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Abstract

Background: In-vivo monitoring methods of carbon ion radiotherapy (CIRT)
includes explorations of nuclear reaction products generated by carbon-ion
beams interacting with patient tissues. Our research group focuses on in-vivo
monitoring of CIRT using silicon pixel detectors. Currently, we are conducting a
prospective clinical trial as part of the In-Vivo Monitoring project (InViMo) at the
Heidelberg lon Beam Therapy Center (HIT) in Germany. We are using an inno-
vative, in-house developed, non-contact fragment tracking system with seven
mini-trackers based on the Timepix3 technology developed at CERN.
Purpose: This article focuses on the implementation of the mini-tracker in
Monte Carlo (MC) based on FLUKA simulations to monitor secondary charged
nuclear fragments in CIRT. The main objective is to systematically evaluate the
simulation accuracy for the InViMo project.

Methods: The implementation involved integrating the mini-tracker geometry
and the scoring mechanism into the FLUKA MC simulation, utilizing the finely
tuned HIT beam line. The systematic investigation included varying mini-tracker
angles (from 15° to 45° in 5° steps) during the irradiation of a head-sized
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phantom with therapeutic carbon-ion pencil beams. To evaluate our imple-
mented FLUKA framework, a comparison was made between the experimental
data and data obtained from MC simulations. To ensure the fidelity of our com-
parison, experiments were performed at the HIT using the parameters and setup
established in the simulations.

Results: Our research demonstrates high accuracy in reproducing characteris-
tic behaviors and dependencies of the monitoring method in terms of fragment
distributions in the mini-tracker, track angles, emission profiles, and fragment
numbers. Discrepancies in the number of detected fragments between the
experimental data and the data obtained from MC simulations are less than
4% for the angles of interest in the InViMo detection system.

Conclusions: Our study confirms the potential of our simulation framework to
investigate the performance of monitoring inter-fractional anatomical changes
in patients undergoing CIRT using secondary nuclear charged fragments

KEYWORDS

Timepix3

1 | INTRODUCTION

Monte Carlo (MC) simulations are widely recognized
as the most accurate and powerful tools for modeling
particle-tissue interactions in carbon ion radiotherapy
(CIRT) and serve a variety of critical purposes rang-
ing from treatment planning, dose verification, biological
effects studies to treatment monitoring. The latter is of
particular importance due to the pronounced dose gra-
dient of carbon ions." In CIRT, even minor changes in
patient anatomy between treatment fractions, such as
variations in tumor size, weight, or tissue swelling, can
cause significant discrepancies between the planned
and delivered dose distributions and ultimately affect
treatment outcomes >

Various CIRT monitoring methods have been pro-
posed, mainly based on the detection of nuclear reaction
products generated during the interaction of the carbon-
ion beam with the patient’s tissue* Our research group
at the German cancer research center (DKFZ, Heidel-
berg, Germany) has developed a monitoring method by
tracking nuclear charged fragments using semiconduc-
tor silicon pixel detectors.”

Semiconductor pixel detectors are known for their
effectiveness in radiation detection, characterized by
their high time resolution. Among these, semiconduc-
tor silicon layers with Timepix3 readout chip detec-
tors, developed by the Medipix collaboration at CERN
(Geneva, Switzerland), known as Timepix3 detectors,
have demonstrated their versatility in a range of appli-
cations within medical physics, particularly in the fields
of medical imaging® and dosimetry.”-

In recent preclinical studies conducted by our team,
we used a configuration where two one-chip Timepix3
silicon pixel detectors were arranged one behind the
other, resembling a mini-tracker. These studies covered

escaping from the irradiated patient.

carbon-ion radiotherapy, charged nuclear fragments, in-vivo monitoring, Monte Carlo simulations,

various aspects such as monitoring the lateral positions
of the pencil beams? optimizing the positioning angles
of the detectors for longitudinal beam monitoring,'®
assessing the influence of patient inhomogeneities,"
and determining the detectability limits of air cavities
within head-sized phantoms.

For the purpose of conducting a clinical trial, our
research team developed a tracking system utilizing
seven 4-chip Timepix3 mini-trackers.'>'®> These mini-
trackers consist of a front and back layer, each with
two chips placed side by side. This unique configuration
was specifically assembled for the clinical trial’s tracking
system.’ The In-Vivo Monitoring (InViMo) prospective
clinical trial is dedicated to monitoring patients with
head and neck tumors, as well as central nervous sys-
tem (CNS) tumors, undergoing CIRT treatments at the
Heidelberg lon Beam Therapy Center (HIT, Heidelberg,
Germany).

