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ABSTRACT: Longitudinal prompt-gamma ray profiles have been measured with a multi-slit multi-
detector configuration at a 75 MeV/u '3C beam and with a PMMA target. Selections in time-of-
flight and energy have been applied in order to discriminate prompt-gamma rays produced in the
target from background events. The ion ranges which have been extracted from each individual
detector module agree amongst each other and are consistent with theoretical expectations. In a
separate dedicated experiment with 200 MeV/u '?C ions the fraction of inter-detector scattering
has been determined to be on the 10%-level via a combination of experimental results and simula-
tions. At the same experiment different collimator configurations have been tested and the shielding
properties of tungsten and lead for prompt-gamma rays have been measured.
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1 Introduction

The treatment of tumors via protons or carbon ions (hadrontherapy) is an emerging technique which
benefits from the fact that ions deposit a large quantity of their energy close to the end of their path
in the Bragg peak. This property, compared to conventional radiotherapy with X-rays, allows a
better sparing of healthy tissues, in particular organs at risk close to the tumor volume. Another
advantage, in the case of carbon ions, is the higher relative biological effectiveness compared to
photons, due to, among others, the higher ionization density.

Due to its sharp fall-off, a major issue for quality control during treatment with ion beams
is the control of the Bragg peak position and its conformation to the tumor volume. A mismatch
could lead to an over-dosage in healthy tissue and an under-dosage in the target volume.

Most of the methods which are being investigated for an in vivo monitoring of the ion range
during treatment are based on the detection of secondary radiation, as no primary radiation escapes
from the patient. Several types of radiation have been considered for this purpose: anti-colinear
511keV photons following a BT -decay, secondary protons from fragmentation processes (in the
case of carbon ions), and prompt gammas generated at the decay of excited fragments.

The detection of 511keV photons [1] via positron emission tomography (PET) has already
proven its applicability in hadrontherapy (see e.g. [2, 3]). However, when deducing the absorbed
dose from the measured activity, biological wash-out needs to be taken into account. This is caused
by long acquisition times which are required due to the limited number of produced B emitters
and their relatively long decay times.



Secondary charged particles following fragmentation processes can be detected in the case
of carbon ion beams. The concept is to reconstruct the trajectories of the emitted particles and
to extrapolate them to their point of creation (vertex) [4]. This interaction vertex imaging (IVI)
modality is being studied by several groups [5-7].

Prompt gamma rays in the energy range up to approximately 10 MeV are emitted nearly in-
stantaneously after inelastic nuclear reactions of the incident ions. It has been shown that the
production rate of these prompt gamma rays is highly correlated to the ion range of the primary
particles [8—10], i.e. the Bragg peak position can be determined via a detection of the fall-off in
the prompt gamma production rate. Systems following this approach comprise collimated cameras
(both knife-edge [11, 12] and multi-slit cameras [13, 14]), as well as Compton cameras [15-20].
It has recently been shown, that with the collimated camera concept, ion ranges in homogeneous
targets can be monitored with millimetric precision for a single spot in proton pencil beam scan-
ning [12, 21]. Time-of-flight can be used to improve the signal to background ratio, as it helps
eliminating uncorrelated signals induced by neutrons and scattered particles [10, 13, 21]. This
is particularly necessary for carbon ion beams. Furthermore, it is also possible to detect density
variations along the ion path [22].

The collimated camera, in comparison to e.g. the Compton camera, has the advantage, that for
the reconstruction no iterative algorithms need to be applied, i.e. with a multi-slit multi-detector
configuration a real-time monitoring of the ion range is possible. The question of the operability of
such a configuration is raised, as high energy gamma scattering between adjacent detectors could
dilute the position information and therefore the information about the ion range.

The present article addresses this open question from the experimental side, with a compar-
ison to simulations at the end. In a first experiment, measurements have been performed with a
multi-slit multi-detector setup demonstrating the proof of principle. In a second step, in a sepa-
rate experiment, the inter-detector scattering has been quantified. Furthermore, the influence of
different collimator configurations, as well as different shieldings has been measured and results
have been compared to Geant4 simulations. These activities are an intermediate step towards a
real-size prototype. The obtained data serve also as an assessment of the accuracy of the Monte
Carlo simulations which are used for an optimization of the collimator dimensions.

