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Abstract

Proton imaging can be seen as a powerful technique for online monitoring
of ion range during carbon ion therapy irradiations. Indeed, a large number
of secondary protons are created during nuclear reactions, and many of these
protons are likely to escape from the patient even for deep-seated tumors,
carrying accurate information on the reaction vertex position. Two detection
techniques have been considered: (i) double-proton detection by means of two
forward-located trackers and (ii) single-proton detection in coincidence with
the incoming carbon ion detected by means of a beam hodoscope. Geant4
simulations, validated by proton yield measurements performed at GANIL and
GSI, show that ion-range monitoring is accessible on a pencil-beam basis with
the single-proton imaging technique. Millimetric precision on the Bragg peak
position is expected in the ideal case of homogeneous targets. The uncertainties
in more realistic conditions should be investigated, in particular the influence
of tissue heterogeneity in the very last part of the ion path (about 20 mm).

(Some figures may appear in colour only in the online journal)

1. Introduction

Online monitoring of the dose during treatments is one of the major challenges for the
quality assurance of hadrontherapy. The ballistic precision of carbon ions, together with
their large biological effectiveness at the end of their path in tissues, makes it possible to
conform the dose to the tumor with high accuracy. Moreover, carbon ion therapy proves
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to be efficient for some radioresistant tumors, while sparing almost completely healthy
tissues located downstream, alongside the ion beam and, to a lesser extent, in front of the
tumor. However, slight deviations from the treatment plan may have dramatic consequences
on the treatment outcome. Such deviations may arise from patient mispositioning, organ
motion, changes in either tumor or healthy tissue volumes during the treatment period
and from uncertainties in the stoichiometric calibration of the x-ray CT image used for
planning.

So far, the only way to check online that the dose is deposited at the right place
is to take advantage of nuclear reactions, although they are not directly associated with
dose deposition (governed by electromagnetic interaction processes). Some of the nuclear
reactions give rise to the production of radioactive isotopes (''C, '°C and '°0) which
decay by means of positron emission. In the case of carbon ion therapy, the carbon
isotopes are mainly concentrated close to the Bragg peak region. They allow for positron
emission tomography (PET), which was used online at the GSI test treatment facility until
2008 (Enghardt et al 2004). Other sources of secondary radiation originating from nuclear
reactions are envisaged for online imaging. Prompt gamma rays are intensively studied
as their emission profile was shown to be correlated with the ion range in matter for
both protons (Min et al 2006) and carbon ions (Testa et al 2008). Moreover, their fairly
large multiplicity, together with their quasi-instantaneous emission, makes it possible to
consider real-time monitoring of the ion range during proton or carbon treatments (Testa
et al 2010, Moteabbed et al 2011). This would represent a major advance in the quality
assurance as compared to PET for which the lifetimes of the radioactive isotopes delay the
information.

In this work, we explore a third modality for online control of the ion range that has
been first proposed by Amaldi et al (2010). This method called interaction vertex imaging
(IVI) is based on the detection of secondary protons to reconstruct nuclear emission vertices.
In the case of carbon ion therapy, it has been shown that a large number of protons are
generated during nuclear collisions along the primary ion path (Gunzert-Marx et al 2008).
As protons originating from the projectile nuclei have a most probable velocity and emission
direction close to the incident ion direction, they are likely to escape from the patient and
to be detected with high efficiency by means of a particle detector located downstream from
the patient. The aim is finally to provide a means of controlling the ion range by comparing
the distributions of reconstructed vertices calculated in the treatment planning stage and the
distributions measured during the irradiation. This comparison of measured and simulated
distributions is also performed during the control procedure of PET devices used at GSI or
HIT where predicted and measured 87 distributions are compared to detect potential deviations
from the treatment plan (Enghardt ef al 2004). In the case of active beam delivery, ‘real-time’
ion-range control can be defined as the monitoring of the range of each single pencil beam
(raster position).