The goal of this work was to systematically validate,
for the first time, the implementation of the Timepix3-
based mini-tracker used in the InViMo tracking system
in (MC) simulations for monitoring secondary charged
fragments in CIRT. Comparisons between experimen-
tal data and MC simulations were conducted with a
focus on studying the variables crucial for our monitor-
ing method.

We utilized the FLUKA general-purpose MC
code,'® 16 renowed for its strong focus on medical
applications.’®'” FLUKA has undergone extensive
development and validation for medical applica-
tions, particularly for ion radiotherapy.'®?° FLUKA’s
robustness has been demonstrated through thorough
benchmarking against depth-dose data and lateral-dose
profiles from various ion-beam therapy and research
facilities?'?3 Furthermore, FLUKA has been selected
by a commercial vendor for validation purposes and to
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provide physics input data for their newly developed
carbon-ion module.?* It was also used to validate a fast
MC dose engine for CIRT?° Additionally, hadronic inter-
actions in FLUKA have been thoroughly benchmarked
against experimental data.'®?6-28 For instance, the
total reaction cross-sections for carbon ions interacting
with hydrogen, carbon, and oxygen were benchmarked
against experimental data from multiple sources?%-34
Comparison of fragment yields at different depths in
water was performed based on these measurements,
as well as with experimental data®® involving carbon
ions at 400 MeV/u impacting a thick water target.

As FLUKA serves as a gold standard tool in hadron
therapy, a dedicated in-house FLUKA MC framework
was developed at HIT providing automated simulations
for clinical treatment plans delivered by actively scanned
proton, carbon,*%3” and helium-ion beams.*® Since the
InViMo clinical trial and associated experiments of this
work are conducted at HIT, the modeled beam line of
the FLUKA MC framework of HIT was used to ensure
realistic reproduction of the real-world scenario for the
delivery of CIRT treatment.

In the Materials and Methods, we outline the HIT
beam line, experimental setup, mini-tracker, and FLUKA
MC simulation. Section 3 compares experimental data
with MC simulation results for fragment distributions,
track angles, emission profiles, and detected fragment
counts. Section 4 interprets the findings, considering
measurement uncertainties and detection significance.
Finally, Section 5 summarizes outcomes and discusses
implications for the InViMo monitoring project.

2 | MATERIALS AND METHODS

21 | Experiment
2.1.1 | Heidelberg lon Beam Therapy
Center

The experiments were conducted at the HIT in Hei-
delberg, Germany. HIT is a hospital-based facility that
specializes in ion-based radiotherapy treatments, serv-
ing more than 1000 patients annually. HIT employs a
synchrotron to accelerate four types of ions: protons,
carbon, helium, and oxygen ions. Proton and carbon ions
have been used for therapeutic purposes since 20093

The HIT facility comprises three treatment rooms and
one experimental room. Two treatment rooms and the
experimental room feature fixed horizontal beam lines,
whereas the third treatment room has a 360° revolv-
ing gantry. In the dedicated experimental room at HIT,
measurements were performed to validate the FLUKA
MC implementation of the Timepix3-based mini-tracker
response to secondary ions during carbon-ion treat-
ment. The InViMo clinical trial takes place in a treatment
room with a horizontal beam.
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HIT utilizes the intensity-modulated raster-scanning
technique for irradiating tumors.#? In this technique, the
beam is scanned across the tumor in a raster pattern,
and the energy of the beam is modulated to conform
to the specific shape and depth of the tumor. To ensure
uniform dose distribution within the tumor and minimize
the impact on healthy tissue, a ripple filter is employed,
allowing for further refinement of the ion energy spread.

For carbon ions, 255 discrete beam energies are
available, spanning from 88.83 to 430.00 MeV/u, corre-
sponding to penetration depths ranging from 2 to 30 cm
in water. The clinical intensity of carbon-ion beams
ranges from 108 to 10'0 ions/s. The monitoring of the
ion-beam intensity and position is facilitated by the beam
application and monitoring system (BAMS), situated
within the beam nozzle.

21.2 | Mini-tracker

We employed a customized configuration of Timepix3
detectors called AdvaPIX TPX3 Quad (quad
module)'>'® developed at ADVACAM s.ro. (Prague,
Czech Republic). It resembles a mini-tracker with two
layers - front and back - as is illustrated in Figure 1.
Each layer consists of two Timepix3 chips. The two
sensitive layers in the mini-tracker are separated by a
distance of 20.3 mm.

The seven mini-trackers incorporated into the detector
system for the InViMo trial have a sensitive layer thick-
ness of 300 um, whereas the one used in this work uses
a 500 um-thick silicon sensor. Aside from these differ-
ences in sensitive layer thickness, all components in the
detectable region of our (AdvaPIX TPX3 Quad) modules
are identical.

