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ABSTRACT. Longitudinal prompt-gamma ray profiles have been measwittda multi-slit multi-
detector configuration at a 75 MeV#iC beam and with a PMMA target. Selections in time-of-
flight and energy have been applied in order to discriminabenpt-gamma rays produced in the
target from background events. The ion ranges which have beacted from each individual
detector module agree amongst each other and are consistertheoretical expectations. In a
separate dedicated experiment with 200 Me¥4@ ions the fraction of inter-detector scattering
has been determined to be on the 10%-level via a combinatierperimental results and simula-
tions. Atthe same experiment different collimator confagions have been tested and the shielding
properties of tungsten and lead for prompt-gamma rays hese measured.
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1 Introduction

The treatment of tumors via protons or carbon ions (hadewafly) is an emerging technique which
benefits from the fact that ions deposit a large quantity eif thnergy close to the end of their path
in the Bragg peak. This property, compared to conventioadiotherapy with X-rays, allows a
better sparing of healthy tissues, in particular organssitaiose to the tumor volume. Another
advantage, in the case of carbon ions, is the higher relbtdlegical effectiveness compared to
photons, due to, among others, the higher ionization densit

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

Most of the methods which are being investigated foiramivo monitoring of the ion range
during treatment are based on the detection of secondagtioad as no primary radiation escapes
from the patient. Several types of radiation have been densil for this purpose: anti-colinear
511 keV photons following 8" -decay, secondary protons from fragmentation proceseeb€i
case of carbon ions), and prompt gammas generated at the afezecited fragments.

The detection of 511 keV photong][via positron emission tomography (PET) has already
proven its applicability in hadrontherapy (see e€2j.3]). However, when deducing the absorbed
dose from the measured activity, biological wash-out néetie taken into account. This is caused
by long acquisition times which are required due to the Bahihumber of producefi™ emitters
and their relatively long decay times.



Secondary charged particles following fragmentation @sses can be detected in the case
of carbon ion beams. The concept is to reconstruct the toajes of the emitted particles and
to extrapolate them to their point of creation (vertef). [This interaction vertex imaging (IVI)
modality is being studied by several groupsT{].

Prompt gamma rays in the energy range up to approximatelyedd Me emitted nearly in-
stantaneously after inelastic nuclear reactions of thalémt ions. It has been shown that the
production rate of these prompt gamma rays is highly caedlo the ion range of the primary
particles B-10], i.e. the Bragg peak position can be determined via a detecf the fall-off in
the prompt gamma production rate. Systems following thi@gch comprise collimated cameras
(both knife-edge 11, 12] and multi-slit camerasl3, 14]), as well as Compton cameras5-20].

It has recently been shown, that with the collimated camereept, ion ranges in homogeneous
targets can be monitored with millimetric precision for agée spot in proton pencil beam scan-
ning [12, 21]. Time-of-flight can be used to improve the signal to backagub ratio, as it helps
eliminating uncorrelated signals induced by neutrons amadtered particles1D, 13, 21]. This

is particularly necessary for carbon ion beams. Furtheemiolis also possible to detect density
variations along the ion pati29)].

The collimated camera, in comparison to e.g. the Comptorecarhas the advantage, that for
the reconstruction no iterative algorithms need to be edpli.e. with a multi-slit multi-detector
configuration a real-time monitoring of the ion range is jjass The question of the operability of
such a configuration is raised, as high energy gamma scatteetween adjacent detectors could
dilute the position information and therefore the inforimatabout the ion range.

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

2 Multi-slit experiment at GANIL

2.1 Experimental setup

The measurement with a multi-slit multi-detector setup pagormed at GANIL (Caen, France)
with 75MeV/u 13C-ions. A top-view of the experiment is given in figute Four LYSO scin-
tillation detectors were placed at9With respect to the beam axis behind a tungsten collimator
with equidistant slits. A fifth LYSO detector was located imeha lead collimator under 9@t the
other side of the beam axis (see figrtor the dimensions). The four LYSO detectors behind the
multi-slit collimator have been arranged in a way as indidah figure2. The LYSO crystals were
coupled via lightguides to photomultiplier (PM) tubes. Syetric and asymmetric lightguides
have been combined in a way to assure a close alignment ofybtals without being hindered
by the size of the PM tubes. The properties of the LYSO detedteluding their crystal type and
size, as well as the type of used lightguides, are denoteablal.
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Figure 1. A multi-slit multi-detector configuration for measuringgmpt gamma profiles at GANIL with
75MeV/u 13C-ions. The Nal-detector was placed underneath the tatg@@awith respect to the beam
direction. It is represented downstream to the target fepptirpose of clarity. The figure is not to scale.