We present the results of a preliminary study which investigates the potentiality of
this method to determine in real time the Bragg peak location. Two techniques have
been considered: double-proton interaction vertex imaging (DP-IVI, coincidence between
two protons emitted from the same vertex) and single-proton interaction vertex imaging
(SP-IVI, the vertex is reconstructed using the incident carbon ion trajectory, determined by a
beam hodoscope). Section 2 presents the IVI principles, our simulation tool (Geant4 9.2) and
its validation against experimental proton yields and finally the scope of this work. Results
are then discussed, in particular regarding the spatial resolution that can be expected on a
pencil-beam basis with IVL.
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Figure 1. Principle of proton IVI and description of the setup used in our simulation. Upper diagram:
single-proton imaging (SP-IVI): only one trajectory is required, provided the incident transverse
position of the carbon ion beam is determined, by means of a beam hodoscope. Lower diagram:
double-proton imaging (DP-IVI): two protons are emitted from the same interaction vertex. Two
sets of tracking detectors are used to reconstruct the intersection point of the trajectories. Target:
PMMA cylinder 10 cm in length and diameter used for the comparison of SP-IVI and DP-IVI.
Tracker: pair of 50 um thick silicon detectors of 10 x 10 cm?.

2. Materials and methods

2.1. IVI principles and the common features of the simulated setups

Interaction vertex reconstruction is a core issue in high-energy experiments. For hadrontherapy
control purposes, it can consist in determining the intersection of two trajectories assumed
to be straight lines. Two detection techniques have been considered, and are presented in
figure 1: (i) double-proton detection (DP-IVI) by means of two forward-located detectors
(called ‘trackers’), and (ii) single-proton detection, in coincidence with the incoming carbon
ion detected by means of a beam hodoscope (SP-IVI). Although double-proton detection
necessarily leads to lower detection statistics, it was still considered because it requires a
simpler setup (without beam hodoscope).

For this initial feasibility study, a simple reconstruction algorithm is sufficient.
The vertex is defined as the point at minimum and equal distances between the two
straight lines of the proton and incident ion trajectories (SP-IVI) or the two proton
trajectories (DP-IVI). More sophisticated algorithms using most likely trajectories will
probably lead to higher image quality, once the principles of the method are well
established.

The basic features of the simulated setups correspond to figure 1: a PMMA target and
two trackers placed 20 cm from the target entrance and at & = 20° with respect to the beam
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direction. Trackers consist of two pairs of 10 cm x 10 cm x 50 pm silicon detectors. The
distance between the two silicon detectors is 5 cm. The spatial resolution of these detectors
was conservatively considered to be equal to the pixel size although we know that it can be far
smaller, considering the pixellated CMOS detectors currently available at IPHC-Strasbourg
(Baudot et al 2009).

The beam hodoscope developed in our laboratory is composed of square scintillating
fibers 1 mm in width. Since nuclear reactions induced in this detector are negligible, they are
not modeled in the simulations. As a matter of fact, a set of two hodoscopes is in principle
required to obtain the incidence direction of the beam, but it can be assumed that, sufficiently
close to the patient, the transverse position of the beam provides enough information. On the
whole, the geometrical parameters of the setup are not crucial, apart from the angular position
of the trackers: as secondary protons are emitted in the forward direction, this angular position
is a trade-off between statistics and precision of vertex reconstruction (the latter requires large
angles for sharper intersection of trajectories). It was set to 20° in order to optimize vertex
reconstruction precision.

2.2. The Monte Carlo simulation tool and its validation against experimental data

Monte Carlo simulations have been increasingly used in the field of ion beam therapy in
recent years. The most popular Monte Carlo packages are FLUKA (Fasso et al 2005), Geant4
(Apostolakis et al 2009), SHIELD-HIT (Gudowska et al 2004) and PHITS (Iwase er al 2002).
Studies using such codes can be classified into the following topics: macro- (Pshenichnov er al
2008) and micro- (Villagrasa et al 2011) dosimetry and nuclear imaging for hadrontherapy
monitoring (Moteabbed et al 2011) (references are examples of studies among many others
using the Geant4 toolkit like this work).

