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A B S T R A C T

We present a new facility dedicated to radiobiology research, which has been implemented at the Trento Proton
Therapy Centre (Italy).

A dual-ring double scattering system was designed to produce irradiation fields of two sizes (i.e. 6 and 16 cm
diameter) starting from a fix pencil beam at 148MeV. The modulation in depth was obtained with a custom-
made range modulator, optimized to generate a 2.5 cm spread-out Bragg peak (SOBP). The resulting irradiation
field was characterized in terms of lateral and depth-dose profiles. The beam characteristics and the geometry of
the setup were implemented in the Geant4 Monte Carlo (MC) code. After benchmark against experimental data,
the MC was used to characterize the distribution of dose-average linear energy transfer (LET) associated to the
irradiation field.

The results indicate that dose uniformity above 92.9% is obtained at the entrance channel as well as in the
middle SOBP in the target regions for both irradiation fields. Dose rate in the range from 0.38 to 0.78 Gy/min
was measured, which can be adjusted by proper selection of cyclotron output current, and eventually increased
by about a factor 7. MC simulations were able to reproduce experimental data with good agreement. The
characteristics of the facility are in line with the requirements of most radiobiology experiments. Importantly,
the facility is also open to external users, after successful evaluation of beam proposals by the Program Advisory
Committee.

1. Introduction

In parallel to the growth in number of proton therapy centres [1], an
increasing interest is registered concerning experimental facilities
where proton radiobiology studies can be performed. This is confirmed
by the recent survey published by the European Particle Therapy net-
work radiobiology group [2]. The motivation lies in the extensive re-
search activity on going in the field. While the physical advantages
offered by proton therapy are nowadays established (i.e. improved se-
lectivity in the release of dose due to the Bragg peak profile, which
reflects into the possibility to spare healthy tissues compared to photon
radiation), several aspects of proton radiobiology need to be better

understood [3,4]. The interest in the elucidation of biological me-
chanisms associated with particle irradiation stems from the potential
to further improve the effectiveness of radiotherapy treatments [5,6].
For instance, the combination of radio- and immunotherapy recently
provided impressive and encouraging results, which triggered addi-
tional investigation involving also particle irradiation [7]. Many experts
in the field support the idea that the next significant improvements in
particle therapy effectiveness will arise from exploiting different types
of combined treatments [8].

In this framework, the possibility to have a research facility “next-
door” to a treatment centre sounds as particularly useful. At the Trento
proton therapy centre (Agenzia Provinciale per i Servizi Sanitari, APSS)
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a room dedicated to experimental activities is available, which is
equipped with two proton beam lines. Following an institutional
agreement with APSS, research activities in the experimental room are
managed and supervised by the Trento Institute for Fundamental
Physics and Applications (TIFPA), which is part of the Italian National
Institute for Nuclear Physics (INFN). Research groups interested in the
facility can submit research proposal to the Program Advisory
Committee (PAC) organized by TIFPA (http://www.tifpa.infn.it/sc-
init/med-tech/p-beam-research/). One beam line is dedicated to phy-
sics-oriented research, ranging from detector testing to space radio-
protection. A fix pencil beam is delivered, which has been recently
characterized as summarized in Tommasino et al. [9]. The second beam
line is dedicated to radiobiology research. This requires the production
of an irradiation field that is large enough to ensure the delivery of dose
over an area of several squared centimetres, with dose uniformity above
90%.

For this purpose, an appropriate passive scattering system has been
designed and implemented. Starting from the beam parameters mea-
sured in air, the lateral modulation is obtained with a dual-ring scat-
tering system, which has been optimized in order to reach the required
dose homogeneity over fields of two sizes. Energy modulation is per-
formed with a custom-designed 3D modulator, resulting into an ex-
tended spread-out Bragg peak (SOBP) of 2.5 cm. This work presents the
results obtained from the experimental characterization of the two ir-
radiation fields. In addition to that, the geometry of the beam line has
been fully implemented in the Hadrontherapy advanced example of the
open source Geant4 Monte Carlo (MC) code [10]. Results obtained from
the benchmark of MC simulations against experimental data are also
presented.

2. Methods

A proton beam in the energy range between 70 and 228MeV is
available at the Trento proton therapy centre. Beam intensity can be
adjusted in the range 1–300 nA (nominal intensity at cyclotron exit).
The beam is accelerated to the maximum energy by a cyclotron (Proteus
Plus, IBA, Belgium), followed by an energy selection system (ESS) al-
lowing the transport of any energy in the range 70–228MeV either to
the treatment gantries or to the experimental room. Energies below
70MeV can be obtained by degrading the beam via a pre-absorber
positioned at the end of the beam line, just upstream of the target to be
irradiated. A dipole magnet at the entrance of the experimental cave
allows switching the beam to one of the two available beam lines,
where a fix horizontal pencil beam is delivered. The characteristics of

the pencil beam in air are summarized in two publications [9,11].