Figure 2. Indication of the arrangement of the LYSO detectors (hepeasented as pixellated arrays and
with five detectors) behind the multi-slit collimator. A cbimation of symmetric and asymmetric light-

guides assured a close placement of the scintillator dsystdhout being hindered by the size of the
PM tubes.

Table 1. Properties of the used LYSO detectors, including the atygpe monolithic 'mono’) or pixellated
('pixel’), the dimensions (widtk heightxlength) and the used lightguide, asymmetric ('asy’) or syatnin

('sym’).

Nr 1 2 3 4 5 6
type pixel mono pixel mono mono mono
size [mn¥] | 4x 40x 22| 5x 40x 50| 4x 40x 22| 3x 40x 50| 5x 40x 50| 3 x 40x 50

lightguide sym asy asy asy sym sym




A cubic polymethyl-methacrylate (PMMA) target (530 x 50 mn¥) was mounted on a trans-
lation table. Longitudinal prompt-gamma ray profiles hagerbobtained by a scan of the target in
front of the detectors. The detector signals were couplsthtadard NIM electronics and data were
registered via a VME data acquisition system. For everyateten ADC information is available,
whereas only one time information from a TAC (time-to-aryale converter) was provided. The
start signal for the TAC came from the logic-OR of the five LY 8&ectors after passing constant
fraction discriminators, whereas the high frequency (Hghal of the accelerator (one bunch of
1ns every 80ns) served as stop. For a normalization to theeinicion flux, a Nal detector was
installed at 1050 mm from the target for the registrationefondary radiation from the primary
beam. This detector was placed underneath the target ta®® with respect to the beam direc-
tion. The count rate of the Nal detector was checked to bemident of the target position. It has
been calibrated via a Faraday cup. Energy calibration afetttctor modules has been performed
with radioactive sources.

2.2 Data analysis

For the five LYSO detectors only a single TAC had been availédbigive the time-of-flight (TOF)
information between a start produced by an event in a detewddule and the stop from the (de-
layed) accelerator HF. This time information needs thenetagsigned to the individual detectors
in the offline analysis. For each module a software thresk@0®-400 keV) is defined which is
equal to the associated hardware discriminator thresHoldrder to avoid ambiguities in the as-
signment of the TAC information, only events with multiplicl have been taken into account in
a first analysis step. With this restriction only one modus n ADC entry above its software
threshold and the entries of all other modules are below tespective thresholds. FiguBeshows
the energy versus TOF spectra under these conditions fdivihéYSO detectors. The spectra
reveal a horizontal band below 1 MeV which can be attributethe internal radioactivity of the
LYSO detectors 8~ -decay of' Lu to the 597 keV excited state &f°Hf followed by a cascade of
3 y-rays R3]) and to 511 keV lines. The (close-to) vertical bands 25 ns contain the prompt-
gamma rays. This part is mostly pronounced for LYSO 3 and LY&58&»s for the actual target
position the Bragg-peak is close to the field of view of thege detector modules. At this partic-
ular position, the beam path in the PMMA block is not in thedief view of LYSO 1 and only
marginally for LYSO 2. The absolute time position of the ppirgamma band depends on cable
lengths and individual photomultiplier transit times oalyd is not relevant for the further analysis.

Besides the prompt gammas, also neutrons or neutron indsemmmhdary gamma rays are
registered. These events can be identified via their lar@df Falues (with respect to the prompt-
gamma rays). As neutrons can traverse the collimator, n@legion with the incident ion range
can be observedl()]. Therefore, these events contribute to background, drdy. a selection of
the relevant events, energy and TOF selections as desanilpg@, 13], are applied.

