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Abstract—Prompt secondary radiations such as gamma rays
and protons can be used for ion-range monitoring during ion
therapy either on an energy-slice basis or on a pencil-beam
basis. We present a review of the ongoing activities in terms
of detector developments, imaging, experimental and theoretical
physics issues concerning the correlation between the physical
dose and hadronic processes.

I. INTRODUCTION

The treatment of tumors by a beam of carbon ions or
protons is an emerging method for cancer therapy. One of the
advantages of this method is the fact that the ions deposit a
large quantity of their dose at the end of their path in the Bragg
peak which allows a maximization of the dose applied to the
tumor and a minimization of the dose hitting healthy tissue.
The lateral dose distribution is also quite narrow, it is mainly
effected by multiple scattering of the charged projectiles
before stopping. Another advantage, compared to conventional
radiotherapy, is the higher relative biological effectiveness.
Due to the sharp falloff, one of the major issues for quality
control during the treatment with ion beams is the control
of the Bragg peak position and its conformation to the tumor
volume. A mispositioning would either lead to an over-dosage
of healthy tissue and/or an under-dosage in the target volume.
Since no primary radiation is emerging from the patient during
treatment, secondary radiation is used for in vivo monitoring

purposes. The secondary radiation needs to have a weak
interaction probability to reach external detectors and it needs
to be correlated to the primary beam dose distribution. This
information on electromagnetic energy distribution (the LET)
can be extracted from hadronic interactions [1]-[3].

Several techniques have been deployed for this purpose.
The detection of the two 511 keV gammas following a
3% decay [4] via a PET scanner has already proven its
applicability in hadrontherapy (see e.g [5], [6]). This method
suffers however from long acquisition times due to the limited
number of 37 emitters produced in fragmentation processes
of the incident ions. Therefore, biological wash-out needs to
be taken into account when deducing the absorbed dose from
the measured activity.

Other modalities involve prompt secondary radiation, either
via detection of prompt gamma rays [7], [8], or light charged
particles [9]. The present article focuses on these modalities
with a special emphasis on the instrumental developments and
simulations. The paper is organized as follows: Section II
introduces two modalities for prompt gamma imaging, which
is followed in Section III by a description of proton vertex
imaging. The beam tagging hodoscope is subject of Sec-
tion I'V. Finally, Section V, deals with our simulation activities.



II. PROMPT-GAMMA IMAGING

During an irradiation, photons in the range 1-10 MeV
are emitted almost isotropically within much less than a
picosecond after the nuclear reactions. It has been shown
that the production rate of these prompt gammas is highly
correlated to the dose deposited by the incident ions [7],
[8]. The position of the Bragg peak can be determined via
a detection of the fall off in the production rate of the prompt
gammas. In Lyon two systems for prompt gamma detection
are developed, a collimated camera and a Compton camera,
which will described in the following subsections.

A. Collimated camera

Several groups worldwide are developing prompt gamma-
ray detection systems based on passive collimation with the
objective of an online monitoring of the ion range during
hadrontherapy (see e.g. [7], [10]-[12]). The principle of the
present system is shown in Fig. 1 (top). The incident ions
are passing a beam tagging hodoscope (see Section IV) which
determines the position and provides a time stamp. In order to
obtain a position information of the produced prompt gammas,
they are traversing a collimator consisting of parallel plates.
The detectors behind the slits register the photons and provide
a timing information, also. This timing information can be
used to select the prompt gammas in a time-of-flight (TOF)
spectrum in order to discriminate against neutrons which
are not correlated to the ion range [13] and therefore only
contribute to the background.

The concept has been successfully tested at carbon ion

and proton beamlines with a large variety of incident ion
energies. The time reference for the TOF selection can either
be obtained from a thin scintillator in the primary (continuous)
beam or from the HF structure of pulsed beamlines (e.g. at
GANIL). In Fig. 1 (bottom) a prompt gamma profile obtained
at a 160 MeV proton beam at the WPE (Westdeutsches
Protontherapiezentrum Essen) is given. For this experiment
a collimator with a single slit has been used, the profile has
been obtained by scanning the target (a PMMA cylinder with
a diameter of 150 mm and a length of 250 mm) in front
of the collimator. For photon-detection we used LYSO and
LaBrs scintillation detectors, respectively, which have a ns
timing resolution. The obtained background is less than for
comparable experiments at carbon ion beams. But also for
the proton beam the TOF selection yields to a significant
background reduction.
The purpose of the here described methods is to detect the
fall-off in the prompt gamma production rate after the Bragg
peak in order to have a measure of the incident ion range. For
a determination of this range retrieval precision as a function
of the available statistics, the full data set has been split to
sub-samples with variable statistics. It turned out that for a
detection of the Bragg peak position with a precision of 3 mm
about 10? incident protons are necessary [14].