2 Multi-slit experiment at GANIL

2.1 Experimental setup

The measurement with a multi-slit multi-detector setup was performed at GANIL (Caen, France)
with 75MeV/u '3C-ions. A top-view of the experiment is given in figure 1. Four LYSO scin-
tillation detectors were placed at 90° with respect to the beam axis behind a tungsten collimator
with equidistant slits. A fifth LYSO detector was located behind a lead collimator under 90° at the
other side of the beam axis (see figure 1 for the dimensions). The four LY SO detectors behind the
multi-slit collimator have been arranged in a way as indicated in figure 2. The LYSO crystals were
coupled via lightguides to photomultiplier (PM) tubes. Symmetric and asymmetric lightguides
have been combined in a way to assure a close alignment of the crystals without being hindered
by the size of the PM tubes. The properties of the LY SO detectors including their crystal type and
size, as well as the type of used lightguides, are denoted in table 1.
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Figure 1. A multi-slit multi-detector configuration for measuring prompt gamma profiles at GANIL with
75MeV/u 3C-ions. The Nal-detector was placed underneath the target at 90° with respect to the beam
direction. It is represented downstream to the target for the purpose of clarity. The figure is not to scale.

Figure 2. Indication of the arrangement of the LYSO detectors (here represented as pixellated arrays and
with five detectors) behind the multi-slit collimator. A combination of symmetric and asymmetric light-
guides assured a close placement of the scintillator crystals without being hindered by the size of the
PM tubes.

Table 1. Properties of the used LYSO detectors, including the crystal type monolithic ("mono’) or pixellated
(’pixel’), the dimensions (width xheightxlength) and the used lightguide, asymmetric (asy’) or symmetric

(’sym’).

Nr 1 2 3 4 5 6
type pixel mono pixel mono mono mono
size [mm?] |4 x40 x 22| 5x 40 x50 |4 x40 x 22 [ 3 x40 x 50 | 5 x 40 x 50 | 3 x 40 x 50
lightguide sym asy asy asy sym sym




A cubic polymethyl-methacrylate (PMMA) target (50 x 50 x 50 mm?*) was mounted on a trans-
lation table. Longitudinal prompt-gamma ray profiles have been obtained by a scan of the target in
front of the detectors. The detector signals were coupled to standard NIM electronics and data were
registered via a VME data acquisition system. For every detector an ADC information is available,
whereas only one time information from a TAC (time-to-amplitude converter) was provided. The
start signal for the TAC came from the logic-OR of the five LY SO detectors after passing constant
fraction discriminators, whereas the high frequency (HF) signal of the accelerator (one bunch of
1 ns every 80 ns) served as stop. For a normalization to the incident ion flux, a Nal detector was
installed at 1050 mm from the target for the registration of secondary radiation from the primary
beam. This detector was placed underneath the target table at 90° with respect to the beam direc-
tion. The count rate of the Nal detector was checked to be independent of the target position. It has
been calibrated via a Faraday cup. Energy calibration of all detector modules has been performed
with radioactive sources.

2.2 Data analysis

For the five LYSO detectors only a single TAC had been available to give the time-of-flight (TOF)
information between a start produced by an event in a detector module and the stop from the (de-
layed) accelerator HF. This time information needs then to be assigned to the individual detectors
in the offline analysis. For each module a software threshold (300-400 keV) is defined which is
equal to the associated hardware discriminator threshold. In order to avoid ambiguities in the as-
signment of the TAC information, only events with multiplicity 1 have been taken into account in
a first analysis step. With this restriction only one module has an ADC entry above its software
threshold and the entries of all other modules are below their respective thresholds. Figure 3 shows
the energy versus TOF spectra under these conditions for the five LYSO detectors. The spectra
reveal a horizontal band below 1 MeV which can be attributed to the internal radioactivity of the
LYSO detectors (3~ -decay of !7°Lu to the 597 keV excited state of 7°Hf followed by a cascade of
3 y-rays [23]) and to 511 keV lines. The (close-to) vertical bands at  ~ 25 ns contain the prompt-
gamma rays. This part is mostly pronounced for LYSO 3 and LYSO 5 as for the actual target
position the Bragg-peak is close to the field of view of these two detector modules. At this partic-
ular position, the beam path in the PMMA block is not in the field of view of LYSO 1 and only
marginally for LYSO 2. The absolute time position of the prompt-gamma band depends on cable
lengths and individual photomultiplier transit times only and is not relevant for the further analysis.