The red curve in figurd is the TOF spectrum of LYSO 3 for a target position which isselo
to the Bragg peak for this detector (note that the target @ambved in front of the detectors
(figure 1)). A timing window (here with a width of 3.6 ns) is selecteadand the prompt-gamma
peak. The widths of the prompt-gamma windows have been ediépt the individual LYSOs and
their positions respect the change of TOF at different tgugsitions.
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Figure 3. Energy versus TOF spectra for the five LYSO detectors uttdecaondition of multiplicity 1. The
origin of time (horizontal axis) is arbitrary. The z-axi®lor-scale) represents the number of counts per bin
(At = 0.3 ns,AE between 15 and 22 keV depending on the energy calibratidr® (dlose-to) vertical bands
around 25 ns correspond to prompt-gamma rays. Neutronsutmomenduced gamma rays with their larger
TOF values show up on the right of the prompt-gamma b&nds.

In order to account for background in these prompt-gammiamegreference data have been

taken at two positions, one before the target entrance rendther after the Bragg peak. The blue
curve in figured represents the mean spectrum of these two measuremenmtspadtging a scaling
factor. This factor is the ratio of integrals outside therppt region for the TOF spectrum in the
Bragg peak position and the reference data. The integraltese regions increase almost linearly
along the beam axis as neutron emission is not isotropicfavots forward directions1[o, 24).
By using reference data before the target and after the Bregl and the application of a scal-
ing factor, this effect is taken into account (see a®g|)[ Finally, the events remaining in the
prompt region, after subtracting the background, are mated. Information from the calibrated
Nal detector is used for a normalization to the number ofdiet ions.

A further selection of relevant events in the data samplesifopmed via cuts in the energy
regime. Above 1 MeV the events attributed to the internalaactivity of LYSO are sufficiently
suppressed. With the present setup the number of eventsfona photon has undergone scatter-
ing in a neighboring detector module could not be quantifieel t the use of a single TAC only.
The signature from the deposited energy (ADC informatienjat sufficient for this purpose, as
these signals comprise also random events which are adqiuming the ADC gate of 4-his (at
GANIL every 80 ns a bunch of ions arrives). A dedicated experit has therefore been performed
at GSI, which will be described in secti@n

2 ow energy neutrons from a previous bunch can also appedoléfe prompt-gamma band.
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Figure 4. TOF spectra for LYSO 3 for a position close to the Bragg p&aked) and a scaled mean spectrum
(in blue) from two reference points, one before the targed, @he after the Bragg peak. The vertical lines
indicate the prompt region. These spectra contain onlytsweith energies above 1 MeV. The ordinate
represents the number of counts per incident ion and timAtn 0.8 ns.

2.3 Results

With the multi-slit multi-detector configuration data haxeen taken at 24 different target positions
in order to obtain longitudinal prompt-gamma profiles (GANI5 MeV/u ions). In figure5 a)
the registered counts per incident ion are plotted as aiimdf the target position. For this
figure an energy threshold of 400 keV, but no TOF selectios, been applied. In this plot the
structures which are due to the target entrance and the ddriige incident ions are dominated by
background. In figur& b), a 400 keV energy threshold has been applied and TOF iatiwmhas
been included. Furthermore, background has been sulatrasteescribed in the previous section.
As only for LYSO 2 reference points with sufficient distanoghe target entrance and to the fall-
off exist, a single reference point has been used for thegvaokd subtraction of the other detector
modules. Namely the point at +14 mm for LYSO 1 and -30 mm for OY®5, respectively.
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Figure 5. Longitudinal prompt-gamma ray profiles. a) With a 400-keM gy threshold, but without TOF
selection. b) With a 400-keV energy threshold, including-Tifformation and after background subtraction.



Y
<
&

-Lvso1
-+ LYS0 2
#1YS03
~Lvso4 0.2

(o)
/ \ = LYSO5
Il A |

—*-LYSO1

] 4+ LYSO 2
/
__X = 1YSO 3
/ —+LYSO 4

B %
ﬂ A\ ©-LYSO 5
9 A
|
|
|
|
|

cts/ion
ctsf/ion
o
N
al

0.25

0.2

0.15

0.

N

0.05

TTTT TTTT TTTT TTTT L TT X
/ by
!

