyze the particle
spectrum at the measurement position and compare it to the one of an actively scanned
SOBP. This should give a rationale to transfer the k¢ factors determined for the passively
2DRM-modulated SOBP to an actively scanned one, as it is prevalent in clinics. For all
simulations, a pin base area of 3x 3 mm? was used for the 2DRM implemented as it was
also used for the calorimetric measurements. 200000 particles were simulated each for
all results shown.

As the 2DRM was implemented as a pixel geometry, first, different pins’ voxel resolutions
were tested. To investigate how good the implemented setup reflects the experimental
situation, depth dose distributions in water were recorded and compared to Peakfinder
measured distributions. Therefore, a simplified geometry was used only consisting of the
ripple filter, the implemented 2DRM and a water tank, in which the dose was radially
scored over an area with 4.08 cm radius and 50 cm length in depth, corresponding with
the Peakfinder measurement. The result is shown in Figure 28.
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Figure 28: Left: FLUKA simulated depth dose distributions a of 278 MeV /u '2C-beam
in water for 2DRM resolutions of 59 x 59 x 56 vx/pin (blue), 85x 85 x 81 vx/pin
(orange) and 127x127x 121 vx/pin (green). Right: Depth dose distribution
resulting from the 127x127x 121 vx/pin 2DRM compared to Peakfinder mea-
surement data. All data sets were normalized to the SOBPs (z=85...141 mm)
mean value, z is given as geometrical depth as defined in the FLUKA geometry
(Figure 9).

The simulated depth dose distribution is very noisy within the plateau region for the
smallest resolution (59x59x 56 vx/pin), getting flatter with with increasing resolution.
Compared to the Peakfinder data, the simulated distribution (for 127x 127x 121 vx/pin)
is slightly noisier towards the end of the SOBP. The peak at the end of the SOBP
observed in the experiment is not reflected in the simulation, as the 2DRM’s inaccura-
cies are not implemented here. Nevertheless, both data sets agree very well especially in
the middle of the SOBP, which is the region of interest for the calorimetric measurements.
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Due to a limitation of the voxel geometry within the FLUKA code, the 2DRM’s reso-
lution was limited to a maximum resolution of 160x 160x 152 vx/pin. This raises the
question of how reliable the particle spectra resulting from a simulation with such a
limited resolution are. To investigate this, the resolution’s impact on the particle spec-
tra was tested. Particle spectra at the middle of the SOBP in water (simplified ge-
ometry as described above) were recorded for resolutions between 59 x 59 x 56 vx/pin and
160 x 160 x 152 vx/pin. Comparing the results for pins with a resolution of 59 x 59 x 56 vx/pin
to pins with a 127x127x 121 vx/pin resolution, all differences in the dose, fluence and
LET spectra are below 1.5% for Z < 6. Even smaller deviations of below 1% can be
observed, when comparing the 127x127x 121 vx/pin resolution to the highest resolu-
tion available (160x 160x 152 vx/pin). From this result, it can be concluded that even
a resolution higher than 160x 160x 152 vx/pin would not change the result significantly,
justifying the use of a voxelized 2DRM.

Simulations were performed including the entire calorimeter geometry as shown in Fig-
ure 9 to obtain particle spectra under the calorimetric measurement conditions. There-
fore, a pin resolution of 127x127x 121 vx/pin was choosen, as it could be shown that
the resulting spectra only slightly changes when using the highest resolution possible in-
stead, but the computational time dramatically increases. The resulting particle spectra
in terms of absorbed dose to matter and fluence can be seen in Figure 29.
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Figure 29: FLUKA simulation result: Distribution of dose (left) and fluence (right) in
depth for a 278 MeV/u 2C-beam for the calorimeter setup. z is given as
geometrical depth, as it is defined in the FLUKA geometry (Fig. 9). Reprinted
from [1].

Two very significant drops within the SOBP can be seen in the dose distribution, they
appear at the position of the calorimetric detector’s glass walls and can be explained by
a difference in the mass stopping power of glass compared to water resulting in a lower
absorbed dose. This effect was also taken into account for the heat transport calculations
(Chapter 5.1.1).