We have chosen the Geant4 toolkit (version 9.2) whose high configurability allows users
to choose either to assemble a physics list in a process-by-process approach or, alternatively,
to use pre-defined partial or complete lists, which are already included in the Geant4 package.
The complete user-defined physics list applied in this study can call two different nuclear
reaction models, namely the binary cascade (BC) and the quantum molecular dynamics (QMD)
models. This makes it possible to evaluate the influence of model uncertainties on the energy
and angular spectra of secondary protons. Unless otherwise mentioned, the results shown
in this paper have been obtained with the QMD model which in general provides a better
description of the emission yields at beam energies commonly used in hadrontherapy (Bohlen
et al 2010).

Both electromagnetic and hadronic physics models are regularly updated and improved
in Geant4. Regarding the present feasibility study, two quantities are of particular interest:
the yield of secondary protons emerging from the target and proton straggling that is the
main source of uncertainty in reconstructed vertex locations. According to the conclusions of
previous works (Pshenichnov ef al 2010, Grevillot et al 2010), we can consider that Geant4 9.2
predictions of such quantities are satisfactory for a feasibility study. Nevertheless, to be fully
confident in our simulations, we performed our own validation of the properties of secondary
protons.

We focus here on the validation of the secondary proton yields: such yields have
been measured in the framework of this study at high energy (310 MeV u~') to complete
experimental data obtained at GSI (Gunzert-Marx et al 2008) with 200 MeV u™~! 12C beam
and a 128 mm thick water target and at GANIL (Braunn et al 2011) with 95 MeV u~! 1>C
beam and PMMA targets of various thicknesses (the comparison with simulations is done with
the 25 mm target).
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Figure 2. Energy versus time of flight (expressed in nanoseconds) distributions obtained for
310 MeV u~! carbon ions incident on a 21 cm thick water target with the telescope located at
30° with respect to the beam direction and 2.2 m from the target center. Left: simulation, right:
measurements (GSI experiment). Protons, deuterons and tritons are referred to as p, d and ¢ in the
simulated distributions (the background events are mainly due to fragmentation reactions in the
scintillator).

We used a 310 MeV u~! 12C ion beam irradiating a 21 cm thick water target. A single
telescope was successively placed at 30° and 45° with respect to the beam and in the forward
direction, at a distance of 2.2 m from the target center. This telescope consisted of a thin
plastic scintillator followed by a Nal(T1) scintillator cylinder 5 cm in diameter and 5 cm in
length. Another thin scintillator was set upstream from the target to allow time of flight (TOF)
measurements, triggered by incident ions. The TOF of the detected particle, together with
the energy deposited in the Nal(T1) detector, allowed us to identify particles, namely protons,
deuterons and tritons (figure 2). The triangular shape of the distributions corresponding to
each particle is due to the fact that high-energy particles (with TOF lower than 17 ns) cross
the scintillator and deposit only a fraction of their energy. The energy scale (vertical axis)
corresponds to the equivalent proton energy deposition: the maximum energy deposited by
protons in the 5 cm long Nal scintillator (upper point of the triangular shape distribution) was
set to the corresponding energy deposition calculated by SRIM (Ziegler et al 2010).

Taking into account the solid angle of the telescope, we report in figure 3 the measured and
simulated values of the detected proton yields as a function of detection angle for the three beam
energies (95,200 and 310 MeV u~!). Apart from small angles (<5°), simulations overestimate
the secondary proton yields at 200 and 310 MeV u~!: this overestimation ranges from 10% to
40% at 200 MeV u~! and from 30% to 50% at 310 MeV u~! (the percentages are related to
experimental values). At 95 MeV u~!, the simulations lead to secondary proton yields lower
than experimental yields: 20% at 16° and 87% at 40° (for the QMD model). Nevertheless, the
overall agreement was considered satisfactory enough to carry out this feasibility study using
Geant4 9.2, especially with trackers placed at 20° with respect to the beam direction.