TT T T [T T T T [ T T T T[T T T T [ TTTTTTIx

O T v \' SLE ) TR ) A\ ‘\ L VY - 1 C i :Tr\\’—\‘\\. n
-40 -30 -20 -10 0 10 20 30 40
pos [mm] pos [mm]

Figure 6. a) Longitudinal prompt-gamma ray profiles with TOF selectia 1-MeV energy threshold and
under the condition of multiplicity 1. b) The detector pasiis have been taken into account and the hor-
izontal axes have been shifted accordingly, for a betterpaoison of the results. The vertical blue lines
represent the target entrance and the rangé®fons, respectively.

In figure5 b) the increase of count rate at the target entrance andlttaéffin the Bragg-peak
region can be identified. For LYSO 1 and LYSO 2 another bumer dfte Bragg peak, around
0 mm, appears. A possible origin of these events might be @mmgzattering from neighboring
detector modules. Another contribution comes from randeemts which are acquired during the
ADC gate of 4-5us. For a correct identification and quantification of scatieevents via the
timing signature, every detector module needs to be eqdipfith a TDC, however, which was not
the case for the present experiment. We refer to sec8dhasnd3.4.

With an increase of the threshold to 1 MeV and a restrictiomtdtiplicity 1, the bump around
0 mm can be minimized.The results under these conditions are shown in figuae

For a better comparison of the profiles from the individuaiedmrs, the detector positions
have been taken into account and the horizontal axes havesbé&ed accordingly (figuré b)).
The vertical blue lines represent the positions of the taegFrance and the range of 75 MeVAC
ions in PMMA, respectively. Although the count rates are thet same due to different detector
geometries (see tablg, the target entrance and the fall-off is revealed at pmsitiwhich are con-
sistent with the theoretical values. For a quantitativeegtigation of the range retrieval precision
as a function of the available statistics in the case of emighrotons see ref2]].

3 Collimator test experiment at GSI

3.1 Experimental setup

For an investigation of the scattering between detectarsyadl as the influence of different colli-
mator configurations and shieldings, a dedicated expetitmenbeen performed with 200 MeV/u
12C-jong' at GSI (Darmstadt, Germany). A top-view of the complete sétulisplayed in figurd.

S3For a complete suppression of scattered events the TORiafn of the individual detector modules would be
necessary.

4The shape of the prompt-gamma energy spectrum in the rad@eMeV shows only minor influence from the
primary ion energy. For the proton case see €8§.26).



The carbon ions passed a beam tagging hodoscope, consistamgarray of orthogonal scintil-

lating fibers, which provided a time and position informaticAs target served a 200-mm long
PMMA cylinder with a diameter of 150 mm. Produced secondadiation was registered with

detectors placed under 9With respect to the incident beam direction. LYSO detectmkind

a collimator were used for the investigation of inter-datescattering, as well as for the test of
different collimator configurations. Shielding propestiere measured with a cylindrical LaBr

detector (diameter: 25.4 mm, length: 50.8 mm) mounted loelleiad or tungsten blocks, with vari-
ous thicknesses.
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Figure 7. Setup for the investigation of inter-detector scatteidémgl the influence of different collimator
configurations and shieldings with 200 MeVMAC-ions at GSI. The figure is not to scale.

LYSO 2-4 (following the labeling of tabld) were placed behind the slit of the collimator,
whereas LYSO 6 had no direct view to the target (see figufer a side-view of the detector
arrangement behind the collimator). With exception of LY6@he used detector modules were
the same as for the previously described experiment at GANik dimensions are given in talle

1 r

LYSO 3
up

LYSO 6 LYSO 4
side middle

LYSO 2
down

—e |

20 mm

Figure 8. Arrangement of the LYSO detectors behind the collimatotlie inter-detector scattering experi-
ment.



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

Different configurations have been tested, where the cathmmaterial, the collimator dis-
tancecd, the slit widthswand the collimator thicknesst have been varied, whereas the distance
between the target and the LYSO detectors was kept fixed &rhfh¥. Two major configurations
have been tested, one with the collimator 'far’ from the ¢drgnext to the detectors, and another
with the collimator more 'close’ to the target. An overvieftbe parameters for the different col-
limator configurations is given in tab The test with different shielding materials (W and Pb)
and thicknessest (between 0 and 200 mm) was performed at a fixed distance (189Metween
the target and the LaBdetector.