Besides the prompt gammas, also neutrons or neutron induced secondary gamma rays are
registered. These events can be identified via their larger TOF values (with respect to the prompt-
gamma rays). As neutrons can traverse the collimator, no correlation with the incident ion range
can be observed [10]. Therefore, these events contribute to background, only. For a selection of
the relevant events, energy and TOF selections as described in [10, 13], are applied.

The red curve in figure 4 is the TOF spectrum of LYSO 3 for a target position which is close
to the Bragg peak for this detector (note that the target can be moved in front of the detectors
(figure 1)). A timing window (here with a width of 3.6 ns) is selected around the prompt-gamma
peak. The widths of the prompt-gamma windows have been adapted for the individual LYSOs and
their positions respect the change of TOF at different target positions.
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Figure 3. Energy versus TOF spectra for the five LYSO detectors under the condition of multiplicity 1. The
origin of time (horizontal axis) is arbitrary. The z-axis (color-scale) represents the number of counts per bin
(At = 0.3 ns, AE between 15 and 22 keV depending on the energy calibration). The (close-to) vertical bands
around 25 ns correspond to prompt-gamma rays. Neutrons or neutron induced gamma rays with their larger
TOF values show up on the right of the prompt-gamma bands.>

In order to account for background in these prompt-gamma regions, reference data have been
taken at two positions, one before the target entrance, and the other after the Bragg peak. The blue
curve in figure 4 represents the mean spectrum of these two measurements after applying a scaling
factor. This factor is the ratio of integrals outside the prompt region for the TOF spectrum in the
Bragg peak position and the reference data. The integrals in these regions increase almost linearly
along the beam axis as neutron emission is not isotropic, but favors forward directions [10, 24].
By using reference data before the target and after the Bragg peak and the application of a scal-
ing factor, this effect is taken into account (see also [22]). Finally, the events remaining in the
prompt region, after subtracting the background, are integrated. Information from the calibrated
Nal detector is used for a normalization to the number of incident ions.

A further selection of relevant events in the data sample is performed via cuts in the energy
regime. Above 1 MeV the events attributed to the internal radioactivity of LYSO are sufficiently
suppressed. With the present setup the number of events for which a photon has undergone scatter-
ing in a neighboring detector module could not be quantified due to the use of a single TAC only.
The signature from the deposited energy (ADC information) is not sufficient for this purpose, as
these signals comprise also random events which are acquired during the ADC gate of 4-5 ps (at
GANIL every 80 ns a bunch of ions arrives). A dedicated experiment has therefore been performed
at GSI, which will be described in section 3.

2Low energy neutrons from a previous bunch can also appear left to the prompt-gamma band.
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Figure 4. TOF spectra for LYSO 3 for a position close to the Bragg peak (in red) and a scaled mean spectrum
(in blue) from two reference points, one before the target, and one after the Bragg peak. The vertical lines
indicate the prompt region. These spectra contain only events with energies above 1 MeV. The ordinate
represents the number of counts per incident ion and time bin Az = 0.8 ns.

2.3 Results

With the multi-slit multi-detector configuration data have been taken at 24 different target positions
in order to obtain longitudinal prompt-gamma profiles (GANIL 75 MeV/u ions). In figure 5 a)
the registered counts per incident ion are plotted as a function of the target position. For this
figure an energy threshold of 400 keV, but no TOF selection, has been applied. In this plot the
structures which are due to the target entrance and the range of the incident ions are dominated by
background. In figure 5 b), a 400 keV energy threshold has been applied and TOF information has
been included. Furthermore, background has been subtracted, as described in the previous section.
As only for LYSO 2 reference points with sufficient distance to the target entrance and to the fall-
off exist, a single reference point has been used for the background subtraction of the other detector
modules. Namely the point at +14 mm for LYSO 1 and -30 mm for LYSO 3-5, respectively.
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Figure 5. Longitudinal prompt-gamma ray profiles. a) With a 400-keV energy threshold, but without TOF
selection. b) With a 400-keV energy threshold, including TOF information and after background subtraction.
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Figure 6. a) Longitudinal prompt-gamma ray profiles with TOF selection, a 1-MeV energy threshold and
under the condition of multiplicity 1. b) The detector positions have been taken into account and the hor-
izontal axes have been shifted accordingly, for a better comparison of the results. The vertical blue lines
represent the target entrance and the range of 13C ions, respectively.