2.3. The scope of the feasibility study

This feasibility study consists in determining the basic IVI signal features, the best IVI modality
(single- or double-proton vertex imaging) and the influence on reconstructed vertex profiles
of the main following parameters: ion range, target thickness and number of incident ions.
The aim is threefold: (i) to evaluate the maximum target thickness beyond the Bragg peak
allowing IVI monitoring (target-thickness influence), (ii) to determine the relation between
the ion range and the reconstructed vertex distribution falloff (ion-range influence) and (iii) to
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Figure 3. Experimental (open symbols) and simulated (filled symbols) proton emission yields as
a function of emission angle and carbon ion energy (and target thickness): 310 MeV u~! 12C,
210 mm water target (GSI experiment), 200 MeV u~' 12C, 128 mm water target (Gunzert-Marx
et al 2008) and 95 MeV u~! 12C, 25 mm PMMA target (Braunn ez al 2011). Simulations have been
performed with the QMD (circles) and BC (triangles) models.

give an order of magnitude of the number of incident ions required to measure the ion range
with millimetric precision (influence of the number of incident ions).

In order to define the position of the distribution falloff, the vertex distribution is fitted
with the following four-parameter sigmoid function: a + b x erfc [c (z — d)], where z is the
target depth, erfc is the complementary error function and a, b, ¢ and d are the parameters; d
corresponds to the inflection point of the complementary error function, which can be assumed
to provide reliable information to estimate the ion range.

2.3.1. Basic 1VI signal features. The basic IVI signal features are the generated vertex
profile and the secondary proton features. We simulated a generated vertex profile for a carbon
ion beam of intermediate energy: 200 MeV u~! carbon ions incident on a cylindrical PMMA
target of 10 cm in length and diameter. Regarding secondary proton features, they are well
known through nuclear reaction studies, both for nuclear physics fundamental research (see,
e.g., (Hiifner 1985, Lynch 1987)) and for hadrontherapy purpose (Schardt et al 2010). Some
experiments aiming at measuring yields of secondary fragments were recently carried out at
GANIL (95 MeV u~! 12C on thick—a few centimeters—targets in 2008 (Braunn et al 2011)
and thin targets of various materials in 2011) and at GSI (0.2-1 GeV u~! carbon, oxygen and
iron ions on thin carbon, silicon and gold targets in August 2011). Data from Gunzert-Marx
et al (2008) and Braunn et al (2011) have been used in this work.

It has been shown that fragments emitted from the projectile are produced with about
the same velocity as the primary ions. As they have a lower charge than incident projectiles,
their range is in general longer, which produces a dose tail after the Bragg peak. Among the
charged fragments that escape from the target, protons constitute a large majority, which is
the main motivation for focusing our discussion on proton properties. Moreover, the angular
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Figure 4. Diagram of the various vertex detection setups simulated to study the influence of the
target thickness on the interaction vertex distributions for a '>C ion beam with 2 cm range in
PMMA. Cylindrical PMMA target thickness values: 25, 30, 40, 50, 70, 100 and 150 mm.

distributions of fragments are relatively peaked in the beam direction due to nuclear reaction
kinematics (Matsufuji et al 2005).

The main properties of secondary protons are partly illustrated in this work by simulated
energy spectra and angular distributions of secondary protons emitted during nuclear reactions
induced by '?C ion beams (75, 150 and 300 MeV u~') in a thin PMMA target (1 mm thick).
Both BC and QMD results are presented in order to give an idea of model uncertainties. The
differences between simulated and measured proton energy spectra emitted from a thick target
(Gunzert-Marx et al 2008) are of the same order of magnitude.

2.3.2. Comparison of SP-IVI and DP-IVI. The comparison of single- and double-proton
imaging is performed with the setup represented in figure 1 and 200 MeV u~! incident carbon
ions. The reconstructed vertex distributions are discussed in terms of statistics and shapes.