Table 2. Different collimator configurations comprising a varatiof the material, the collimator dis-
tancecd, the slit widthsw, and the collimator thickness.

configuration| material | distance ¢d [mm]) | sw[mm] | ct [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 equipbdavilrDC in order to determine
the number of events which have been scattered from ano#tectdr module, via their timing
signature.

In a first analysis step, energy versus TOF spectra of LY SQOtBedthree detectors behind the
slit of the collimator, have been produced (fig@®e The vertical band is due to prompt gamma
rays which are generated in the target and are passing tioé #ie collimator. The vertical struc-
tures which appear in the upper and middle LYSO more than 2&fare the prompt band can
be attributed to beam diagnostic elements upstream to thettarea. For a selection of the rel-
evant events, cuts in the energy and time domain have bearedefs indicated by the red lines
in the figure.

As LYSO 6 has no direct view to the target, it is only sensitvscattered events from LYSO 2-
4 or to background. Scattered events can be identified viatthee signature. As they are syn-
chronous with an event in LYSO 2-4 the time difference resimta constant value which is only
determined by cable lengths and transition times of thdreleics modules. For background events
in LYSO 6 there would be no such time correlation with the otthetector modules. The results
of the time differencesyis of the detector at the side (LYSO 6) to the three other detedctp,
middle, down) are given in figurg0. For these time distributions prompt-gamma rays have been



selected, i.e. for LYSO 2-4 only events inside the red regiiohfigure9 have been considered.
Furthermore, the same energy window has also been selerted$O 6. It should be noted that
for this study only configurations with a collimator lengthl®0 mm have been used in order to
minimize the amount of photons which can penetrate thenatbr, as these photons would falsify
the measured number of scattered events (see also s8af)oT he statistics in figurdO for the
upper and lower detector is very limited whereas the timiedihce of the middle detector reveals
the signature of scattered events with its concentrationrat a constant value. The number of
entries in these spectra can therefore directly be atéibtd scattered prompt-gamma events with

origin LYSO 2-4.
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Figure 9. Energy versus TOF spectra for the three LYSO detectors\igéhe collimator slit. The red lines
indicate the regions of selected prompt gamma ray eventsofigin of the time scale is arbitrary.
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With the same experimental setup the influence of differeliincator configurations to the
contrast in prompt gamma ray profiles has been investig&tedthe previously described exper-
iment at the cyclotron of GANIL the accelerator HF could bedias time reference for the TOF
measurements. As this is not possible for the synchrotr@®Sif a detector intercepting the beam
needed to be used (figurg which limited the rate of incident ions to less tha® 16s. Under these
conditions the measuring time for a single data point is erotfdler of 15 minutes. The total avail-
able beamtime for this type of studies was 5 hours which lédeaestriction to take data for each
configuration at two target positions only. One at -30 mm k&tbe target and the other at +40 mm
inside the target (see figui®. The corresponding TOF spectra of the three detectorsbe¢hie
collimator slit (configuration 0, see talif¢are given in figurd.1, where the two target positions are
represented by the blue and red lines, respectively. Thdauof events are obtained via integra-
tion in the prompt-gamma region indicated by the vertigadi in the figure. At the configuration O
(lead collimator with a thickness of 100 mm) the blue sperdkaeal also a prompt-gamma peak,
i.e. prompt gamma rays are not completely absorbed by thienedbr material.
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Figure 11. TOF spectra of the three LYSO detectors behind the colbmslit for configuration 0 (tabl@).
The red (blue) lines represent a point with a field of view & thn range inside (before) the target. The
ordinate displays the counts per incident ion and timefia: 1.2 ns

For an investigation of shielding properties and transimissf prompt gamma rays by dif-
ferent materials, the LaBrdetector has been placed behind lead or tungsten layersvaritbus
thicknesses, respectively (see figidje Figurel2 shows the TOF spectra obtained from the LaBr
without shielding (red line), with 50 mm (blue line) and 10@mngblack line) thick lead bricks
in front of the detector, as well as with a 75 mm tungsten dinigl (green line). Furthermore,
results from Geant4-simulation27] (version 9.6.p02) are also given for the configuration with
100 mm lead shielding (purple line). For all the simulatiamhis article the reference physics list
(QGSPRBIC_HP), which involves the binary light ion cascade model, hesnbapplied.