Within each layer, the two Timepix3 chips share a con-
tinuous sensitive silicon sensor with a surface area of
approximately 14 x 28 mm?2. For the detector used in our
work, the sensitive layer thickness is 500 um. This silicon
sensitive layer is bump-bonded to two Timepix3 readout
chips. The pixel size is 55 x 110 um? around the TPX3
chip edges, 110 x 110 um? in the chip corners, and 55 x
55um? everywhere else. Two columns of bump bonds
must be omitted for technical reasons at the intersec-
tion zone of the two Timepix3 chips. Consequently, this
leads to two pixel columns effectively doubling in pixel
size in the intersection zone in the middle of the sensitive
layer.

The mini-tracker offers a remarkable time-binning res-
olution of 1.56 ns. Each radiation-sensitive pixel records
data about the timing, energy, and impact positions of
incoming ions. Data readout is performed via USB3.0.
The mini-tracker experiences no dead time as long as
the data throughput does not exceed 47 million pixels/s.
We have designed the experiment to ensure that the
data rate does not exceed 5 million pixels/s, thus ensur-
ing negligible dead time during measurements. In order
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The sensitive region of the detector implemented in the FLUKA MC simulation is shown in the red dashed box. The sensitive region in FLUKA
MC comprises the silicon sensitive layer, the bump bonds, the readout, and the U-shaped aluminum bars.
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to achieve noise-free data acquisition, we set a minimum
energy threshold per pixel of 3keV.

2.1.3 | Experimental setup

In this experiment, we used a custom mini-tracker
support setup developed in-house, as illustrated in
Figure 2a, which has an aperture for the beam. As
a head model, a homogeneous PMMA (PolyMetyl-
MethAcrylate) phantom with a diameter of 16 cm was
positioned in the isocenter of the experimental room.
The setup includes a straight aluminum rail that sup-
ports the mini-tracker. Along this rail, the distance of
the mini-tracker to the isocenter can be adjusted. Addi-
tionally, an arc-shaped aluminum bar, on which the

aluminum rail can slide, allows for a convenient position-
ing of the detector relative to the beam axis. Figure 2b
shows the position of the mini-tracker within the sup-
port setup. The detector, rotated 90° around its intrinsic
k-axis, is held by the support arm. The sensitive layers
of the mini-tracker had a forward-leaning tilt of 1.65°
around the intrinsic j-axis towards the beam axis. The
distance between the mini-tracker and the room isocen-
ter is 20.2 cm, which is the average distance used in the
InViMo detection system. To systematically investigate
the mini-tracker’s response at various angles a, the mini-
tracker was positioned at 15° to 45° relative to the beam
axis in steps of 5°.

A total of seven irradiation plans were developed, one
for each mini-tracker position. All plans used 10 thera-
peutic pencil beam energies covering a 5 cm-long target
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TABLE 1 Used pencil-beam parameters.
Parameter Minimum Maximum
Total number of primary 4.7x108 78.4 x 108

carbon-ions

20 x 10% ions/s
7.5mm

255 MeV n~"

Pencil-beam intensity 2 x 108 ions/s
Pencil-beam focus (FWHM) 6.1mm
Pencil-beam energy 160 MeV n~!

Abbreviation: FWHM, full width at half maximum.

region around the isocentre. For all energies, the posi-
tion of the pencil beam was set constant in the centre
of the lateral plane (x = y = 0). The number of pri-
mary carbon ions was selected based on both pencil
beam energy and mini-tracker position to achieve an
average detection of approximately 1 x 108 fragments
per mini-tracker position. In addition, the intensity of
each pencil beam was carefully adjusted to optimize the
measurement time while avoiding data rate overload on
the mini-tracker. Table 1 outlines the parameter ranges
employed in the irradiation plans.

2.2 | MC simulations

2.2.1 | FLUKA

In this study, the simulations were performed using the
fully integrated particle physics MC simulation pack-
age FLUKA,'>'6 (version 2021.2.5), known for being
an extensively benchmarked simulation tool for particle
therapy. We used the HADROTHE package with default
settings tailored for ion therapy.

FLUKA’s nuclear interactions are described by
the PEANUT (Pre-Equilibrium Approach to NUclear
Theramilzation) model*’#? which employs a gener-
alized intranuclear cascade, pre-equilibrium particle
emission, an equilibrium phase, and statistical tech-
niques for nucleon evaporation, fragmentation,and y-ray
emission.'®4143 FLUKA uses the Boltzmann Master
Equation (BME) theoretical approach to describe the
nuclear thermalization of heavy ions at low energy
ranges up to 150 MeV/u***5 FLUKA utilizes the modi-
fied RQMD-2.4 (Relativistic Quantum Molecular Dynam-
ics) model for ion reactions in the GeV/n energy range
down to ~ 0.1 GeV/n. It processes excited fragments
from RQMD using the PEANUT model. Notably, the
most recent FLUKA update included new physics mod-
els for coherent and quasi-elastic scattering of hadrons
on nuclei, and revised cross-sections for interactions
between protons and light ions.*®

The multiple scattering formalism for the transport
of charged particles through matter implemented in
FLUKA, based on the Moliere theory, was developed
specifically for FLUKA, as described in ref. [47].