2.3.3. Target-thickness influence. As the falloff position of the vertex distribution is expected
to be mainly driven by the secondary protons emitted typically in the last 20 mm of the carbon
ion path, we investigate the target thickness issue with a low beam energy of 95 MeV u™!
(20 mm range in PMMA). The cylindrical PMMA target thickness values are the following:
25, 30, 40, 50, 70, 100 and 150 mm (figure 4). The target diameter varies in such a way that
all detected protons escape from the target through the target exit surface perpendicular to the
beam direction.

2.3.4. lIon-range influence. In order to study the influence of the ion range on the
reconstructed vertex distributions, a clinically more relevant target is used: a head phantom
consisting of a hollow bone-equivalent sphere (density 1.85 g cm™3) containing cortical tissue-
equivalent material (density 1.03 g cm~>). The sphere outer diameter and thickness are 200
and 3 mm, respectively. The distance between the trackers and target entrance is increased by
5 cm with respect to the previous simulation geometry due to the larger target size (figure 5).

2.3.5. Influence of the number of incident ions. Finally, the statistical fluctuations of the
vertex profile are likely to be the main source of uncertainties in the context of ‘real-time’
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Figure 5. Diagram of the spherical head phantom simulation used to study the influence of the ion
range on the interaction vertex distributions. It consists of a hollow bone-equivalent sphere filled
with cortical tissue-equivalent material. The sphere diameter and thickness are 200 and 3 mm,
respectively.

ion-range monitoring. The monitoring of an active beam delivery system would ideally provide
feedback for each raster position. About 7 x 108 12C ions are needed to deliver an absorbed
dose of 1 Gy in a tumor of 120 cm? located between 6 and 11 cm in depth (Krimer et al 2000).
With about 10* raster positions, the number of incident ions Nj,s per raster position typically
ranges from 10* to 10° (with higher N,y values at the distal edge).

3. Results

3.1. Basic IVI signal features

3.1.1. Generated vertex distributions. Figure 6 presents the simulated longitudinal
distribution of vertices generated by 200 MeV u~! carbon ions incident on a cylindrical
PMMA target. The depth-dose distribution (gray line) is represented in order to illustrate the
75 mm range of such ions in PMMA with a density of 1.19 g cm™>. Vertices induced by
primary (blue line) and secondary (red line) ions are also indicated.

We can see that, already for 200 MeV u~! incident ions, vertices are mainly induced by
secondaries. As expected, the best correlation between the vertex profile and the ion range
is obtained with the primary vertices produced by incident ions. We can also note a slight
decrease in the distribution of primary vertices due to the attenuation of the primary ion beam.
The drop of the total vertex distribution at the Bragg peak position is finally not as dramatic
as one might expect. If we define the contrast as the ratio of the vertex yield at the Bragg peak
and a few millimeters beyond the Bragg peak, the contrast is about 1.6. Nevertheless, as we
will see in section 3.2, protons emitted off secondary vertices are unlikely to escape from the
target. Secondary vertices are mainly induced by light particles such as neutrons and protons,
which lead to the emission of low-energy protons issued from target nuclei.

3.1.2. Secondary proton features. Figure 7 presents simulated energy spectra and angular
distributions of secondary protons emitted during nuclear reactions induced by '°C ion beams
(75, 150 and 300 MeV u~') in a thin PMMA target (1 mm thick). As we can see in the energy
spectra, a large proportion of secondary protons emitted from the projectile is moving with
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Figure 6. Longitudinal distribution of vertices generated in the simulations, for
200 MeV u~! carbon ions incident on a cylindrical PMMA target of 10 cm in length and diameter.
Secondary vertices correspond to vertices induced by secondary projectiles. The dose deposition
profile is also represented (gray line).
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Figure 7. Energy spectra (a) and angular distributions (b) of secondary protons emitted from
nuclear reaction vertices induced by '2C ion beams (75, 150 and 300 MeV u~') in a thin PMMA
target (1 mm thick) (simulations using the BC (thick lines) and QMD models (thin lines)).