3.3 Shielding analysis

As a measure of the prompt gamma rays which can pass throaghiblding, count rates of the
LaBr; detector have been integrated in time windows around th@prgamma peak (figurg2).
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Figure 12. Experimental TOF spectra from the LaRtetector without shielding (red line), with 50 mm and
100 mm thick lead layers (blue and black lines), and with a @btimick tungsten shielding (green line). For
comparison simulated data is also shown for the 100 mm Idettigig (purple line). The ordinate represents
the counts per incident ion and time b= 1.2 ns.

The required deposited energy was between 1.1 and 10 MeVreRudts for different shielding
materials and thicknesses are given in figle

For the points without shielding (thickness 0) the simugieompt-gamma production over-
shoots the measured one. This effect has already beenaéporthe literatured8]. The discrep-
ancy can be reduced via the use of the Quantum Molecular Digsd@MD) model and a tuning
of the free parameters thereiR9. As for the present comparison with experiment the absolut
prompt-gamma rate is not of utmost importance, and for tke shcomparability, this approach
has not been followed, and the reference physics list (QBEPHP) has been applied, instead.

Simulated data reveal a linear behavior in the semi-ldgauit plot of figure13 over the
whole range for Pb and W. The experimental data with the lbadding indicate saturation effects
already at a shielding thickness of 100 mm, whereas the atedidata continue to decrease with
increasing shielding. This can be clarified via the TOF gpect figure12. In the experimental
data with a 100 mm lead shielding no prompt-gamma peak isledegi.e. the integral is dominated
by other events, e.g. neutrons or neutron-induced gammih wiight have also been produced
in a previous bunch. In the simulation, however, the inteigrdominated by the prompt-gamma
peak, especially no entries before the prompt-gamma pgadaapThis is due to the idealization
in the simulation which does not take into account the tinnecsire of the beam, which means
that no events from previous ion bunches appear. Furtherntoe experimental hall has not been
modeled which leads to a reduction of background in the stedl spectra. Finally, a perfect
timing resolution of the LaBydetector has been assumed.

Regarding the shielding properties of lead and tungstenlatiter is more efficient due to its
density which is a factor 1.6 larger compared to lead. THfemince in the shielding properties is
more clearly revealed in the simulations than in the expental data, as for the measured point
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Figure 13. Integrated count rates of the LaBdetector behind lead and tungsten shielding with various
thicknesses in comparison with Geant4 simulations andtteewation of photons impinging the two shield-
ing materials.

with a 75 mm tungsten shielding the integral in the TOF spectis already dominated by other
events than prompt-gamma rays (figa.

For comparison figur&3 shows also the exponential attenuation of the photon flusrdawy
to the Lambert-Beer law. The initial count rates have beétogbe ones obtained via simulations.
The mass attenuation coefficients of 0.042&nfor W and 0.042 crtg for Pb have been taken
from [30] at 3 MeV which represents a medium energy in the prompt-garspectrum. Note that
this energy corresponds to the minimum value of the attémuabefficients.

Also here the different slopes for Pb and W indicate thatdktet is more efficient for shielding
due to its larger density. In this idealized exponentiabdhg attenuation is more pronounced than
for the simulations or the experimental data. This is cabyetie fact that in the Lambert-Beer law
every interaction leads to a reduction of the initial flux,esdas in the simulation or experimental
case photons which have undergone an interaction in thielsigee.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 posp of measuring longitudinal prompt-
gamma profiles, inter-detector scattering of prompt-gamayswould lead to a dilution of position
information, as for the reconstruction of the profiles it &samed that the photons passed the
corresponding collimator slit in front of the detector. FBoattered events this assumption is not
valid anymore. The amount of this inter-detector scattehias been determined at a dedicated
experiment at GSI with three LYSO detectors behind the roaitor slit in coincidence with one
detector at the side, without a direct view to the target {gpae 8). The results are summarized
in table 3. The number of scattered prompt-gamma ray events which Ibeee registered with
LYSO 6 were extracted from figur0. 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 eventiéothree LYSO detectors behind the
collimator slit. The number of scattered events (in coiraick with LYSO 6 positioned as in figugg were
extracted from figurd 0, whereas the total numbers were accumulated inside then®gidicated by the
red lines of figured.