The percentage in dose and fluence, as well as the LET per particle type around the ca-
lorimetric measurement position (96.7mm <z <96.8 mm in Figure 29) were determined.
In addition to the 2DRM SOBP, this was also done for particle spectra simulated for an
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actively scanned SOBP as described in Chapter 3.3.1. The results for both SOBPs are
given in Table 10.

Z  Ni/SSNi /% Di/Dau /% LET /keV/um
1 44.77 (47.66)  4.08 (4.49) 0.98 (1.00)

2 20.55 (19.37)  5.77 (5.72) 3.01 (3.12)

3 1.98 (1.83) 1.18 (1.16) 6.41 (6.68)

4 1.10 (1.00) 132 (1.22)  12.52 (12.90)
5 2.48 (2.07) 457 (3.91)  19.85 (19.96)
6 28.98 (27.97)  82.97 (83.39) 30.81 (31.56)
rest 0.11 (0.13)

Table 10: Mean percentage of fluence and dose, and track-weighted LET per particle
type at the measurement position for the 2DRM-modulated SOBP and in
parentheses for the actively scanned SOBP.

For the 2DRM-modulated SOBP, most of the particle within the investigated area around
the measurement position are protons, deuterons and tritons with Z =1, only 30 % of the
fluence are carbon ions. However, due to the difference in LET, the dose is mainly
deposited by carbon ions (83 %), whereas particles with Z =1 only provide 4% to the
total dose. Helium ions (Z = 2) make up 20 % of the fluence, contributing 6 % of the dose.
The other particles lighter than carbon, Lithium (Z = 3), Beryllium (Z=4), and Boron
(Z =5), together deposit about 7% of the dose. Target fragments with Z > 6 contribute
with only 0.1 % to the total absorbed dose.

Comparing the 2DRM SOBP’s particle spectra with the ones resulting for the actively
scanned SOBP (Table 10, values in parenthesis), only small differences appear. For the
actively scanned SOBP, the percentage of fluence for particles with Z=1 is 3% higher
(7% relative increase); for other particles it is between 0.2 % and 1.2 % lower. Particles
with Z=1 and Z =6 contributed 0.4 % more to the total dose in the actively scanned
SOBP which means a relative increase of 10 % (Z=1) and 0.5% (Z=6). The maximum
relative difference in LET is about 4 % .
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5 Experimental determination of ky by means of water
calorimetry

In this chapter the experimental determination of kg factors based on the development
and findings described in Chapter 4 is presented. This includes the calorimetric and
ionometric measurements as well as the determination of an overall uncertainty budget
for kq.

This chapter is based on article [3].

5.1 Calorimetric measurements

Within each measurement campaign, two night shifts of calorimetric measurements were
done, performing in total 282 calorimetric measurements within four campaigns. The
radiation-induced rise in temperature AT was determined from the measured resistance
change AR as described in Chapter 3.4.1. Figure 30 shows the course of the resulting
values of AT from both thermistors over all calorimetric measurements.
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Figure 30: Plot of AT determined from the measured thermistors’ resistance change AR
of the calorimetric detector for each irradiation. The legend gives the relative
standard deviation of the AT values for each measurement campaign and each
thermistor. Reprinted from |[3].

A statistical distribution of the measured AT values appears, no trends can be identified.
This indicates that the measurements were not influenced by systematic errors, such as
an unstable response of the detector, which could be e.g. cause by an insufficient pre-
irradiation of the calorimetric detector resulting in a non-zero heat defect. The use of
the mean value of AT for each campaign for the determination of D, ¢ is justified by
this result.
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5.1.1 Determination of calorimetric correction factors

Table 11 summarizes the correction factors needed for the calorimetric measurements
and their uncertainties, which were determined as described in Chapter 3.4.2.

Correction factor Value Rel. standard uncertainty / %
Heat transport effects k. 0.9979 0.40
Heat defect kj, 1.0 0.14
Lateral displacement k;
Sep. 2019 (Detector 1) 1.0005; 1.0021 0.14
Nov. 2019 (Detector 1) 1.0008; 1.0049 0.14
Jul. 2020 (Detector 2) 1.0007; 1.0023 0.14
Mar. 2021 (Detector 2) 1.0026; 1.0027 0.14
Measurement depth at different water temperatures kq 1.0001 0.10
Perturbation effect k,, 1.0 0.11
Influence of the thermistors’ electrical power k.
Sep. 2019 (Detector 1) 1.0003; 1.0004 0.01
Nov. 2019 (Detector 1) 1.0003; 1.0004 0.01
Jul. 2020 (Detector 2) 1.0002; 1.0001 0.01
Mar. 2021 (Detector 2) 1.0002; 1.0001 0.01

Table 11: Determined correction factors for the calorimetric determination of D,, o and
their relative standard uncertainties. If two values are given, different values
for the two thermistors were found. The factors are valid for both detectors
used except for k; and k., where different values were applied for each mea-
surement campaign due to small deviations in the measured dose distributions
and different characteristics of the detectors used.

