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Abstract: The ultimate goal of radiotherapy using external

beams is to maximize the dose delivered to the tumor while
minimizing the radiation given to surrounding healthy critical
organs. Prompt Gamma Spectroscopy (PGS) has been
proposed for range control of particle beams along with the
determination of the elemental composition of irradiated
tissues. We aim at developing a PGS system for the German
Cancer Research Center – DKFZ that takes advantage of the
superior selectivity of Helium and Carbon beams accelerated
at the Heidelberg Ion-Beam Therapy Center. Preliminary
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tests with protons accelerated with an IBA C230 cyclotron
located at the Universitäts Protonen Therapie Dresden were
performed at OncoRay – National Center for Radiation Research in Oncology. We present results obtained with a PGS
system composed of CeBr3 detectors ( 2’’ × 2’’) and
( 1.5’’ × 3’’) coupled to a Hamamatsu R13089 photomultiplier tube and plugged to a Target U100 Spectrometer. Such
system provides accurate time-of-flight measurements to
increase the signal-to-noise ratio relative to neutron-induced
background. First measurements resulted from the irradiation
of PMMA and water phantoms, and graphite and aluminum
bricks. Several PG energy lines ranging from 0.511 MeV up
to 8 MeV were identified and compared with reference results. Two further experiments consisted in irradiating
PMMA phantoms in a slit- and semi-collimated configuration
with mono-energetic proton beams of 165 MeV and
224 MeV, respectively. Results acquired by means of transversal PGS at different phantom depths, ranging from 6 cm
before the Bragg peak (BP) to 3.5 cm beyond the BP in 5 mm
steps with a 1 cm slit collimation (tungsten) showed a slight
decrease of PG yields after the BP. Similar measurements
with a semi-opened collimation configuration demonstrated a
steeper decrease of PG yields after the BP.
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1 Introduction
Over the last 25 years, millions of euros/dollars were spent
without any successful solution to proton range errors [1].
The major consequence of these range errors is that significantly larger high dose regions are created around the tumor
with severe consequences to the patient.
Prompt gamma imaging (PGI) has been proposed as a
superior method to Positron Emission Tomography (PET) for
range verification, with the potential to achieve 1 mm uncertainty in the positioning of the Bragg peak within the patient
[2]. PGI allows real-time range verification and does not
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suffer from biological washout or motion effects. In addition,
a significantly higher PG production and closer correlation
with dose profiles due to higher cross-sections makes it more
attractive than PET.
A novel approach for measuring prompt gammas, combining energy- and time-resolved detection has been proposed by Verburg and Seco [3]. Besides using the prompt
gamma signal for range verification, the emitted gamma
spectrum allows determining the elemental composition of
irradiated tissue.
The characterization of CeBr3 detectors for usage as PG
monitors in particle therapy has been firstly accomplished by
Römer et al. [4]. Such detectors were systematically investigated by Pausch et al. [5] and firstly applied to prompt
gamma timing (PGT). In this work, we propose to use CeBr3
scintillators for prompt gamma spectroscopy (PGS).

2 Materials and methods
2.1 Experimental setups
The measurements were divided in three campaigns. In the
first campaign, Water and PMMA phantoms and a Graphite
Brick were irradiated with a mono-energetic proton beam of
130 MeV. For the Aluminium brick we adjusted the energy
to 90 MeV.
The schematics of the experimental setup is depicted in
Figure 1a). The detection system was composed of a CeBr3
detector ( 2’’ × 2’’) coupled to a Hamamatsu R13089 photomultiplier tube and plugged to a Target U100 Spectrometer
[6].
The system was located at 90º with respect to the beam,
at a distance of 50 cm and aligned with the Bragg peak position. The energy spectrum was calibrated with a 22Na source
and the photomultiplier voltage was adjusted accordingly.

Figure 1: Schematic drawing of the three campaigns for the
prompt gamma acquisition from proton-irradiated phantoms using:
a) no collimation; b) slit collimation; c) semi-collimation.

In the second campaign, a tungsten collimator with a
thickness of 5 cm was placed between the PMMA phantom
and the detecting system. The scheme is shown in Figure 1b).
The phantoms were placed on a moving platform and displaced in 5 mm steps covering a region from 6 cm before the
BP up to 3.5 cm after the BP.
In the last campaign, we used different CeBr3 detectors
( 1.5’’ × 3’’) and doubled the collimator thickness in a
semi-collimation configuration, see Figure 1c). We also
acquired for several detector positions along the beam range
covering a region from 9 cm before the BP until 9 cm after
the BP. We irradiated a PMMA phantom with the maximum
energy available – 224 MeV. Figure 2 shows a photograph of
the setup in campaign 2 and 3. We set a beam current of 0.4
nA measured at the ionization chamber and an acquisition
time of 50 s for both campaigns. The observed throughput
rates for the 3 campaigns varied between 300 and 500 kcps
with a busy time of 30-50% as indicated by the U100.
The spectrometer streamed acquired data in list-mode
format to a server which then saved them in binary files
containing the time stamp (64-bit integers) and the energy
information (32-bit floats). This data was further analysed
with MATLAB and ROOT (version 5.34.00, CERN, Geneva,
Switzerland). The accelerator radio-frequency (RF) has been
used for timing information as external reference clock. The
detailed specifications of the detection system are reported in
a more comprehensive work [5].