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)% (0.4+0.3)%
ratio (Geant4)| (0.5£0.1)% (2.2+:0.2)% (0.2+:0.1)%

were accumulated inside the regions indicated by the red lof figure9. Most of the scattered
events have their origin in the middle detector (LYSO 4) whig next to LYSO 6 (figure8). The
simulations have been performed with the geometry of cordigan 0 (100 mm Pb collimator,
table 2) and the same time and energy windows have been applied ésef@xperimental data
analysis. The results are in good agreement with the expeatahdata.

The above described method for determining the number dfesed events relies on the
hypothesis that LYSO 6 detects only scattered events, i@ops which have originally passed
the slit of the collimator and which have then diffused in afethe detectors behind the slit.
Photons traversing the bulk part of the collimator and hgwain interaction in LYSO 6 could also be
scattered to one of the other detectors. Experimental$ytipie of events cannot be discriminated
by the first one and would lead to a falsification of the measuatenber of scattered events. For a
minimization of penetrating photons, only collimator cguiiations with a length of 100 mm have
been analyzed, therefore. Here, according to the simuakaiicf. figurel3) only 2% of the initial
photons traverse a 100 mm thick Pb collimator (0.2% for 200\Wimin the experiment this part is
6% for Pb and less than 5% for W. From this it follows that theamged or simulated number of
scattered events might have been overestimated by 6% or&étiie uncertainty), respectively.
This uncertainty is well within the statistical error sthia table3.

For a further investigation of the inter-detector scatigrihe measured configuration from
figure 8 has been extended to a simulated set-up with three rows oDL¥&ectors (figurd4
left). The dimensions and position of the collimator copasd to configuration 0 from tabl2
The detectors in the bottom and top row have the same dimensie LYSO 2 and LYSO 3,
respectively. The detectors in the middle row (14 .6 5) are further investigated as they can
detect scattered events from their horizontal neighbarsyedl as diagonal from above and below.
Vertical scattering has been ignored as it does not lead égeadation of the position information.
Scattered events are defined as prompt-gammas having eaciiaa in one of the detectors behind
the slit (LYSO 2-LYSO 4) and a synchronous hit (within 1 ns)ime of the detectors behind the
bulk part of the collimator. An energy window from 1.1 to 10Wlbas been set for all detectors.
The right part of figurel4 gives the ratio of scattered events detected in the addltidetectors
(L6_1-L6.5) to the number of events in their origin detector (LYSO 29 4). The points at zero
correspond to LYSO 6. Horizontal scattering (here the pétt arigin LYSO 4) is the dominating
part for the next neighbor and then decreases rapidly tagielgl values. Diagonal scattering from
the detectors above and below (here LYSO 2 and LYSO 3) plagsaatole in its totality.
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Figure 14. Left: simulated configuration with three rows of LYSO detes. The five additional LYSO
detectors (L61-L6.5) in the middle row are used for a further investigation deirdetector scattering.
Right: results from the simulation. Ratio of detected eséntthe extra LYSO detectors to the number of
events in their origin detector.

For an estimation of the average portion of scattering, tigdi® detector behind the slit
(LYSO 4) has been selected as reference. The hypothesimighe fraction of scattered events
from this detectoto the other detector modules is the same as the fraction désedteventfrom
all other detector modules, arriving in LYSO 4. This modués lbeen selected as reference, as
from here horizontal, as well as, diagonal scattering camocThe results will therefore state an
upper limit of the scattering portion. The total fractionefents with an interaction in LYSO 4
and a synchronous hit in one of the other detector modulesuaimdo (4.8:0.2)%. The here
described simulated results contain only diffusion to oinection (here from LYSO 4 to the left).
In a realistic scenario for a detector in the middle of a raatt®ring can occur to both directions,
i.e. the obtained ratio needs to be multiplied by two, résglin (9.6:0.4)%. The above described
penetration of the bulk part of the collimator by photons lddead to a 2% relative diminution of
this value, i.e. 10% diffusion can be stated as a ballparkéifpr the scattering fraction. This rough
estimate has been extracted under the assumption of equal i@es for neighboring detectors
which is certainly valid in the plateau region of the Braggveu Deviations will be expected in the
target entrance and fall off regions.