Heat transport effects Heat transport simulations were performed as separate finite-
element calculations obtaining the influence of three separate quantities described below.
Calculations were performed for different dose distributions to reflect variations in the
irradiated field, and varying detector positions caused by positioning uncertainties. The
correction factors are calculated as the mean value of the respective results, the mea-
surement uncertainty is given by their standard deviation. The correction factor k. was
determined as the product of the factors resulting from the three quantities:

e The calculation including the real dose distribution of the irradiated field gave a
factor of 1.0011 for the heat transport correction. The corresponding standard
uncertainty of 0.10 % includes the uncertainty contribution due to fluctuations in
the dose distribution as different measured dose distributions were used for the
simulations.

e The influence of the detector’s glass walls yields in a correction factor of 0.9996
with a standard uncertainty of 0.03 %.

e The glass pipettes enclosing the thermistor probes cause a heat transport correction
factor of 0.9972, showing a standard uncertainty of 0.01 %. Here, the mean diameter
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of the thermistor probes’ glass tips of 0.64 mm was used. Based on the maximum
deviation of the thermistor probes’ diameter from this mean value, an additional
uncertainty contribution of 0.08 % to the overall uncertainty of the resulting k. was
estimated.

These factors result in a k. of 0.9979 with a standard uncertainty of 0.40 %. As the irra-
diation’s time structure was approximated as an irradiation of full spills at once instead
of single-point irradiation, an additional uncertainty contribution of 0.15 % was included
in k.’s uncertainty, as well as a contribution due to the different parameters used for the
calculation of 0.15 %.

Heat defect A zero heat defect (kj = 1) was assumed as the calorimetric detector was
filled with hydrogen-saturated water and pre-irradiated with about 50 Gy before each
beam time. Following the results for the PTB water calorimeter from Krauss [31], a
standard uncertainty of 0.14 % was assumed.

Lateral displacement Due to the their different positions, k; was determined for
every thermistor position individually based on the respective field characterization mea-
surement performed before the measurement campaign. This data was interpolated as
described in Chapter 3.2.2; from that, the dose values at the measurement position at
the central beam axis and at the position of the thermistor probe were determined; k;
was then determined as the ratio of both values. Its standard uncertainty of 0.14 % is
given by the standard deviation of all k; values determined to take possible fluctuation
of the dose distribution into account. A positioning uncertainty of the calorimetric de-
tector and thereby of the thermistor probes was considered in an additional uncertainty
contribution to the overall uncertainty budget of kg (see Chapter 5.3.2).

Measurement depth at different water temperatures Due to the temperature-
dependent density of water, a shift in depth of 0.146 mm has to be taken into account
when measuring at 4°C and at room temperature (18°). The corresponding correction
factor kg was determined based on the depth dose distribution taken from the field cha-
racterization measurements. Therefore, a linear function was fitted to the plateau region
(90mm <z <140 mm). The resulting gradient of -0.9 mGy/mm gives a difference in dose
values of 0.013% for the shift in depth of 0.146 mm. £k, is given as the ration of dose
values at the measurement depth at 4°C and at 18°. A standard uncertainty of 0.10 %
was estimated on the basis of the linear fit’s uncertainty and the variations between the
repeated field characterization measurements used for the fit.

Perturbation effect The field perturbation effect due to the calorimetric detector was
experimentally determined measuring with an IC inside the glass cylinder and compa-
ring this to IC measurements without the glass cylinder. The difference between both
measurement situations was found to be in the same order as its uncertainty. This result
was proofed by the MC simulations performed, which also considered the effect of the
detector’s glass pipettes. Therefore, k, was assumed to be one. Its standard deviations
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is mainly influenced by the standard deviation of repeated measurements, but also the
positioning uncertainties of the IC inside the calorimeter was taken into account. An
additional uncertainty contribution of 0.1 % was considered due to the approximation of
the detector’s glass pipettes in the simulation. This leads to an overall uncertainty of
0.11%.