In figure 5 b) the increase of count rate at the target entrance and the fall-off in the Bragg-peak
region can be identified. For LYSO 1 and LYSO 2 another bump after the Bragg peak, around
0 mm, appears. A possible origin of these events might be Compton scattering from neighboring
detector modules. Another contribution comes from random events which are acquired during the
ADC gate of 4-5 us. For a correct identification and quantification of scattered events via the
timing signature, every detector module needs to be equipped with a TDC, however, which was not
the case for the present experiment. We refer to sections 3.2 and 3.4.

With an increase of the threshold to 1 MeV and a restriction to multiplicity 1, the bump around
0 mm can be minimized.?> The results under these conditions are shown in figure 6 a).

For a better comparison of the profiles from the individual detectors, the detector positions
have been taken into account and the horizontal axes have been shifted accordingly (figure 6 b)).
The vertical blue lines represent the positions of the target entrance and the range of 75 MeV/u *C
ions in PMMA, respectively. Although the count rates are not the same due to different detector
geometries (see table 1), the target entrance and the fall-off is revealed at positions which are con-
sistent with the theoretical values. For a quantitative investigation of the range retrieval precision
as a function of the available statistics in the case of incident protons see ref. [21].

3 Collimator test experiment at GSI

3.1 Experimental setup

For an investigation of the scattering between detectors, as well as the influence of different colli-
mator configurations and shieldings, a dedicated experiment has been performed with 200 MeV/u
12C-ions* at GSI (Darmstadt, Germany). A top-view of the complete setup is displayed in figure 7.

3For a complete suppression of scattered events the TOF information of the individual detector modules would be
necessary.

4The shape of the prompt-gamma energy spectrum in the range 1-10MeV shows only minor influence from the
primary ion energy. For the proton case see e.g. [25, 26].



The carbon ions passed a beam tagging hodoscope, consisting of an array of orthogonal scintil-
lating fibers, which provided a time and position information. As target served a 200-mm long
PMMA cylinder with a diameter of 150 mm. Produced secondary radiation was registered with
detectors placed under 90° with respect to the incident beam direction. LYSO detectors behind
a collimator were used for the investigation of inter-detector scattering, as well as for the test of
different collimator configurations. Shielding properties were measured with a cylindrical LaBrs
detector (diameter: 25.4 mm, length: 50.8 mm) mounted behind lead or tungsten blocks, with vari-

ous thicknesses.

- ot o 200 MeV/u'?C
collimator cestesel
hodoscope
LYSO 6 ’ <
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] : i3 ]
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Figure 7. Setup for the investigation of inter-detector scattering and the influence of different collimator
configurations and shieldings with 200 MeV/u '>C-ions at GSI. The figure is not to scale.

LYSO 2-4 (following the labeling of table 1) were placed behind the slit of the collimator,
whereas LYSO 6 had no direct view to the target (see figure 8 for a side-view of the detector
arrangement behind the collimator). With exception of LYSO 6 the used detector modules were
the same as for the previously described experiment at GANIL. The dimensions are given in table 1.

1 r
LYSO 3
up
T
LYSO 6 LYSO 4
side middle
1
LYSO 2
down
T L
20 mm

Figure 8. Arrangement of the LYSO detectors behind the collimator for the inter-detector scattering experi-

ment.



The detector signals were connected to standard NIM electronics, and data were recorded with
a VME data acquisition system. For each detector an ADC and TDC information is available. The
delayed signal from the beam tagging hodoscope served as time reference for the TDC (stop signal).

Different configurations have been tested, where the collimator material, the collimator dis-
tance cd, the slit width sw and the collimator thickness ¢t have been varied, whereas the distance
between the target and the LY SO detectors was kept fixed at 1173 mm. Two major configurations
have been tested, one with the collimator ’far’ from the target, next to the detectors, and another
with the collimator more ’close’ to the target. An overview of the parameters for the different col-
limator configurations is given in table 2. The test with different shielding materials (W and Pb)
and thicknesses st (between 0 and 200 mm) was performed at a fixed distance (1340 mm) between
the target and the LaBr; detector.

Table 2. Different collimator configurations comprising a variation of the material, the collimator dis-
tance cd, the slit width sw, and the collimator thickness ct.

configuration | material | distance (cd [mm]) | sw [mm] | ¢t [mm]
0 Pb far (1073) 4 100
1 Pb far (1123) 4 50
2 W far (1073) 4 100
3 W far (1123) 4 50
4 Pb close (760) 4 100
5 Pb close (760) 8 100

3.2 Data analysis

At this experiment each detector element has been equipped with a TDC in order to determine
the number of events which have been scattered from another detector module, via their timing
signature.