To enhance the precision of simulating the generation
of light fragments such as protons and alpha parti-
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cles, which are critical for an accurate representation
of secondary fragment production,'® we activated the
evaporation, and coalescence physical models. To opti-
mize computational efficiency, we deactivated delta rays
and set an energy threshold of 20 MeV for low-energy
neutron interactions. Since they mainly deposit energy
locally in the tissue, they would not significantly impact
the detector’s detection of charged nuclear fragments
escaping from the irradiated patient.

Two FLUKA MC user routines were modified to fur-
ther customize the simulation: source.f used to define
the source of particles in a simulation and mgdraw.f for
scoring fragments with the implemented mini-tracker.

2.2.2 | Implementation of the mini-tracker
in the FLUKA MC

To reproduce our CIRT monitoring method accurately,
we integrated the geometry of the mini-tracker struc-
ture and fragment detection mechanism into the FLUKA
MC simulation.

From the geometry aspect, we have replicated all the
elements within the sensitive region of the mini-tracker,
as illustrated in Figure 1. Those components are the
sensitive silicon layers, the bump bonds connecting it to
the readout chip, and the aluminum bars that support
the sensitive parts of the mini-tracker. Both the sensi-
tive layer and the readout chip were implemented as
plates of solid silicon. The silicon thickness of the sen-
sitive layer and the readout chip is 500 um each. The
256 x 512 bump bonds are modeled as cuboids of
25um.*® The material composition of the bump bonds
was implemented as a mixture of 63% tin and 37% lead,
closely resembling the actual material composition. The
metallic U-shaped bars are composed of aluminium. As
explained in section 2.1.2, for technical reasons there
is a 110 um-wide gap between the two Timepix3 chips
without bomb bonds.

The mgdraw.f user routine has been customized to
identify charged particles passing through the mini-
tracker based on a specific criterion: the particle must
deposit energy greater than the defined detection
threshold in both sensitive layers of the mini-tracker,
which, in our measurement, is set at 3keV. When this
criterion is met, several attributes of the particle are
recorded, including its spatial entry coordinates, parti-
cle type, kinetic energy, and energy loss in both sensitive
layers, among others.

223 |
delivery

HIT beam line and treatment plan

We utilized the experimentally verified model of the HIT
beam line as described in refs. [21, 23]. In contrast to
employing the default sampling procedure as defined
in the FLUKA source.f user routine, we opted to cus-
tomize it to ensure the delivery of all primary carbon-ion
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particles from the generated irradiation plans. As men-
tioned in Section 2.1.2, the seven irradiation plans
were created including the same pencil-beam energies
but different amounts of carbon ions per pencil beam
depending on the mini-tracker position. These irradia-
tion plans were composed as plain text documents and
interpreted by the source.f routine.

2.3 | Data post-processing

As described in Section 2.2.2, in the simulation, the
two coincident hits of a fragment in the mini-tracker
are inherently correlated, enabling their direct use in
determining the fragment track.

In the measurement, the raw data must first be
pre-processed before the fragment track can be recon-
structed. For this purpose, an in-house written Matlab
routine (Matlab version 2021b) was used.

In the data-processing pipeline, clusters are formed by
grouping pixel signals from neighboring pixels, including
diagonal neighbors. A cluster is established when the
maximum timestamp difference among its constituent
pixels is 500 ns to ensure completeness of clusters. A
cluster timestamp is defined as the earliest timestamp
among these pixels. The position of the particle impact
is determined by calculating the center of the cluster, uti-
lizing the energy-deposition-weighted mean of the pixel
coordinates within the cluster.

After building the clusters from the measured data, the
independent clusters in the two sensitive layers need to
be matched. Coincident clusters with a timestamp dif-
ference of 75ns are considered to belong to a single
fragment track in order to account for potential times-
tamping and synchronization errors. In cases where
multiple clusters exist within this coincidence window,
those with the smallest time difference are associated
to the same fragment.'® To enable the reconstruction of
fragment tracks in the treatment room, these clusters are
transformed into the room coordinate system using the
known position of the mini-tracker.

In both the simulation and the measurement, a
reconstructed fragmentation vertex (fragment origin) is
defined as the midpoint along the shortest connection
line between the back-projected fragment track and the
pencil-beam path line.!”