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

3.5 Influence of collimator configurations

The results from the measurements with different collimatnfigurations are displayed in fig-
ure15. The integrated signals (figuid) of the three LYSO detectors behind the collimator slit are
shown for each of the six different collimator configuragditable2). Data have been taken at the
target positions -30 mm and +40 mm, respectively. The diffees of the integrated count rates at
these two positions are displayed for the six differentic@tor configurations in the upper part of
figure 16. This contrast is more pronounced for the configuration$ wie collimator 'far’ from
the target (Nr. 0 to 3) as here the field-of-view is larger taba 'close’ configuration with the same
slit width sw. For a better interpretation of the results from the thre&0Ovdetectors 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 dflemator slit at the target positions
-30mm and +40 mm for the six different collimator configuoat (table2).

The lower part of figurd 6 shows the contrast-to-noise ratio (CNR) where noise cpomds to
the square root of the count rate at the point before thett&@@mm). The CNR is reduced for the
two configurations with thinner collimators (Nr. 1 and 3) winido not provide complete absorption
of the prompt gamma rays. The highest experimental CNR saue obtained with 100 mm thick
collimators in the 'far’ configuration (Nr. 0 and 2) followdxy Nr. 5 where the collimator is closer
to the target.

In this figure also the results from the Geant4 simulatiomgHe arithmetic mean CNR value
of the three LYSO detectors are displayed (open circles)né@stioned above, more prompt gam-
mas are produced and less background appears in the sonslatompared to experimental data.
Nevertheless, even if absolute values cannot be reprodtieedesults from Geant4 nicely follow
the trend from the experiment for the different configunagioFor the CNR a factor 0.4 has been
applied to the simulations for a better comparison with expent. Here, a difference reveals be-
tween the two configurations with 100 mm collimators (Nr. @ &), which is not obvious from the
experimental data alone. The simulation favors configomahir. 2 with the tungsten collimator.
This result is in accordance with the shielding measuresnéescribed above.

4 Conclusions

As an intermediate step towards a clinical prototype of #imated camera for online ion range
monitoring during carbon-ion-therapy via the detectiop@mpt gamma rays, measurements have
been performed with a multi-slit multi-detector configimatat a 75 MeV/ul*C beam impinging
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Figure 16. Up: difference of the integrated count rates at the twotjmrs (-30 mm and +40 mm) for the
six different collimator configurations as a measure fordbetrast. Down: contrast-to-noise ratio for the
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detectors has been calculated (solid blue points). Alsaslare the results of the arithmetic mean from the
simulations (open circles). For a better comparison witheexnent, 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 aedgy is necessary before
information about the ion range can be extracted from thesareaent of count rates at different
target positions. The results for the five individual LY SQeior modules are in agreement with
theoretical expectations. Prompt-gamma rays which umdsegttering in neighboring detector
modules would dilute the information about the origin of tieamma rays and would therefore
reduce the contrast. The fraction of these events has béenmieed in a separate experiment with
200 MeV/u'?C ions. From a combination of experimental results with $ations the portion of
scattered events which are registered in a single deteaddul® have been estimated to be on the
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10%-level. If necessary, these events can be discardeé wiflime analysis, the related reduction
in statistics is tolerable.

Different collimator configurations have been tested aneldimg properties of lead and tung-
sten have been measured. The results from Geant4 simglatierin agreement with experimental
data, even if absolute prompt gamma production rates anestimated by the simulations, the
relative performance of the different collimator configioas could be reproduced. This confirms
the use of Geant4 for a further optimization of the collimatonensions. Besides the signal con-
trast these simulations also take into account the rangevatprecision of the incident ions. The
results from this collimator optimization will be subjedtaforthcoming article 31].
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