In a first analysis step, energy versus TOF spectra of LY SO 2-4, the three detectors behind the
slit of the collimator, have been produced (figure 9). The vertical band is due to prompt gamma
rays which are generated in the target and are passing the slit of the collimator. The vertical struc-
tures which appear in the upper and middle LYSO more than 20 ns before the prompt band can
be attributed to beam diagnostic elements upstream to the target area. For a selection of the rel-
evant events, cuts in the energy and time domain have been defined as indicated by the red lines
in the figure.

As LYSO 6 has no direct view to the target, it is only sensitive to scattered events from LY SO 2-
4 or to background. Scattered events can be identified via their time signature. As they are syn-
chronous with an event in LYSO 2-4 the time difference results in a constant value which is only
determined by cable lengths and transition times of the electronics modules. For background events
in LYSO 6 there would be no such time correlation with the other detector modules. The results
of the time differences #4ir of the detector at the side (LYSO 6) to the three other detectors (up,
middle, down) are given in figure 10. For these time distributions prompt-gamma rays have been



selected, i.e. for LYSO 2-4 only events inside the red regions of figure 9 have been considered.
Furthermore, the same energy window has also been selected for LYSO 6. It should be noted that
for this study only configurations with a collimator length of 100 mm have been used in order to
minimize the amount of photons which can penetrate the collimator, as these photons would falsify
the measured number of scattered events (see also section 3.4). The statistics in figure 10 for the
upper and lower detector is very limited whereas the time difference of the middle detector reveals
the signature of scattered events with its concentration around a constant value. The number of
entries in these spectra can therefore directly be attributed to scattered prompt-gamma events with
origin LYSO 2-4.
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|

3
3

LYSO down

3.5

E [MeV]

bl b b b bt bie iy
20 30 40 50 60 70 80 90
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tns]

Figure 9. Energy versus TOF spectra for the three LYSO detectors behind the collimator slit. The red lines
indicate the regions of selected prompt gamma ray events. The origin of the time scale is arbitrary.
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With the same experimental setup the influence of different collimator configurations to the
contrast in prompt gamma ray profiles has been investigated. For the previously described exper-
iment at the cyclotron of GANIL the accelerator HF could be used as time reference for the TOF
measurements. As this is not possible for the synchrotron of GSI, a detector intercepting the beam
needed to be used (figure 7), which limited the rate of incident ions to less than 10° 1/s. Under these
conditions the measuring time for a single data point is on the order of 15 minutes. The total avail-
able beamtime for this type of studies was 5 hours which led to the restriction to take data for each
configuration at two target positions only. One at -30 mm before the target and the other at +40 mm
inside the target (see figure 7). The corresponding TOF spectra of the three detectors behind the
collimator slit (configuration 0, see table 2) are given in figure 11, where the two target positions are
represented by the blue and red lines, respectively. The number of events are obtained via integra-
tion in the prompt-gamma region indicated by the vertical lines in the figure. At the configuration 0
(lead collimator with a thickness of 100 mm) the blue spectra reveal also a prompt-gamma peak,
i.e. prompt gamma rays are not completely absorbed by the collimator material.

LYSOup

0.2210" 0.2710° 0.2210"

3 3 3
= = =
20.18 20.18 2 0.18F
[7} @ [7}
s B B
0.16 0.16 0.16F
0.14 0.14 0.14F
0.12 0.12 012

0.1 0.1

0.1

0.08 0.08

0.06

0.04

I
Ayl Al
A
A ,' e
; \
| « FYTT1 FETTL T PP P L PO PP l*l

t LY 0
30 35 40 45 50 55 60 65 70 75 80 30 35 40 45 50 55 60 65 70 75 80 30 35 40 45 50 55 60 65 70 75 80
tins] tins] tins]

olalins

Figure 11. TOF spectra of the three LYSO detectors behind the collimator slit for configuration O (table 2).
The red (blue) lines represent a point with a field of view of the ion range inside (before) the target. The
ordinate displays the counts per incident ion and time bin Ar = 1.2ns

For an investigation of shielding properties and transmission of prompt gamma rays by dif-
ferent materials, the LaBr; detector has been placed behind lead or tungsten layers with various
thicknesses, respectively (see figure 7). Figure 12 shows the TOF spectra obtained from the LaBr3
without shielding (red line), with 50 mm (blue line) and 100 mm (black line) thick lead bricks
in front of the detector, as well as with a 75 mm tungsten shielding (green line). Furthermore,
results from Geant4-simulations [27] (version 9.6.p02) are also given for the configuration with
100 mm lead shielding (purple line). For all the simulations in this article the reference physics list
(QGSP_BIC_HP), which involves the binary light ion cascade model, has been applied.