2.4 | Validation of simulation accuracy
To assess the accuracy and reliability of our FLUKA
MC simulation in monitoring carbon-ion treatments with
charged nuclear fragments, we conducted a compar-
ative analysis between the experimental results and
our simulation outputs. This comparison focuses on five
key parameters.

First, we explored the distribution of crosspoints of
fragment tracks across the front sensitive layer of

the mini-tracker. Second, we performed an analysis
of detected fragment tracks to evaluate how well the
simulation replicates phenomena such as fragment pro-
duction, scattering and absorption. Third, we studied
reconstructed fragment emission profiles, which are
used by our group for the identification and localiza-
tion of internal geometrical changes along the beam
axis.® 1" Fourth, we performed an analysis of the num-
ber of detected fragments as a function of the position
of the mini-tracker and, fifth, as a function of the
pencil-beam energies.

For the first three parameters, the comparative anal-
ysis was conducted with data from the detector posi-
tioned at a« = 30° since it represents the midpoint of the
studied angle range. Regarding the number of detected
fragments as a function of the mini-tracker’s position
and the pencil-beam energy, we compared the mea-
sured data and data obtained from the MC simulations
from the seven mini-tracker positions.

3 | RESULTS

3.1 | Distribution of detected fragments
across the detector surface

The comparison between the detected fragment tracks
in measurement and simulation demonstrates a good
qualitative resemblance. Figures 3 display the 2D dis-
tribution of crosspoints of fragment tracks with the
front sensitive layer for both the measured data and
data obtained from the simulations, respectively, with
the detector positioned at « = 30°. Additional projections
along the respective axes provide a more comprehen-
sive perspective.

A distinctive feature is evident in the j-axis histograms
(top projections), characterized by a peak spanning two
pixels at j-pixel coordinates 256 and 257. This phe-
nomenon is attributed to the absence of bump bonds
in two columns, one per chip’s edge, within the zone
between the two Timepix3 chips (see Section 2.1.2). In
the measurement, this results in an effectively doubled
pixel size for these columns. To replicate this in the sim-
ulation during data post-processing, fragments striking
the one-pixel-wide edge row per chip are assigned to the
nearest pixel (j-pixel 256 for the left chip and 257 for the
right chip). The outcome is depicted in Figure 3b, where
the peaks in both images rise with the same magnitude.

Since our monitoring method relies on the evalu-
ation of fragment tracks, fragments that cross only
one detector layer are not taken into account in either
the measurement or the simulation. Hence, there is
a decreased chance of detecting fragments near the
edges of the sensitive layers. This effect is seen in
Figure 3, where a reduction in the number of fragment
tracks is observed towards the left, right, and upper
edges, given the 90° intrinsic rotation of the detector in
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FIGURE 3 Number of detected fragment tracks across the front sensitive layer with integrated number of fragments along the columns or
rows. Detector position: « = 30° relative to the beam axis. (a) Measurement. (b) Simulation.

the experiment and thus in the simulation as is shown
in Figure 2b. In both the measurement (figure 3a) and
simulation (Figure 3b), we consistently observed a pro-
portional reduction in the number of fragment tracks in
these regions. A local maximum is observed in the lower
third of the i-axis histograms (right projections) that cor-
responds to fragments generated in the beam nozzle
about 108 cm upstream of the isocenter. Since the frag-
ment emission is strongly forward-peaked, there is an
effective cut-off at an i-axis value of 100 in the front layer,
beyond which fragments from the beam nozzle will miss
the back detector layer.

3.2 | Angular distribution of detected
fragment tracks

In Figure 4, the angular distributions between the frag-
ment tracks and the beam axis a, are illustrated.

0.07 : : : :
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o
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FIGURE 4 Histogram of the angles between the detected
fragment tracks and the beam axis («,) for the detector positioned at
a =30°.

The number of fragment tracks, normalized to the
number of primary carbon ions irradiated, shows quan-
titative agreement between the measurement and the

SUORIPUOD PUE SWLLB | 8U} 885 *[520Z/0T/T0] U0 AR1q1T8UIUO A1 ‘WNAUSZSBUNYDSIOSRRI N SRLI0!A A RIBZ Za Ad 80T dw/Z00T OT/10p/w0d A8 1M Aeld 1 puluo widee//SAny WoJy papeojumoq ‘2T ‘7202 ‘60ZrELYT

3031 1MA.

a5UBD 1 SUOLIWOD DA 3|ceal|dde 8y Aq pausenoh afe saie O ‘3sn JO s3I 4oy AReid 1T autuQ AS|1M UO (SUO1HIPUOD-PUe:



OCHOA-PARRA ET AL.