The very small field perturbation can be explained by a low scattering behaviour of heavy
primary particles. As shown in the MC simulations for the particle spectra (Chapter 4.5),
heavy particles make up the majority in the beam at the measurement position. This
means, only the very thin front walls of the cylinder play a role in the field perturbation,
but this is mainly noticeable as a change in the maximum range of the particles.

Influence of the thermistors’ electrical power k. was calculated individually for
each thermistor within each measurement campaign, as they all have a different resistance
and show a different thermal coupling between thermistor and water, and as the resistance
change slightly between the campaigns. The standard uncertainty of 0.01 % is affected by
the standard uncertainty of the measured temperature rise, the thermistors’ resistance,
the resistance change as well as the uncertainty of the thermistors’ sensitivity.

5.2 lonometric measurements

Within each measurement campaign, the two night shifts of calorimetric measurements
were directly followed by two night shifts of ionometric measurements, where 20-30 mea-
surements for each chamber were performed at its operating voltage to determine Mg
(see Equation 21). In addition, IC measurements were performed at a negative operating
voltage to examine the polarity effect, and at different voltages between 100V and the
maximum voltage allowed for the actual chamber for the investigation of the saturation
effect. For all IC measurements, the IC’s reference point was positioned at the calori-
metric measurement depth at the center of the irradiation field. The water temperature
inside the calorimeter was at about 18°C, it was measured throughout the entire mea-
surements, as was the air pressure to be able to correct each IC measurement for the
effect of the current air density determining M, ,-. For the TM30013, Mo showed a
mean relative standard deviation of the measured values of 0.16 %; for the FC65G, this
was 0.12 %.

Unfortunately, the data measured with the TM30013 within the first measurement cam-
paign could not be used due to a broken connection cable as it was found later. Therefore,
this data was excluded form the following results.
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5.2.1 Determination of ionometric correction factors

The correction factors determined for the correction of the ionometric measurements as
well as their relative standard uncertainties are listed in Table 12.

Correction factor TM30013 FC65G Rel. standard uncertainty / %

Polarity effect kpo 1.0015 0.9998 0.08
Saturation effect ks 1.0028 1.0056 0.20
Volume effect k., 0.21
Sep. 2019 1.0037 1.0037 0.21
Nov. 2019 1.0067 1.0067 0.21
Jul. 2020 1.0031 1.0031 0.21
Mar. 2021 1.0053 1.0053 0.21

Table 12: Correction factors and corresponding relative standard uncertainties for the
ionometric measurements for each IC.

Polarity effect The correction factor for the polarity effect at beam quality Q was
determined according to Equation 44 by measuring at positive and negative operating
voltages. This was done during each measurement campaign from which a mean k,,; ¢ of
1.0006 for the TM30013 and 1.0010 for the FC65G was calculated. £,y listed in Table 12
is given as the ratio of the polarity correction factors at beam qualities () and Q. The
values for Ky g, were taken from the IC’s calibration certificates. The standard devi-
ation of kp, of 0.08 % was estimated from the deviation of the repeated measurements
performed at beam quality @ of 0.06 % and an assumed standard uncertainty of ko ¢,
of 0.05%

Saturation effect Measurements were performed at 10 different voltages (both posi-
tive and negative) for each chamber, the inverse mean measured value 1/M was plotted
against the inverse voltage 1/U as shown in Figure 31. These data sets were fitted ac-
cording to Equation 45, based on which k, ¢ was determined using Equation 46. For the
TM30013 kg is 1.0018, for the FC65G it is 1.0046. The relative standard uncertainty
of both values is 0.20 %, determined based on the uncertainty of the yielded fitting pa-
rameters, also taking the standard deviation of the repeated measurements into account.
ks is then given by the ratio of ks o and ks g, = 1.001 at beam quality Q.
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Figure 31: Plot of the inverse IC reading 1/M as a function of the inverse chamber voltage
1/U, fitted with a Equation 45 to determine ks . The data was measured
with the TM30013 (left) and the FC65G (right) at positive (blue) and negative
voltages (green), the mean value of both voltages is shown in red. Error bars
give the standard deviation of the repeated measurements. Reprinted from [3].