3.3 Shielding analysis

As a measure of the prompt gamma rays which can pass through the shielding, count rates of the
LaBr3 detector have been integrated in time windows around the prompt gamma peak (figure 12).
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Figure 12. Experimental TOF spectra from the LaBrz detector without shielding (red line), with 50 mm and
100 mm thick lead layers (blue and black lines), and with a 75 mm thick tungsten shielding (green line). For
comparison simulated data is also shown for the 100 mm lead shielding (purple line). The ordinate represents
the counts per incident ion and time bin Af = 1.2 ns.

The required deposited energy was between 1.1 and 10 MeV. The results for different shielding
materials and thicknesses are given in figure 13.

For the points without shielding (thickness 0) the simulated prompt-gamma production over-
shoots the measured one. This effect has already been reported in the literature [28]. The discrep-
ancy can be reduced via the use of the Quantum Molecular Dynamics (QMD) model and a tuning
of the free parameters therein [29]. As for the present comparison with experiment the absolute
prompt-gamma rate is not of utmost importance, and for the sake of comparability, this approach
has not been followed, and the reference physics list (QGSP_BIC_HP) has been applied, instead.

Simulated data reveal a linear behavior in the semi-logarithmic plot of figure 13 over the
whole range for Pb and W. The experimental data with the lead shielding indicate saturation effects
already at a shielding thickness of 100 mm, whereas the simulated data continue to decrease with
increasing shielding. This can be clarified via the TOF spectra of figure 12. In the experimental
data with a 100 mm lead shielding no prompt-gamma peak is revealed, i.e. the integral is dominated
by other events, e.g. neutrons or neutron-induced gammas which might have also been produced
in a previous bunch. In the simulation, however, the integral is dominated by the prompt-gamma
peak, especially no entries before the prompt-gamma peak appear. This is due to the idealization
in the simulation which does not take into account the time structure of the beam, which means
that no events from previous ion bunches appear. Furthermore, the experimental hall has not been
modeled which leads to a reduction of background in the simulated spectra. Finally, a perfect
timing resolution of the LaBr3 detector has been assumed.

Regarding the shielding properties of lead and tungsten, the latter is more efficient due to its
density which is a factor 1.6 larger compared to lead. This difference in the shielding properties is
more clearly revealed in the simulations than in the experimental data, as for the measured point
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Figure 13. Integrated count rates of the LaBr; detector behind lead and tungsten shielding with various
thicknesses in comparison with Geant4 simulations and the attenuation of photons impinging the two shield-
ing materials.

with a 75 mm tungsten shielding the integral in the TOF spectrum is already dominated by other
events than prompt-gamma rays (figure 12).

For comparison figure 13 shows also the exponential attenuation of the photon flux according
to the Lambert-Beer law. The initial count rates have been set to the ones obtained via simulations.
The mass attenuation coefficients of 0.041 cm?/g for W and 0.042 cm?/g for Pb have been taken
from [30] at 3 MeV which represents a medium energy in the prompt-gamma spectrum. Note that
this energy corresponds to the minimum value of the attenuation coefficients.

Also here the different slopes for Pb and W indicate that the latter is more efficient for shielding
due to its larger density. In this idealized exponential case the attenuation is more pronounced than
for the simulations or the experimental data. This is caused by the fact that in the Lambert-Beer law
every interaction leads to a reduction of the initial flux, whereas in the simulation or experimental
case photons which have undergone an interaction in the shielding, e.g. a Compton scattering, could
still reach the (finite-size) detector.

3.4 Scattering characterization

In a multi-slit multi-detector setup with the intended purpose of measuring longitudinal prompt-
gamma profiles, inter-detector scattering of prompt-gamma rays would lead to a dilution of position
information, as for the reconstruction of the profiles it is assumed that the photons passed the
corresponding collimator slit in front of the detector. For scattered events this assumption is not
valid anymore. The amount of this inter-detector scattering has been determined at a dedicated
experiment at GSI with three LYSO detectors behind the collimator slit in coincidence with one
detector at the side, without a direct view to the target (see figure 8). The results are summarized
in table 3. The number of scattered prompt-gamma ray events which have been registered with
LYSO 6 were extracted from figure 10. The total number of prompt-gamma rays in LYSO 2-4
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Table 3. Scattered and total number of prompt-gamma ray events for the three LYSO detectors behind the
collimator slit. The number of scattered events (in coincidence with LYSO 6 positioned as in figure 8) were
extracted from figure 10, whereas the total numbers were accumulated inside the regions indicated by the

red lines of figure 9.