22 | \EDICAL PHYSICS

®

© o o9
= =) = o
5 o © &

proportion of fragments
o
o
N

O L "
80 85 0 95 100
angle to x-axis ax (°)

FIGURE 5
fragments from the beam nozzle (a, < 12°).

simulation, with an integrated difference of only 0.5%.
Two prominent peaks are observed in the histogram.
The first peak represents fragments generated in the
beam nozzle at angles ranging from 3° to 6° relative to
the beam axis. Notably, there is a slight rightward shift
in the simulation peak. We quantified the shift by calcu-
lating the mean value in the region of interest, between
2° and 8°. For the measurement peak, the mean value
is 4.1 + 0.2°, while for the simulated one, it is 4.6 + 0.1°.
Additionally, the simulated peak contains about 30% less
fragment tracks compared to the measurement.

The second peak corresponds to fragments that
originate in the phantom, which exhibit track angles
to the beam axis that exceed a, = 12°. In this peak,
less fragments are observed in the measurements
compared to those observed in the simulation. The
median angles between the fragment tracks and the
beam axis in the region of a, > 12° are med(«,),, =
25.0 + 0.1° for measurement and med(x,)s = 24.8 +
0.1° for simulation.

The angular distributions between fragment tracks
and the vertical x-axis were also studied. Figure 5a illus-
trates the distribution of the fragment tracks along the
x-axis a,, showing symmetrical track angle distributions
centered around 90.0 + 0.2° in both our measurement
and simulation results. The prominent peak in the plot
is primarily due to fragments originating directly from
the beam nozzle, which have track angles to the beam
axis below 12°. When these fragments are excluded
from the analysis, as shown in Figure 5b, the peak dis-
appears. The distribution is characterized by consistent
median track angles of med(a,) = 90.2 + 0.2° for both
the measurement and simulation data sets, along with
comparable full width at half maximum (FWHM) values
of (5.7 + 0.2)° for the measurement and (5.8 + 0.2)° for
the simulation.

3.3 | Reconstructed fragment emission
profiles

Fragmentation emission profiles are histograms that
illustrate the distribution of reconstructed fragmentation

—
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Distribution of the angles between the fragment tracks and the vertical room-coordinate x-axis. (a) All fragments. (b) Excluding
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FIGURE 6 Simulated and measured fragment emission profiles
along the beam direction with the detector positioned at « = 30°. The
gray shadow indicates the position of a head-sized phantom,
centered at the isocenter of the room, and the red shadow outlines
the virtual target area.

vertices along a specific axis coordinate. As mentioned
in Section 2.3, we defined these vertices as the coor-
dinates of the midpoint of the shortest connecting line
between the back-projected fragment track and the
pencil beam axis.

The uncertainty of the number of reconstructed frag-
mentation vertices N,y is given by o(Npy) = V/Nipy.
Figure 6 shows the reconstructed fragment emission
profiles from both measurement and simulation along
the beam axis for the detector located at « = 30°. The
beam comes from the negative direction, and the gray
area in the figure indicates the position of the head-sized
phantom centered at the room isocenter with its front
surface at z=—80 mm. The red shadow represents the
virtual target area.

The measured and simulated emission profiles have
similar shapes. The simulated profile shows a slight shift
of the rising edge to the left compared to the mea-
sured profile. The simulation indicates that there is a
greater number of fragments in the entrance region of
the phantom than what was observed in the measure-
ment. Conversely, towards the end of the profile, at a
depth of approximately 50 mm, a slightly higher number
of fragments is observed in the measurement.
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Number of fragments per 1000 primary carbon ions depending on the detector position. The light blue shadow represents the
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primary carbon ion f. The lower panel shows the relative difference of the data obtained from the simulations compared to the measurement.

3.4 | Number of detected fragments
depending on the detector position

The top panel of Figure 7 displays the absolute num-
ber of detected fragments per primary carbon ion f as
a function of the detector position. Meanwhile, the bot-
tom panel showcases the relative difference between
the data obtained from the simulations and the data
obtained from the measurements. The blue-shaded
region of the plot represents the detector angles within
the InViMo detection system.

The error bars represent the uncertainty o in the
number of detected fragments per carbon ion f. This
uncertainty o comprises two components: the uncer-
tainty in the total number of detected fragments o =

\/I_: and the uncertainty in the number of delivered car-
bon ions o¢. In the simulation, the uncertainty in the
number of delivered carbon ions is zero, as we did not
employ a sampling approach. Instead, we defined in the
source.f user routine to simulate the exact number of
planned carbon ions per irradiation plan. For the experi-
ment, the uncertainty in the number of delivered carbon
ions o¢ arises from the uncertainty in the calibration of
the ionization chambers within the BAMS at HIT and is
estimated to be at most 3%.