Volume effect Due to the flat dose of the reference °Co field, kv, =1and k, =k, .
To determine k£, g, the dose distribution across the IC’s cross section, which was taken
from the field characterization measurements, was numerically integrated. Two different
methods were tested for the integration: To simply sum up all measurement points which
lie inside the IC’s volume, and to interpolated the dose values and integrate the resulting
distribution. A difference between both methods of only 0.004 % was found. The ratio of
the dose value at the center of chamber’s reference point and the integration result was
calculated. This was done for every field characterization measurement performed before
the respective measurement campaign, an individual k, was calculated for each campaign.
This was additionally done for all the other field characterization measurements; the
standard deviation of all &k, values found was calculated. The standard uncertainty of k,,
was determined based on this standard deviation as it addresses the influence of possible
dose fluctuations, adding an additional uncertainty contribution of 0.1 %, which includes
the effect of a positioning uncertainty of the IC and the assumptions that had to be
made due to the lack of an IC’s spatial dose response function in carbon-ion beams. The
determined k, given in the table is valid for both ICs as they have nearly the same active
volume.

5.3 Determination of %, factors

kg factors for each IC were calculated according to Equation 21 based on the data and
correction factors presented above. kg factors were calculated for each measurement
campaign individually, they are shown in Figure 32.
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Figure 32: Resulting experimental kg values for each measurement campaign for the
TM30013 (red) and the FC65G (blue) with their mean values indicated by
the dashed lines. Error bars show the uncertainty of each kg value due to
deviations between each experiment. Reprinted from |[3].

The error bars show a relative standard uncertainty of the given kg values of 0.4 % for
both chambers. This was calculated only including influencing quantities that depend
on the given measurement situation; quantities that stay constant between the single
measurements, such as Np ., g, Or ¢p, are not included. This allows a better comparison
of the factors from the different measurement campaigns.

Based on the kg values presented, the mean was calculated for both ICs as final ex-
perimental kg factors. These were then compared to the values listed in TRS-398 and
DIN 6801-1. An overall uncertainty budget for kg including all influencing quantities
and valid for both chambers was established.

5.3.1 kg factors according to DIN / TRS

To be able to compare the experimental kg factors with factors given in the literature,
the experimental values were expressed according to TRS-398 and DIN 6801-1 (see Chap-
ter 2.2.4). They are given in Table 13 and shown in Figure 33 in comparison with the
values stated in TRS-398 and DIN 6801-1. The given relative standard uncertainty of
0.69 % for the experimental k¢ is presented in detail in the following Chapter 5.3.2.

TM30013 (PTW) FC65G (IBA)

Calorimetry Literature A /% | Calorimetry Literature A%
TRS 1.016 (0.69%)  1.032 (2.8%) 155 | 1018 (0.69%) 1.042 (2.8%)  2.31
DIN  1.007 (0.69%)  1.014 (2.2%) 0.70 | 1.009 (0.69%) 1.012 (22%)  0.29

Table 13: Comparison of the determined experimental kg factors with values listed in
TRS-398 [10] and DIN 6801-1 [13]. Experimental values are expressed accord-
ing to the procedure described in TRS/DIN. Relative standard uncertainties
are given in parentheses.
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5.3.2 Uncertainty budget

The overall standard uncertainty for kg was determined within an uncertainty budget
including all influencing quantities of the kg determination procedure. The budget was
calculated according to the Guide to the Expression of Uncertainty in Measurement
(GUM) [103] using the software GUM workbench [104], it is given in Table 14. As the
uncertainty contribution for the two ICs were quite similar, the budget is valid for both
of them.

For k¢, the overall standard uncertainty results to 0.69 %, which is mainly defined by the
uncertainty of the determined absorbed dose to water D,, ¢ and the corrected IC reading
Myg. These include the uncertainties of their influencing quantities such as the measured
values and correction factors. The uncertainty of the chamber-specific calibration factor
Np w,q, determined at the PTB primary standard, as well as the uncertainty contribution
due to its time stability of 0.10 % also contribute to the overall 0.69 %. An uncertainty
contribution due to temporal fluctuations in dose application was also considered, it was
determined as the relative standard deviation of the repeated IC measurements in the
mono-energetic beam at the isocenter (see Chapter 4.4).