LYSO 3 (up) | LYSO 4 (middle) | LYSO 2 (down)
scattered 2 14 2
total 1098 791 481
ratio (0.2+£0.1)% (1.8+£0.5)% (0.440.3)%
ratio (Geant4) | (0.5+£0.1)% (2.24+0.2)% (0.2+£0.1)%

were accumulated inside the regions indicated by the red lines of figure 9. Most of the scattered
events have their origin in the middle detector (LYSO 4) which is next to LYSO 6 (figure 8). The
simulations have been performed with the geometry of configuration 0 (100 mm Pb collimator,
table 2) and the same time and energy windows have been applied as for the experimental data
analysis. The results are in good agreement with the experimental data.

The above described method for determining the number of scattered events relies on the
hypothesis that LYSO 6 detects only scattered events, i.e. photons which have originally passed
the slit of the collimator and which have then diffused in one of the detectors behind the slit.
Photons traversing the bulk part of the collimator and having an interaction in LYSO 6 could also be
scattered to one of the other detectors. Experimentally this type of events cannot be discriminated
by the first one and would lead to a falsification of the measured number of scattered events. For a
minimization of penetrating photons, only collimator configurations with a length of 100 mm have
been analyzed, therefore. Here, according to the simulations (cf. figure 13) only 2% of the initial
photons traverse a 100 mm thick Pb collimator (0.2% for 100 mm W). In the experiment this part is
6% for Pb and less than 5% for W. From this it follows that the measured or simulated number of
scattered events might have been overestimated by 6% or 2% (relative uncertainty), respectively.
This uncertainty is well within the statistical error stated in table 3.

For a further investigation of the inter-detector scattering the measured configuration from
figure 8 has been extended to a simulated set-up with three rows of LYSO detectors (figure 14
left). The dimensions and position of the collimator correspond to configuration O from table 2.
The detectors in the bottom and top row have the same dimensions as LYSO 2 and LYSO 3,
respectively. The detectors in the middle row (L6_1-L6_5) are further investigated as they can
detect scattered events from their horizontal neighbors, as well as diagonal from above and below.
Vertical scattering has been ignored as it does not lead to a degradation of the position information.
Scattered events are defined as prompt-gammas having an interaction in one of the detectors behind
the slit (LYSO 2-LYSO 4) and a synchronous hit (within 1 ns) in one of the detectors behind the
bulk part of the collimator. An energy window from 1.1 to 10 MeV has been set for all detectors.
The right part of figure 14 gives the ratio of scattered events detected in the additional detectors
(L6_-1-L6.5) to the number of events in their origin detector (LYSO 2-LYSO 4). The points at zero
correspond to LYSO 6. Horizontal scattering (here the part with origin LYSO 4) is the dominating
part for the next neighbor and then decreases rapidly to negligible values. Diagonal scattering from
the detectors above and below (here LYSO 2 and LYSO 3) plays also a role in its totality.
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Figure 14. Left: simulated configuration with three rows of LYSO detectors. The five additional LYSO
detectors (L6_1-L6_5) in the middle row are used for a further investigation of inter-detector scattering.
Right: results from the simulation. Ratio of detected events in the extra LYSO detectors to the number of
events in their origin detector.

For an estimation of the average portion of scattering, the middle detector behind the slit
(LYSO 4) has been selected as reference. The hypothesis is, that the fraction of scattered events
from this detector fo the other detector modules is the same as the fraction of scattered events from
all other detector modules, arriving in LYSO 4. This module has been selected as reference, as
from here horizontal, as well as, diagonal scattering can occur. The results will therefore state an
upper limit of the scattering portion. The total fraction of events with an interaction in LYSO 4
and a synchronous hit in one of the other detector modules amounts to (4.84+0.2)%. The here
described simulated results contain only diffusion to one direction (here from LYSO 4 to the left).
In a realistic scenario for a detector in the middle of a row, scattering can occur to both directions,
i.e. the obtained ratio needs to be multiplied by two, resulting in (9.6+0.4)%. The above described
penetration of the bulk part of the collimator by photons would lead to a 2% relative diminution of
this value, i.e. 10% diffusion can be stated as a ballpark figure for the scattering fraction. This rough
estimate has been extracted under the assumption of equal count rates for neighboring detectors
which is certainly valid in the plateau region of the Bragg curve. Deviations will be expected in the
target entrance and fall off regions.