about the same velocity as the primary ions of 150 and 300 MeV u~'. At 75 MeV u~! this
component cannot be distinguished from the low-energy component due to protons emitted
from target nuclei. Regarding angular distributions, we can observe that roughly half of the
secondary protons are emitted at angles smaller than 40°, which provides a strong indication for
positioning the trackers to maximize counting statistics. Energy and angular spectra obtained
with the BC and QMD models are in overall good agreement.

Another crucial feature for double-proton imaging is the multiplicity distribution of
protons emitted during nuclear reactions since this imaging technique consists in detecting
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Figure 8. Multiplicity distributions of protons emitted during nuclear reactions induced by
300 MeV u~! 12C ion beams in a thin PMMA target (1 mm thick) with the BC (left) and QMD
(right) models. Thin lines: total multiplicity distributions; thick lines: multiplicity distributions of
protons with energies larger than 80% of the incident ion specific energy (in MeV u™"). Note that
a same event is likely to have its multiplicity reduced when the energy selection is applied, which
explains why the first bin is higher.

two protons coming from the same interaction vertex. Figure 8 shows distributions obtained
from 300 MeV u~! 12C ion beams with the BC and QMD models (thin black lines). Although
these distributions are notably different, both of them have a relatively large mean multiplicity
value between 3 and 4. Nevertheless, in order to be fully meaningful for IVI, such multiplicity
distributions have to be conditioned by relatively large proton energies in such a way that
protons are likely to escape from the target. As the higher the primary ion energy, the longer
its path in the target, we have chosen to define large proton energies as a percentage of the
primary ion energy. The multiplicity distributions of protons with energies larger than 80%
of the incident ion specific energy (in MeV u~!) represented by thick red lines in figure 8 are
dramatically reduced but the probability of multiple emissions remains promising around 15%
(BC)-30% (QMD) with 300 MeV u~!2C jons and 10-20% with 75 MeV u~! '2C jons (not
shown). Double-proton imaging is therefore worthwhile to be investigated.

3.2. Comparison of SP-1VI and DP-IVI

Figure 9 shows the generated and reconstructed vertex distributions (solid lines) along with
the generated positions of the reconstructed vertices (dotted lines), which will be denoted as
‘real’ vertex positions. Indeed, the reconstruction artifacts may lead to systematic deviations
between generated and reconstructed positions. The single-proton distribution is one order of
magnitude below the generated vertex distribution. This corresponds to a single-tracker setup
efficiency of about 10%, a fairly high value, which can be explained by the forward emission
of protons.

The two-proton distribution is one order of magnitude lower than the single-proton one.
This means that the two-proton detection probability roughly corresponds to the square of
the single-proton detection probability. Given the large probability of multi-proton emission
during one collision event (see figure 8), this is not surprising. Note that fortuitous events like
the coincidence between two secondary protons emitted from two distinct vertices do not lead
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Figure 9. Total generated (top) and reconstructed (bottom) vertex yield distributions with the setup
represented in figure 1 and 200 MeV u~! incident carbon ions. Dotted lines correspond to the
real positions of the reconstructed vertices. The depth-dose distribution is also shown. Number of
incident ions: 10°.

to a dramatic deterioration of resolution. The shapes of the two distributions are very similar
so that we can go right to the conclusion that single-proton detection is preferable, favoring
high statistics, even if it requires a beam hodoscope to tag each incident carbon ion.