From Equation 21 it can be recognized that the water calorimetry specific contributions
to the overall uncertainty (marked with a *) are correlated, as Np ., q, and Dy, g are
both based on water calorimetry. Taking this correlation into account, the contribution
of the uncertainty of D,, ¢ to the overall standard uncertainty of k¢ is reduced to 0.53 %,
for the uncertainty contribution of Np , g, a value of 0.20 % has to be used.

The standard uncertainty of the absorbed dose to water D,, ¢ is determined by the
thermistors’ sensitivity S and the measured quantities AR and R, based on which the
temperature rise AT was calculated. The contribution of 0.08% to consider the uncer-
tainty of the determination method for AR was determined as the maximum deviation
from the actual AR when varying the time window for the linear interpolation of the
signal before and after the irradiation by £2s. To analyse the temperature background
drift, the calorimetric signal was linearly interpolated over a course of 60s at varying po-
sitions right before the beginning of a new block of irradiations. The standard deviation
of the obtained slopes’ values was calculated, its influence on AR was considered as the
uncertainty contribution of the temperature background drift. A positioning uncertainty
of the calorimeter of 0.5 mm influencing the correction for the lateral displacement k; and
the measurement depth k; was included.

For the ionometric measurements, the standard uncertainty of the corrected IC reading,
resulting from the standard deviation of repeated IC measurements, as well as the uncer-
tainties of the different correction factors contribute. The uncertainty of the measurement
of temperature and air pressure was also considered, as well as a positioning uncertainty
of the calorimeter itself of 0.5 mm and of the IC inside the calorimeter of an additional
0.5mm. The uncertainty contribution of 0.03 % was determined as the maximum effect
of a misalignment of 1 mm on the ionometric correction factor k.
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Quantity

Rel. standard uncertainty / %

Calorimetric measurements
Absorbed dose to water D, ¢
Temperature rise AT
Resistance change AR
Thermistor’s resistance R
Thermistor calibration S
Uncertainty of the determination method for AR
Uncertainty contribution due to a temperature background drift
Specific heat capacity of water ¢,
Correction for heat conduction effects k.
Correction for heat defect kp,
Correction for lateral displacement k;
Correction for measurement depth at 4°C k4
Correction for field perturbation by the detector &,
Correction for thermistor’s electrical power ke
Positioning uncertainty of the calorimeter

Tonometric measurements
Corrected IC reading Mg

Air-density corrected IC reading Mcorr

Uncertainty of the measurement of temperature and air pressure

Correction for polarity effect kpo
Air-density corrected IC reading at a negative voltage Mpyeq
Correction for polarity effect in Qo kpot, @,

Correction for saturation effect ks, ¢

Correction for volume effect k,

Uncertainty of the determination method for k,

Positioning uncertainty of the calorimeter and the IC

Calibration factor for IC Np .,
Time stability of Np,w,q,

Uncertainty contribution due to temporal fluctuations in dose application

Correction factor for beam quality kg

0.55 (0.53)
0.33
0.20
0.02
0.07
0.08
0.24
0.03*
0.40
0.14%
0.14
0.10
0.11
0.01
0.06

0.32
0.04
<0.01
0.08
0.06
0.05
0.20
0.21
0.10
0.03

0.25* (0.20)
0.10
0.21

0.69

Table 14: Combined standard measurement uncertainty budget for the determination
of kg. Water calorimetry specific and therefore correlated contributions are
marked with a *. For D,, g and Np . q,, the overall standard uncertainty is
given if considering all influencing quantities, as well as their contribution to
the overall standard uncertainty of kg with considering the correlations (values

in parentheses).
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6 Discussion and Conclusion

For the water calorimetric determination of the absorbed dose to water, a homogeneous
irradiation field of sufficient dose and size irradiated in a short time is needed. This poses
a challenge when it comes to measure at a carbon-ion SOBP provided at an intensity-
modulated raster scanning facility such as HIT. Nevertheless, introducing the 2DRM, a
1.5 Gy dose cube of 6x6x6cm? could be irradiated within 90s. Optimizing the 2DRM
and the irradiation plan, a relative standard deviation <1.1% of measured dose values
with a maximum distance of 20 mm from the center of the distribution was achieved,
proving a homogeneous dose distribution around the calorimetric measurement position.
These dose values showed a mean deviation of 0.26 % for repeated measurements over a
period of 10 weeks, which indicates a good time stability of the irradiation field.