When every detector module is equipped with a TDC, the scattered events can be suppressed
in the offline analysis via the timing signature. The related reduction of statistics by less than 10%
is tolerable.

3.5 Influence of collimator configurations

The results from the measurements with different collimator configurations are displayed in fig-
ure 15. The integrated signals (figure 11) of the three LY SO detectors behind the collimator slit are
shown for each of the six different collimator configurations (table 2). Data have been taken at the
target positions -30 mm and +40 mm, respectively. The differences of the integrated count rates at
these two positions are displayed for the six different collimator configurations in the upper part of
figure 16. This contrast is more pronounced for the configurations with the collimator *far’ from
the target (Nr. O to 3) as here the field-of-view is larger than at a *close’ configuration with the same
slit width sw. For a better interpretation of the results from the three LY SO detectors the arithmetic
mean is also shown in the figure (solid blue points).
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Figure 15. Integrated signals of the three LYSO detectors behind the collimator slit at the target positions
-30 mm and +40 mm for the six different collimator configurations (table 2).

The lower part of figure 16 shows the contrast-to-noise ratio (CNR) where noise corresponds to
the square root of the count rate at the point before the target (-30 mm). The CNR is reduced for the
two configurations with thinner collimators (Nr. 1 and 3) which do not provide complete absorption
of the prompt gamma rays. The highest experimental CNR values are obtained with 100 mm thick
collimators in the ’far’ configuration (Nr. 0 and 2) followed by Nr. 5 where the collimator is closer
to the target.

In this figure also the results from the Geant4 simulations for the arithmetic mean CNR value
of the three LY SO detectors are displayed (open circles). As mentioned above, more prompt gam-
mas are produced and less background appears in the simulations, compared to experimental data.
Nevertheless, even if absolute values cannot be reproduced, the results from Geant4 nicely follow
the trend from the experiment for the different configurations. For the CNR a factor 0.4 has been
applied to the simulations for a better comparison with experiment. Here, a difference reveals be-
tween the two configurations with 100 mm collimators (Nr. O and 2), which is not obvious from the
experimental data alone. The simulation favors configuration Nr. 2 with the tungsten collimator.
This result is in accordance with the shielding measurements described above.

4 Conclusions

As an intermediate step towards a clinical prototype of a collimated camera for online ion range
monitoring during carbon-ion-therapy via the detection of prompt gamma rays, measurements have
been performed with a multi-slit multi-detector configuration at a 75 MeV/u '3C beam impinging
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Figure 16. Up: difference of the integrated count rates at the two positions (-30 mm and +40 mm) for the
six different collimator configurations as a measure for the contrast. Down: contrast-to-noise ratio for the
different configurations. For a better interpretation of the results the arithmetic mean from the three LYSO
detectors has been calculated (solid blue points). Also shown are the results of the arithmetic mean from the
simulations (open circles). For a better comparison with experiment, a factor 0.4 has been applied for the
CNR (lower plot).

on a PMMA target. It has been shown that a selection of TOF and energy is necessary before
information about the ion range can be extracted from the measurement of count rates at different
target positions. The results for the five individual LYSO detector modules are in agreement with
theoretical expectations. Prompt-gamma rays which undergo scattering in neighboring detector
modules would dilute the information about the origin of the gamma rays and would therefore
reduce the contrast. The fraction of these events has been determined in a separate experiment with
200 MeV/u '2C ions. From a combination of experimental results with simulations the portion of
scattered events which are registered in a single detector module have been estimated to be on the
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10%-level. If necessary, these events can be discarded in the offline analysis, the related reduction
in statistics is tolerable.

Different collimator configurations have been tested and shielding properties of lead and tung-
sten have been measured. The results from Geant4 simulations are in agreement with experimental
data, even if absolute prompt gamma production rates are overestimated by the simulations, the
relative performance of the different collimator configurations could be reproduced. This confirms
the use of Geant4 for a further optimization of the collimator dimensions. Besides the signal con-
trast these simulations also take into account the range retrieval precision of the incident ions. The
results from this collimator optimization will be subject of a forthcoming article [31].
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