Figure 2: Photos of campaign 2 (bottom) – slit collimation, and 3
(top) – semi-collimation.

Figure 4: Energy spectra corresponding to prompt-gamma rays
resulting from the irradiation of PMMA, water and graphite for the
interval 5-6 ns.

brick irradiated in campaign 1, see Figure 1a). The energy
peaks are related to reactions with material nuclei or characteristic transitions from excited states as a result of the interaction with the proton beams. In table 1, we identified 17
transitions or reactions for the three irradiated materials (targets) and compared with the reference values [7].

Table 1: Comparison of measured energy peaks for characteristic
transitions/reactions with reference values.

Transition/Reaction
Figure 3: Prompt gamma lines and corresponding single- and
double-escape peaks visible as time correlated horizontal stripes.
The targets were irradiated with a mono-energetic proton beam of
130 MeV in a setup without collimation.
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3 Results

Figure 3 shows a 2D histogram with the energy- and timeresolved prompt gammas emitted from water, PMMA and
graphite targets irradiated in campaign 1, see Figure 1a). The
prompt gamma lines and corresponding single- (SE) and
double-escape (DE) peaks are visible as horizontal stripes.
Several time-uncorrelated lines are also visible (e.g., the
511 keV line from positron annihilation and the 2.2 MeV line
resulting from hydrogen neutron capture).
3.1.1 Energy spectra
Figure 4 shows the energy spectra within 5 ns and 6 ns for
the water (I) and PMMA (II) phantoms and the graphite (III)
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Figure 5: Prompt gamma lines resulting from the irradiation of
Aluminium with protons (E = 90 MeV).

Figure 7: Energy lines of slit-collimated prompt-gammas resulting
from the irradiation of PMMA with protons (E = 165 MeV) along 20
positions before and after the BP (zero). Top: Logarithmic scale, full
energy range. Bottom: Linear scale, energy cut at 2 MeV.

Figure 6: Energy spectrum corresponding to prompt gamma-rays
from proton irradiation of aluminium. The six reactions that are
believed to be responsible for their production are also shown.

3.1.2 Metal spectroscopy

lines and a reduction in the prompt gamma yields after the
BP is observed.
Figure 8 shows the prompt-gamma lines from a semicollimated configuration for the same time interval at 25
positions before and after the BP. The linear histogram (bottom) shows a steeper decrease of the prompt gamma yields

Several metals are used as implants in orthopaedics and
dentistry. They are mainly made of titanium and gold and
affect the proton range due to their high stopping power.
Prompt gamma spectroscopy may have a role in the range
ber. Figure 5 shows the prompt gamma lines resulting from
the irradiation of an Aluminium brick with a proton beam
with an energy of 90 MeV. The energy spectrum for the
interval 5-6 ns is show in Figure 6. The energy peaks agree
with the values reported by Foley et al [8].

3.2

Slit collimation and semi-collimation

Figure 7 shows the prompt-gamma lines from a slit collimated configuration for an interval of 1.5 ns and at different
positions before and after the BP (5 mm steps). The event
counts are represented in logarithmic scale (top). An energycut in lines below 2 MeV was applied in the linear-scaled
histogram (bottom) for better visualisation. It clearly shows
the 4.4 MeV line from carbon deexcitation and corresponding
SE and DE peaks. As expected, those are the most intense

Figure 8: Energy lines of semi-collimated prompt-gammas
resulting from the irradiation of PMMA with protons (E = 224 MeV)
along 25 positions before and after the BP (zero). Top:
Logarithmic scale, full energy range. Bottom: Linear scale, energy
cut at 2 MeV.

after the BP than with the slit collimation. This may be due to
the thickness of the collimator, which lets a fraction of
gamma-rays through it.

comparison of different detector sizes for an optimized
prompt-gamma data collection.
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4 Discussion
We accomplished three campaigns, where several materials
have been irradiated with proton beams in the energy range
from 90 to 224 MeV. In the first campaign, we had no collimator between the target and the detection system. Due to the
good TOF capabilities of this system, we observed an energy-time correlation of prompt-gammas. This allowed the
subsequent time window selection with a significant reduction of background events and the identification of promptgamma lines. Time-uncorrelated energy lines were also observed. We also observed that the energy spectra corresponding to prompt gamma-rays from the irradiation of Water and PMMA phantoms and a graphite brick shows a significant agreement within the energy peaks positions. A total
of 17 reactions or transitions that are believed to be responsible for the production of such prompt-gamma rays were
identified and compared with reference values. Moreover, six
additional reactions were identified from the irradiation of an
Aluminium brick. This may open doors for the application of
this system in clinical scenarios where metal implants of
high-Z materials, such as titanium and gold, are present. We
performed 2 further campaigns with slit- and semi-collimation configurations. The third campaign had doubled tungsten
collimator thickness in comparison with the second campaign, which contributed to the better efficacy in the collimation and therefore a steeper gradient in the number of
detected prompt-gammas after the BP. Some residual
prompt-gamma detection was observed with a higher prominence for the 4.4 MeV and SE and DE peaks. Such geometry
coupled with such detection system seems to be promising in
the range control of particle beams through PGS. Future
work includes the implementation of an active anti-coincidence shielding for background reduction and the systematic
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