EBTS3 film measurements were performed to measure lateral dose distributions with a
high spatial resolution. The successful application of the triple channel analysis to car-
bon ion-irradiated film was presented within this thesis for the first time. This correction
of the resulting dose distribution significantly improved the image quality, allowing the
detailed investigation of the 2DRM-induced pin pattern in the lateral dose distribution.
Comparing the corrected film dose distribution with dose distributions simultaneously
measured with the IC array Octavius, the sufficient Octavius’ spatial resolution for the
field characterization was assured.

Particle spectra were determined by means of Monte Carlo simulations for the passively
modulated 2DRM SOBP and an actively scanned SOBP. The small deviations found
between both irradiation modalities indicate a very similar beam quality and therefore
give a good rationale to transfer the results concerning new k¢ factors also to irradiation
fields created by active scanning.

Performing calorimetric and ionometric measurements, kg factors were determined in
the SOBP of a carbon-ion beam achieving a standard uncertainty below 1%. Hereby,
the quantities mostly influencing the overall uncertainty are the correction for the heat
conduction with a relative standard uncertainty of 0.4 % and the standard uncertainty
of the measured temperature rise of 0.3 %.

The obtained experimental values were compared to values stated in the literature (Ta-
ble 13, Figure 33), differences of up to 2.3% were found. This might indicate that
the values for the stopping power ratio (sy,qir)Q Or the mean excitation energy per ion
pair (W)@ in carbon-ion beams, that are applied for the theoretical calculation of k¢
(Equation 23) differ from the experimental situation.Also the assumption of a perturba-
tion factor pg of unity (as stated in both TRS-398 and DIN 6801-1) might be insufficient,
even though a big deviation from unity is rather unlikely due to the very short ranges of
the secondary electrons of carbon ion beams. Detailed MC simulations for proton beams
performed by other groups |26, 106] indicate a non-negligible, but rather small chamber
specific perturbation factor below 1 %.

Using the key data for stopping power ratios and (Wg)g presented in the ICRU 90
report [29], a change in kg compared to the values stated in TRS-398 of —0.5% can
be concluded. This reduces the differences to the experimental values presented here to
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1.04 % for the TM30013 and 1.80 % for the FC65G. If only the new values for (W)
are applied for the calculation of kg and (Sy,qir)q is still calculated as prescribed in
DIN 6801-1, a change in kg of —0.1 % compared to the values stated there follows. This
leads to differences to the experimental kg values of 0.60 % for the TM30013 and 0.18 %
for the FC65G.

Within the new version of TRS-398 which which is currently in progress [49], the value
from ICRU 90 for (W4, )q of 34.71J/C is adapted, the value for (s, qir)g is changed to
1.126. Both are still taken to be independent of the beam quality. If experimental data
is available, kg is given as the mean between calculated and experimental value. For
the TM30013 and the FC65G, the experimental values determined by Osinga et al. [30]
are considered. This changes the kg value for the TM30013 to 1.037, increasing the
differences to the value determined for the SOBP to 2.04 %. For the FC65G, a kg of
1.034 is given, which means a decreased difference of 1.53 % to the experimental SOBP
value. The values stated in the new version of TRS-398 are shown as light blue dashed
lines in Figure 33. However, more experimental data is needed for a reliable comparison
of experiment and literature.

TM30013 FC65G

1054 | Entr. channel SOBP 1.05 Entr. channel SOBP

g R I s

e N IEURE. SO S N S { _______ T
--- ow } { e 1 I i :

--- TRS
1.01 TRS new 1.01 TRS new

¥ Exp. 3 Exp.