The comparison between the reconstructed and real vertex positions shows a shift of the
falloff and a deficit in the reconstructed profile at target entrance and exit. Proton straggling
in the target may lead to reconstructed trajectories relatively far from real vertices. In such
cases, the segment corresponding to the minimum distance between the straight lines (proton
and incident ion trajectories (SP-IVI) or the two-proton trajectories (DP-IVI)) tends to be
downstream from the real vertex. This explains the shift between the reconstructed and real
distribution drops and the reconstruction deficit at target entrance. The reconstruction deficit
beyond the Bragg peak position corresponds to secondary vertices far from the beam position:
the reconstruction assumption that vertices lie along the incident beam direction leads to
reconstructed vertices upstream from the real vertices. Despite these differences between the
real and reconstructed vertex profiles, the latter are strongly correlated with the ion range.
Moreover their falloff contrast is about 5, much larger than the generated vertex distribution
contrast. This confirms the expectation mentioned in the previous subsection: protons emitted
from secondary vertices are unlikely to escape from the target. Finally, the detection statistics
is high: for a beam intensity of the order of 10® ions per second during carbon ion therapy,
we can expect to reconstruct 107 vertices per second per millimeter of the path of the primary
beam with the aforementioned detection setup. IVI therefore seems promising for ion-range
monitoring during carbon ion therapy.

3.3. Target-thickness influence

Figure 10 shows the reconstructed vertex distributions obtained with the various target
thickness values, along with complementary error function fits. The reconstructed vertex yield
clearly decreases as a function of target thickness since the escape probability of secondary
protons decreases. The profile obtained with a 150 mm thick target is not represented because
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Figure 10. Left: SP-IVI reconstructed vertex distributions for a low beam energy of 95 MeV
u~! (2 cmrange in PMMA) and the various targets represented in figure 4. The distribution obtained
with a 150 mm thick target is not represented (it is flat with a yield of a few vertices mm™!). The
smooth lines correspond to fits with the complementary error function. Right: Inflection point
position (determined from the fits) as a function of the ion range. Number of incident ions per
simulation: 108,

only a few vertices are reconstructed per millimeter. A PMMA target thickness beyond the
Bragg peak of about 10 cm would be the limit to perform IVI. We can also note a shift of
the inflection point position (d) from 16 to 13 mm. The vertex distribution shape slightly
changes when increasing the target thickness because the absorption of secondary protons
affects more the low-energy protons emitted at the end of the ion path than those produced
upstream. The increase of the inflection point position between the target thicknesses of 70 and
100 mm shows that the fit function is probably not appropriate in high attenuation conditions.
The main conclusion that can be drawn from the previous observations is that IVI is able to
provide information on the last two centimeters of the ion path for target thicknesses beyond
the Bragg peak location lower than about 8 cm. Further studies are considered to assess to
what extent IVI can be sensitive to variations of the target density close to the Bragg peak.

It should be noted that, in principle, this target influence on the inflection point position is
not an issue since the ion-range control consists in comparing the distributions of reconstructed
vertices calculated in the treatment planning stage and measured during the irradiation.
In practice, inter-fractional changes of the patient anatomy may have an influence on the
reconstructed vertex distribution. Nevertheless, this influence should be much lower than a
target thickness increase of 8 cm but it has to be studied further.

3.4. Ion-range influence

Figure 11(a) shows the reconstructed vertex distributions in the head phantom for various ion
beam energies (300, 250, 200 and 150 MeV uh). As expected, the shorter the ion range,
the lower the reconstructed vertex yields. It is noteworthy that the distribution obtained with
the 150 MeV u~! ion beam (blue line) is clearly visible, even though the target thickness
beyond the Bragg peak is about 15 cm: with such a thickness beyond the Bragg peak, the
reconstructed vertex distribution was not visible when using a 95 MeV u~! jon beam. Indeed,
apart from geometrical considerations (the path to escape the target was on average longer
for the cylindrical target described above), the relatively high-energy protons emitted in the
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Figure 11. (a) SP-IVI reconstructed vertex distributions in the head phantom (diameter of 20 cm)
for various ion-beam energies (300, 250, 200 and 150 MeV u~!). The smooth lines correspond to
fits with the complementary error function. (b) Inflection point position (determined from the fits)
as a function of the ion range. Number of incident ions per simulation: 10°.

first centimeters of the ion path are able to escape from the target and provide information on
the ion range. Nevertheless, with such a target thickness (15 cm beyond the Bragg peak), the
current SP-IVI technique is unlikely to be very sensitive to any ion-range shift that may be
induced by heterogeneities at the end of the ion path.