In both simulation and measurements, a consis-
tent decrease in the number of detected fragments
is observed as the angle increases. The relative dif-
ference between simulation and measurement in the
number of fragments detected for the InViMo angles
remains below 4%. The detector located outside of our
region of interest, at 40° and 45°, exhibits differences
below 10%.

3.5 | Number of detected fragments per
pencil-beam energy

Figure 8 shows the number of fragments per pri-
mary carbon ions at different pencil beam energies.
The data set used in this plot includes the data from
all detector positions, a = (15,45)°. The top panel of
the figure shows the absolute number of fragments
detected per primary carbon ion, as a function of the
10 pencil beam energies included in the irradiation
plan. The bottom panel shows the relative difference
between the data obtained in the simulations and the
measurements. As mentioned in 3.4, the uncertainties in
the detected fragments per carbon ion (of) come from
the total number of fragments detected (F) and from
the delivered carbon ions (C). The simulation has zero
uncertainty in the delivered ions. In the experiment, o¢
is reported to be at most 3%. The number of detected
fragments increases with increasing energy in both the
experiment and the simulation. The simulation underes-
timates the production of fragments by less than 5% in all
cases, with the largest discrepancies observed for lower
and higher pencil-beam energies.

4 | DISCUSSION

Our findings show a consistent agreement between
measurements and simulations, thus validating the
implementation of the mini-tracker and the associated
scoring method within our FLUKA simulation frame-
work. When examining the distribution of detected
fragments across the front-sensitive layer of the
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compared to the measurement.

detector positioned at « = 30° with respect to the beam
axis in Figure 3, all observed features exhibit remarkable
similarity between measurements and simulation.

The angular distribution of fragments along the beam
axis exhibits only a 0.5% difference between the mea-
surement and the simulation, as shown in Figure 4.
Agreement is particularly visible at the rising edge of the
main peak in the angular distributions along the beam
axis, which originates from phantom fragment tracks.
From Figure 5b, the measured and simulated distribu-
tions of the track angles relative to the vertical room
axis are in agreement within their uncertainties when
fragments generated in the beam nozzle are not taken
into account.

The similarities observed in the fragment track dis-
tributions between measurement and simulation also
extend to the reconstructed emission profiles. As shown
in Figure 6, the overall shape of the emission profiles
is very similar, with differences of 2.0% in the number
of fragments in the emission profile for the detector
located at o = 30°, and less than 4% for the detector
positions in the region of interest of the InViMo detection
system used.

For the number of fragments detected at all detector
positions, as shown in Figure 7 we observed an expo-
nential decrease in the measured fragment yield with
increasing angle to the beam axis. This effect was also
observed in our simulations, which reproduce a similar
slope in the number of fragments detected as a func-
tion of the mini-tracker position, which is consistent with
previously reported results by our group in the study
investigating the appropriate detection angles for car-
bon ion radiotherapy monitoring.' In another study*®
that compares ion fragmentation measurements with
simulations (Geant4 toolkit version 9.2), the analysis
of detected proton yields as a function of the detec-

tion angle from 0 to 60° for a 200 MeV/u '2C beam
also showed an exponential decrease as the angle to
the beam increased. However, the simulations consis-
tently overestimated secondary proton yields, ranging
from 10% to 40%.

As expected, the vyield of detected fragments
increases with the ion range (i.e., the pencil beam
energy), as shown in Figure 8. This is attributed to the
ions’ ability to penetrate deeper into the head-sized
PMMA phantom, engaging with a larger volume of
material and consequently increasing the probabil-
ity of interaction with the phantom. Differences of
less than 5% in the number of detected fragments
in the range of pencil-beam energies studied, from
160 to 255 MeV/n, confirm a consistent agreement
between measurements and simulations. The FLUKA
version used in this work (version 2021.2.5), and the
Timepix3-based mini-tracker used in our monitoring
project experiments demonstrate robustness. The
discrepancies observed in our study are significantly
smaller than those reported in the cited study*® which
ranged from 10% to 40%, reinforcing the reliability of our
implementation.