Entr. Ch. 1 2 3 SOBP 1 2 3 4 Entr. Ch. 1 2 3 SOBP 1 2 3 4
Measurement Campaign Measurement Campaign

Figure 33: Experimental k¢ factors for the entrance channel [30] and the SOBP in com-
parison with the values stated in DIN 6801-1 [13], TRS-398 [10] and the up-
dated TRS-398 [49] (dashed lines) for the PTW TM30013 (left) and the IBA
FC65G (right). Thick lines show the mean experimental value, error bars give
the corresponding combined overall standard uncertainties. The experimental
values are calculated according to TRS using Equation 25, the value taken
from the DIN was multiplied by a k. = 1.009 for a better comparison with
the TRS data.
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The kg values determined in the SOBP were also compared to the experimental factors
for the entrance channel [30] that were also determined at HIT using the PTB water
calorimeter. A kg of 1.036 0.8 % was found for the TM30013 and 1.030 4 0.8 % for the
FC65G (values expressed according to TRS-398), which means a difference of 1.9 % for
the TM30013 and 1.1 % for the FC65G compared to the SOBP. The comparison can be
seen in Figure 33. These differences might be explained by a possible LET-dependence
of k‘Q.

According to DIN 6801-1 [13]|, (Wqr)g and pg remain constant when comparing the
entrance channel and the SOBP, while the stopping power ratio changes as it is calcu-
lated as a function of the residual range (Equation 24). This means, the difference in k¢
between the entrance channel and the SOBP would only be determined by the difference
in (8y,qir)g for both situations. The stopping power ratios for the entrance channel and
the SOBP were calculated according to Equation 24, but using the parameter values
derived by Burigo et al. [28], as they are based on the newer key data from ICRU 90 [29].
The comparison of the resulting stopping power values predicts a 0.3 % larger kg for
the SOBP, whereas in this study, a up to 1.9 % decreased k¢g values was found for the
SOBP. This might indicate that the assumption of constant values for (Wg;)g and pg
is insufficient.

If using the values for (Weir)Qo: (Sw,air)Qo - PQo and (8w air)Q, Po stated in TRS-398 [10],
a value of 33.96J/C can be calculated for (Wy;.)g based on the experimental kg val-
ues determined within this thesis. This means a reduction of 1.6 % compared to the
value of 34.5J/C stated in TRS-398. In contrast, increased Wy;, values were obtained
in different studies using monoenergetic carbon ion beams: Rossomme et al. [107] de-
termined a value of 35.5J/C for an initial beam energy of 80 MeV /u, which means an
increase of about 3 % compared to the TRS value; a similar value of 35.72 J/C was found
by Sakama et al. [108| using initial beam energies between 135 MeV /u and 430 MeV /u.
Both studies were based on graphite calorimetry. Osinga et al. [30] calculated a value
of 34.62J/C based on the water calorimetric experiments using an IC TM30013 and an
initial beam energy of 270.55 MeV /u. This comparison shows that a further investigation
of the LET dependence of W, is advisable.

An additional experiment was carried out within this thesis performing water calorimetric
and ionometric measurements in the entrance channel of the monoenergetic irradiation
field (i.e. using the same irradiation plan as described in Chapter 3.1.4 but without 2DRM
in the beam path). Hereby, a measurement depth of 5cm inside the water calorimeter
was choosen as it was also done by Osinga et al. [30]. This gives the advantage of an
identical initial beam energy and scanning scheme compared to the experiments in the
SOBP, leading to similar correction factors. Comparing the results with the ones from
the SOBP measurements, a similar trend can be seen as in the comparison with the values
found by Osinga et al.: The kg factors determined for the entrance channel are between
0.6 % and 2.6 % higher than the factors found for the SOBP. Though, this experiment
has to be repeated for a reliable comparison.

A comparison of the water calorimetric experiment presented here with graphite calorime-
try would be favorable as this offers the opportunity of an independent verification of
the results obtained. Compared to water calorimetry, graphite calorimetry offers the
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advantage of better heat conduction which makes the system’s thermal behaviour easier
to model for a known specific heat capacity of graphite [109]. On the other hand, an
absorbed dose to graphite is measured which has to be converted into absorbed dose to
water adding an additional uncertainty of the dose conversion procedure. However, the
resulting overall standard uncertainties of graphite and water calorimetric experiments
are comparable [109].

With the work presented in this thesis, kg values are now available for the SOBP for the
first time. Their small standard uncertainty of 0.69 % offers the possibility of a substan-
tial reduction of the uncertainty in dosimetry for carbon-ion beams. Nevertheless, an
enlargement of the data base is still desirable. Also a further investigation of a possible
LET-dependence of k¢ is needed.
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