Typical ion numbers for a distal energy slice during treat-
ment are given in Table I [12], [15], [16]. Combining these
numbers with the above mentioned results, 10 detectors behind
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Fig. 1. Principle of prompt gamma detection (top) and a prompt gamma

profile at a 160 MeV proton beam, with and without time of flight selection
(bottom).

TABLE I
TYPICAL NUMBER OF IONS DURING TREATMENT [12], [15], [16]

number of ions
(distal slice)
proton carbon
energy slice | ~ 1010 | ~ 108
single spot ~ 108 ~ 106

a single slit are necessary to have a 3 mm precision for a
single spot at proton treatment. For carbon therapy less ions are
necessary to provide the therapeutic dose in the target volume.
In this case the signal from several or all spots from an energy
slice (supposed the penetration depth is the same) need to be
integrated for a sufficiently high statistics.

First measurements have been performed in order to mea-
sure longitudinal prompt gamma ray profiles with a multislit
collimator configuration. The experimental setup with LYSO
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Fig. 2. Setup of a multislit configuration (top) and corresponding longitudinal
prompt gamma ray profiles obtained at a '3C beam with 75 MeV/u (bottom).

scintillation detectors behind lead or tungsten collimators,
respectively, is given in Fig. 2 (top). The experiment has been
performed at GANIL with 75 MeV/u '3C ions. The profile
(Fig. 2 (bottom)) has been obtained via a scan of the PMMA
target in front of the detectors. For clarity, the constant offset
of the detector positions has been taken out for the plot. The
difference in the yield for the different detectors is due to
the nonuniform efficiencies of the detectors. Nevertheless, all
counters reveal the fall-off in the prompt gamma production
rate at the same position. There is some structure in the
profiles which seems to come from regions outside the target
(see e.g. the bump around 5 mm for LYSO 2). These events
can be attributed to Compton scattering from one detector to
another. Although this Compton scattering contribution is not
negligible, it should not be crucial for a realistic collimated
camera. Currently the collimator design is being optimized
via Monte Carlo simulations aiming for the construction of a
prototype.

Besides the measurement with homogeneous targets presented
so far, longitudinal prompt gamma-ray profiles have also been
obtained with heterogeneous targets where inserts with low
and high density material represented lung and bone tis-
sue, respectively. A correlation between the produced prompt
gamma rate and the density variations could be observed [17].
Furthermore, the retrieved ion range is in accordance with
simulations.

B. Compton camera

A considerable improvement in the detection of prompt
photons can be achieved with a Compton camera. The idea
is to replace the performance limiting passive collimation
via electronic collimation. For medical applications several
systems with different detector configurations are under
development (see e.g. [18]-[24]). The principle of the
envisaged design of the Compton camera is displayed in
Fig. 3. An emitted gamma ray undergoes Compton scattering
in a first (scatter) detector and hits then the absorber. With
the position and energy information of these detectors as
well as the Compton kinematics the direction of the original
photon can be confined to a cone. The originality of the
present system is the use of the beam tagging hodoscope
which simplifies the reconstruction problem to an intersection
of a straight line with a cone, whereas classical Compton
cameras obtain the 3-D information of the produced gammas
from cone intersections.

Simulations have been performed [25], [26] with a stack
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Fig. 3. Scheme of the combination of a Compton camera and a beam tagging
hodoscope.

of 10 silicon strip detectors (2 mm thickness) as scatter
detectors and a large scintillator as absorber. According to
the simulations this setup provides an efficiency of 2.5-10~*
and has a spatial resolution for a polychromatic point-source
of 8.3 mm FWHM [26]. For a measurement of the ion
range during hadrontherapy, i.e. a detection of the fall-off
position in the gamma profile, millimetric precision can be
reached [27], however. The spatial resolution can be further
improved by the application of advanced reconstruction
algorithms [28]-[31].

For a realistic determination of the occurring count rates
during hadrontherapy an experiment at the Heidelberg Ion
Therapy center (HIT) has been performed with a Compton-
camera-like setup (see Fig. 4 (top)). A small silicon strip
detector (12x12 x 2 mm?®) has been combined with a LaBrs
scintillator (diameter 25.4 mm, length 50.8 mm). The mea-
sured energy spectrum for the silicon detector in comparison
with simulations from [27] are shown in Fig. 4 (bottom).
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With these data we extrapolated the expected count rates
for a configuration as in [26], i.e. silicon detectors with
80x80 x 2 mm? and an absorber with 300x300 x 25 mm?.
The expected count rates under typical therapeutic beam
conditions with proton or carbon beams, respectively, are given
in Table II.