The remaining minor discrepancies between our mea-
surements and the FLUKA MC simulations can be
attributed to two primary sources. The first source is the
MC code, FLUKA, itself. As mentioned in the Introduction,
FLUKA is considered the gold standard for CIRT simu-
lation, since its hadronic models appear to be adequate
for physical dose calculations.'®'® The theory of elec-
tromagnetic interactions is well established, and their
integration into MC codes is a standardized process. In
contrast,the same cannot be said for the nuclear interac-
tions responsible for secondary production, as there are
no rigorous calculable models available for an accurate
description.>®
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In a previous publication by our group, they inves-
tigated carbon-ion fragmentation in water and PMMA
targets®! Differences between the FLUKA simulation
(version 2011.2c¢.0) and the measurements were found,
highlighting the need for improvements in the nuclear
models since then. Experimental data are necessary for
benchmarking and allowing for such improvements due
to the intrinsic phenomenological nature of the calcu-
lation models. FLUKA has undertaken benchmarking?’
to enhance its accuracy for tissue-like targets in the
therapeutic energy range. This was based on exper-
iments aimed at measuring total cross-sections in
thin targets>2-°> Despite significant advancements in
physics models in recent decades, the available data
are considered incomplete due to the reduced num-
ber of projectiles, targets, energies, angles, studied
and limited accuracy of the setups.%°” Therefore,
a source of uncertainties lies in the not well-known
nuclear cross-sections.

The second source of discrepancies stems from
uncertainties in the positioning of the mini-tracker in
the experiment. The relatively short distance of 20.3 mm
between the two sensitive layers, compared to the track
length, induces a leverage effect. This effect can lead to
significant variations in the position and orientation of
the fragment tracks, even with small uncertainties in the
mini-tracker positioning. This phenomenon is illustrated
in Figure 4, which shows the distributions of the track
angles relative to the beam axis. The spatial distribu-
tion of the detected fragments on the sensitive layers
of the mini tracker, as seen in Figure 3, is intricately
shaped by the detector geometry and incident angle of
the fragment tracks. Consequently, the shift is also evi-
dent in Figure 3 due to the different fall-offs that extend
towards the top edge of the detected fragments across
the sensitive layer.

The simulated peak in Figure 4 exhibits an approx-
imately 30% increase in fragment count compared to
the measurements. Another geometric aspect, distinct
from the detector’s positioning that could explain these
discrepancies pertains to the implementation of the
HIT beam nozzle in FLUKA MC framework from HIT.
Although the FLUKA MC framework accurately mod-
els the physical dose calculations, certain geometric
approximations were introduced in the implementation
of the HIT nozzle components 2’

Examining the reconstructed fragment emission pro-
files in Figure 6, despite an overall similar shape, the
simulated profile is shifted downstream of the beam
axis relative to the measurement. Previous studies,
including our group,'® and others,>®59 have reported
significant fragment production at the entrance of irra-
diated objects. Consequently, the expected alignment
of the rising edge of the measured emission profile
with the front of the phantom supports the hypothesis
that the observed shift is due to positioning uncertainty
in the mini-tracker.

In the context of the InViMo clinical trial, several
measures were taken to maximize the reproducibility
and absolute accuracy of the positioning of the detec-
tion system for the study of anatomical inter-fractional
changes. These measures included the design and
study of a structural rigidity of the monitoring system,
its mounting on fixed columns anchored to the concrete
floor of the treatment room, and procedures to facilitate
its correct positioning using the laser positioning system
of the treatment room.

This study has shown that the uncertainty in the
mini-tracker position is the dominant uncertainty when
measuring the fragmentation emission profiles. Consid-
ering the overall good agreement of the characteristics
between the simulation and the measurement, the pre-
sented simulation scheme can be used to investigate
relative changes in the distribution of reconstructed frag-
mentation vertices caused by inter-fractional anatomical
changes. In particular, parameters that can only be
studied via simulation will become accessible for an
in-depth investigation. For example, simulations allow
for the study of fragment species and energy dis-
tribution, as well as their spatial distribution without
the influence of scattering and absorption in the
phantom.

5 | CONCLUSIONS

This study presents the implementation of a MC
framework for evaluating the potential of secondary-ion-
based monitoring of (CIRT).

It focuses on the modeling of a custom-designed
mini-tracker as a detection system for tracking sec-
ondary ions in ion-beam therapy. The performance of
the implementation is evaluated by a comparison of the
simulation results with experimental data acquired at
the Heidelberg lon Beam Therapy Center in Germany.
The mini-tracker is composed of four pixelized silicon
radiation detectors Timepix3 developed at CERN.

Our investigation reveals a robust agreement between
experimental data and data obtained from the MC
simulations, affirming the effective integration of the
mini-tracker and the scoring mechanism within our
FLUKA simulation framework. Uncertainties in the posi-
tioning of the tracking system were found to have a
crucial impact on the results. Therefore, it is crucial to
minimize them in future studies when comparing sim-
ulations with experimental data. Further improvements
in the minor residual differences might be reached by a
future reduction of the uncertainties in the modeling of
nuclear fragmentation cross sections in FLUKA.

In this publication, we have demonstrated the accu-
racy of our simulation framework. We conclude that the
framework is appropriate for the simulation of in-vivo
monitoring of CIRT patients using secondary nuclear
charged fragments.
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