Figure 11(b) shows the inflection point position as a function of the ion range. This
function is strictly increasing. At lower ion ranges, the influence of the target thickness beyond
the Bragg peak is not negligible, which leads to a change of the function slope.

3.5. Influence of the number of incident ions

In order to evaluate the uncertainties in the vertex profile due to statistical fluctuations, a
simulation with 10® incident carbon ions of 200 MeV u~! was carried out. This simulation
was processed in order to vary the size of the incident ion bunches: from 5000 bunches of
2 x 10*ions to 100 bunches of 10°ions. Each vertex profile was fitted with the complementary
error function. Distributions of inflection point positions d were calculated for Njo,s ranging
from 2 x 10*to 2 x 10°. The inset of figure 12 shows the distribution of d values obtained
for Nioys = 10°. The standard deviation o, of the inflection point position distribution is
presented as a function of Ny, in figure 12. The line corresponds to the following fit function:
D1 +p2/m with p; = 0.7 mm and p, = 356 mm.ion'/2. As expected o, presents a behavior
close to an inverse square root law with a steep decrease up to Njgps ~ 2 X 10°. If 5 mm
FWHM is considered as a reasonable confidence interval, we believe that IVI can provide
reliable information with a number of incident ions Niy,s of the order of 10° or even lower
if the detection solid angle can be increased. This conclusion would remain valid even if we
increase the ratio between simulated and measured secondary proton yields up to a factor of 2.

4. Conclusion

In this work, we have investigated the feasibility of ion-range monitoring during carbon ion
therapy by means of interaction vertex imaging with secondary protons. This feasibility study
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Figure 12. Standard deviation of the distribution of inflection point positions d for various
incident ion numbers. Simulation conditions: irradiation of the head phantom with a beam of
200 MeV u~!. The line corresponds to an inverse square root function (see the text). Inset:
distribution of the inflection point positions for 1000 bunches of 107 incident ions.

was performed with the Geant4 Monte Carlo simulation toolkit (version 9.2) validated against
experimental data of secondary proton yields. The secondary proton yields obtained at GSI in
the context of this feasibility study were reported.

The comparison of single- and double-proton interaction vertex imaging systems showed
that the former is clearly the most promising, although it requires the development of a
challenging beam hodoscope, under progress at IPNL. The target thickness and ion energy
have a major influence on reconstructed vertex profiles. The main conclusion is probably that
IVI is able to provide information on the last two centimeters of the ion path for (tissue-
equivalent) target thicknesses beyond the Bragg peak location lower than about 8 cm.

Spatial resolution and detection efficiency are the main features of an imaging device. As
already mentioned in the introduction, ion-range monitoring is based on the comparison of
nuclear imaging distributions (PET, prompt gamma or interaction vertex imaging) calculated
in the treatment planning stage (Monte Carlo simulations) and measured during the irradiation.
In the case of interaction vertex imaging, uncertainties will be mainly due to heterogeneities
at the end of the ion path (that may not affect the reconstructed vertex profile) and statistical
fluctuations. Further studies are in progress to determine whether IVI can detect variations of
target density at the end of the ion path. The influence of inter-fractional anatomical changes
on reconstructed vertex distributions will be studied as well. Regarding statistical fluctuations,
our feasibility study shows that monitoring every pencil beam during active treatment delivery
should be possible: millimetric precision can be obtained with 2 x 107 incident ions, which is
a typical number of ions per raster position.

This work is an ongoing effort, which gives rise to both simulation studies to optimize
the system, and to experimental tests using the beam hodoscope developed at IPNL and the
CMOS tracking detectors provided by IPHC-Strasbourg.
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