TABLE I
COUNT RATE ESTIMATES FOR A REAL SIZE COMPTON CAMERA UNDER
THERAPEUTIC BEAM CONDITIONS

proton beam (1010p/s) | carbon beam (108ion/s)
count/s count/s
first Si 4.4-10° 1.3-106
absorber 2.5-107 2.8-106

It can be seen that the rate for the first silicon detector in the
stack is on the order of 105 1/s for the whole detector which
reduces to 10° 1/s for a single strip. This is a rate which
can be handled by the electronics. For the absorber however,
the expected rates reach 107 1/s, which is not feasible. The
envisaged solution is the usage of a segmented absorber
detector consisting of BGO crystals coming from PET mod-
ules [32]. The blocks are sawn-in (see Fig. 5 (left)) for an
improvement of the position resolution. They are read out via
4 photomultiplier tubes (Fig. 5 (right)). Simulations [33] have
shown that BGO is well suited for the considered purpose as

the high photo-electric cross section leads to a large quantity
of fully absorbed photons in the crystal. Furthermore, it has
a sufficiently good timing resolution and compared to LYSO,
BGO has the advantage of not being radioactive.

Fig. 5. sawn-in BGO crystal (left) read out via 4 photomultiplier tubes (right).

As scatter detectors double sided silicon strip detectors
(DSSD) [34] with 2 x 64 strips and a volume of 90 x 90 x 2mm?
will be used (Fig. 6). They have been bonded and mounted
on a test board for characterization.

Slow
Shaper

Fast
shaper

P strip readout electronics configuration

Rf (nenvork) = R1+ R2+ RIR2/ K|

Slow

stack of 2 mm
thick double-sided Silicon
Strip Detectors (SSD) in //

N strip readout electronics configuration

Fig. 7. Scheme of readout electronics [35] for the SSD.

For the readout a dedicated application specific integrated
circuit (ASIC), as shown in Fig. 7, has been developed [35].
It consists of charge sensitive preamplifiers (CSA) as well as
fast and slow shapers with 15 ns and 1 us shaping times,



respectively. The aim for the DSSD and its readout is to obtain
an energy resolution of 2 keV FWHM at 1 MeV. In the present
version of the ASIC 75% of the noise is produced by the
resistance in the feedback loop of the slow shaper. In the next
version of the layout this resistance will be replaced by a
switch in order to completely suppress its contribution to the
parallel noise.

III. PROTON INTERACTION VERTEX IMAGING

Another method, complementary to the detection of prompt
gamma rays, is the analysis of the emission of charged
particles following the fragmentation of the incident ions.
The principle is to reconstruct the trajectories of the emitted
particles and to extrapolate them to the point of creation
(vertex) [9]. Fig. 8 shows the principle. The direction of the
incident ion is defined by the beam tagging hodoscope. The
trajectory of the secondary protons is registered via planes
of pixel detectors (MIMOSAZ26 [36]). A scintillator, operated
in coincidence with the beam tagging hodoscope, serves as
trigger.

Simulations [37] have shown that the emitted protons carry

Interaction Vertex Imaging (secondary protons)

Scintillator
(trigger)

Tracking
detectors (x,y)

IPNL et al.

Fig. 8. Principle of Proton Interaction Vertex Imaging

information about the range of the incident ions, more sur-
prisingly even in the case of deep seated tumors where the
residual range of the protons to escape the patient reaches
10 cm (for homogeneous targets). Results from the simulations
for a spherical head phantom (diameter 200 mm) are given
in Fig. 9. Here, the distribution of vertex yields is shown
for different incident carbon ion energies. For a quantitative
analysis an error-function has been fitted to the distributions,
the inflection point position (IPP) is indicated in the figure,
also. A correlation of the IPP and the incident carbon ion
energy is revealed.

In order to validate the proton IVI method, several experi-
ments have already been performed. The configuration with a
100 x 100 x 250mm?® PMMA target at the carbon beam of HIT
is shown in Fig. 10 (top). The yield of reconstructed vertices,
as measured, is given in the bottom part of Fig. 10. For
comparison, also the stopping power of carbon ions in PMMA
at this energy is shown. Data have been taken at various
incident ion energies showing an influence in the reconstructed
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5
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; .

-
200
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Fig. 9. Results from simulations [37] of a spherical head-phantom for the

vertex yield at different carbon ion energies. IPP denotes the inflection point
position of a fitted error-function.

vertex distributions [38] (cf Fig. 9). Moreover, measurements
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Fig. 10. Experimental configuration at HIT (top) and measured reconstructed
vertices in comparison to the corresponding stopping power (bottom).

with heterogeneous targets have been performed recently at
HIT. Data analysis is in progress.

IV. BEAM TAGGING HODOSCOPE

The beam tagging hodoscope plays a major role in all
our detection concepts as it provides position and timing
information of the incident ions. It consists of an array of scin-
tillating fibers (1 x 1mm?) which are coupled to multichannel
photomultipliers (PM). Two prototypes already exist, one with



2x32 fibers and another with 2x 128 fibers (see Fig. 11). Both
prototypes have been successfully tested. From measurements
at GANIL with the small hodoscope, a time resolution of 1 ns
FWHM could be extracted.

For the choice of the PM, a micro-channel-plate PM (MCP-

—_—T =
-

Fig. 11. The beam tagging hodoscope with 2 x 128 scintillating fibers

PMT) and a multi-anode PM (MA-PM, H-8500) have been
investigated for their maximum count rate capabilities. The
measurements have been performed with 25 MeV protons
of the Orsay tandem accelerator. Results of these tests are
displayed in Fig. 12. As the MCP-PMT has less gain than the
MA-PMT, it had to be operated close to its maximum voltage
to provide sufficiently large signals. This led to a maximum
count rate of several 10° 1/s, whereas with the H-8500 more
than 107 1/s could be achieved, when operated at 800 V.
For a further improvement of the maximum count rate of the
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Fig. 12. Maximum count rates for two photomultiplier types at different high
voltages

hodoscope, adjacent scintillating fibers are coupled to different
PMs (8 PMs are used in total). One fiber is read out from both
ends which leads to an increase in efficiency. Furthermore,
by calculating the arithmetic mean, a timing information
independent on the impact position can be obtained.

y fibers

0 6 8 10 14 16
x fibers

Fig. 13. Beam profile, measured with 25 MeV protons.

A beam profile, measured with the 25 MeV protons, is shown
in Fig. 13. During this test, some channels didn’t work (like
x5) or gave a noisy signal (like x15).

A. Front end electronics

For the front end electronics of the hodoscope, two ASICs
integrating different functionalities have been fabricated and
tested [39]. Each channel contains a current comparator and
a charge sensitive amplifier [40] and provides a digital output
when its analog input signal crosses a programmable threshold.
The analog output signal produced by the charge amplifier can
be used to measure the produced charge. The second ASIC
provides a timing information with a resolution of 140 ps [39]:
it uses a 160 MHz external clock in combination with an
internal 32 bit Delay Locked Loop (DLL) encoded into a 5 bit
time-stamp and is capable of an acquisition rate of 100 MHz.
A new ASIC integrating both functionalities and 32 channels
will be available by the beginning of September 2013.

V. GEANT4 SIMULATIONS

Simulations with the Geant4 toolkit [41] are performed to
reproduce dose and emitted secondary radiation caused by
incident protons and carbon ions. They are used also for
feasibility studies and for the optimization of detection setups.
In the case of prompt-gamma production the results from
Geant4 showed a massive overestimation of the produced rate
compared to experimental data [42]. This led to the necessity
for an improvement of the hadronic models within Geant4.
A recent work focused on the refinement of the Quantum
Molecular Dynamic (QMD) model [43], [44], which describes
the dynamic part of ion-ion collisions. The QMD model
contains parameters like the width L of the nucleon wave
packet, which are free within a certain range. L has been
optimized in a way to reduce the number of produced prompt
gammas but to leave other fundamental physical properties like
the nuclear binding energy unchanged. A thorough description
of the improvements for the Geant4 hadronic models in the
context of prompt gamma monitoring will be given in [45].



VI. CONCLUSION

Developments for the detection of prompt secondary radia-
tion have been presented. It has been shown that for hadron-
therapy with active beam delivery a millimetric monitoring of
the ion range is feasible on a single-spot basis for proton beams
or on an energy slice basis for carbon ions. Measurements with
homogeneous and heterogeneous targets have been performed.
The later are a first step towards morphologic phantoms
or in vivo measurements. Monte Carlo simulations play an
important role in the design and optimization of prototypes.
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