3. Large field irradiation

The passive scattering system implemented in the facility is based
on the dual-ring design proposed by Takada [12,13]. A similar solution
was adopted previously by Helmbrecht et al for the Dresden facility
[14,15]. The system is composed of a first scattering foil (high atomic
number) which produces a first enlargement of the beam, followed by a
second scattering element characterized by an inner circular region
surrounded by a ring structure, the two elements having different
scattering power but same water-equivalent thickness (i.e. the dual
ring). The different elements (e.g. material composition, thickness and
lateral dimension) can be optimized in order to obtain a flat profile at
the target position. Compared to a single scattering system, the dual-
ring design is preferable due to the expected increase in beam transport
efficiency by about a factor 3 [12].

In order to optimize the system, an initial proton beam energy must
be selected. We decided to design our scattering system for a 148MeV
proton beam, which is representative for typical energies used in proton
therapy. The distance between the first foil and the dual-ring, as well as
that from the beam exit window to the target position, were then fixed
at 0.5 and 1.5m, respectively. The setup implemented in Trento is
schematically shown in Fig. 1 (not to scale).

The beam characteristics at 148MeV nominal energy were pre-
viously investigated [11]. In summary, the pencil beam in air has a
Gaussian profile at the target position (sigma of about 4.6 mm) and a
range of 15.24 cm (distal R80, i.e. depth corresponding to the 80% of
the maximum dose after the peak). The beam line elements were op-
timized in order to obtain dose uniformity above 90% in two irradiation
fields of about 6 (setup nr. 1) and 16 cm (setup nr. 2) diameter, re-
spectively. This size is large enough to irradiate common samples used
for radiobiology experiments (e.g. tissue flasks, petri dishes). The uni-
formity of the measured beam profiles was evaluated according to the
following formula:
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⎝
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+
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[%] 100· 1 max min
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where Imin and Imax indicate the minimum and maximum pixel intensity
in the region of interest, respectively. Eventually, a plastic collimator
can be employed to restrict the irradiation region to a smaller area,
reducing at the same time neutron production compared to higher Z
materials [16]. Details on the scattering elements for the two setups are
collected in Table 1.

Fig. 1. Schematic view of the dual-ring setup (not to
scale). The required enlargement of the beam is
obtained by the combined effect of the first scat-
tering foil and the double ring. The first foil is po-
sitioned just after the end of the beam pipe. The
modulator provides energy modulation, in case a
SOBP is needed. Plastic collimators can be used in
case small irradiation fields are required.
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The SOBP was shaped with a 3D-printed range modulator (RM).
This modulator is an enhancement of the commonly used ridge filters
[17]. It has a much finer and a two-dimensional structure consisting of
a matrix of pin-like elements, whose geometry is optimized according to
the intended SOBP characteristics. Due to the fine structure of the pin-
matrix having a period of 2mm it can be used as a static element (no
rotation or oscillation needed) that can be positioned close (e.g. 50 cm)
to the target. The RM used in this work is a special version of the so-
called “3D range-modulator” [18], at which all pins have the same
shape and height; therefore it is called “2D range modulator”.

For this work, starting from a measured Bragg peak curve at
148MeV, the fine geometry contour of the RM pins has been optimized
in order to obtain a 2.5 cm modulated SOBP. The RM was finally
manufactured using a high quality 3D-printer (Stratasys Objet30 Pro
PolyJet) and an acrylate-based proprietary resin (Duruswhite RGD430).
Due to the lower Z compared to metallic RM, the device used in this
work provides reduced scattering and beam losses. The passive scat-
tering setup can be used either with or without the RM, according to the
needs of the specific experiment.

4. Detectors

The characterization of the resulting irradiation field was performed
by means of commercial detectors. The lateral profiles at the target
position were measured with a scintillating screen coupled to CCD-
cameras, offering a 0.5mm resolution [19] (Lynx, IBA-Dosimetry).
Range and profile measurements were carried out with a CC01 ioni-
zation chamber (active volume 0.01 cm3) inserted in a water phantom
(IBA-Dosimetry). EBT3 films (Gafchromic, Ashland Advanced Mate-
rials) were employed to determine the surface dose. Films were cut into
3× 3 cm2 pieces and positioned at target position corresponding to the
centre of the irradiation field. An Epson Perfection V750 Pro flat-bed
scanner was employed to digitalize the films. Scans were acquired in
transmission mode with a 72 dpi resolution. The analysis was per-
formed only in the red channel of the 48-bit RGB image, due to the
highest sensitivity in the dose range of interest [20]. The EBT3 film
intensity was converted into dose values by means of a previous

calibration. Finally, the Mini-Q detector [21], consisting of a combi-
nation of integral and stripped ionization chambers, was used in order
to monitor the delivered beam fluxes. As indicated in Fig. 1, this last
detector was positioned just after the first scattering foil, in order to
collect the whole proton beam. The information on the total delivered
beam fluence was used for dosimetry check as described below.

5. Geant4 simulations

The experimental setup was reproduced in the Geant4 (version
10.02.p03) advanced example Hadrontherapy class, by implementing
the geometry of all elements of the passive scattering line shown in
Fig. 1. The source consists of a proton beam originating at the beam exit
window with a Gaussian profile of 2.5mm sigma and angular diver-
gence of 3.2 and 3.6 mrad in the orthogonal X and Y direction, re-
spectively, according to previous measurements [11]. The initial beam
energy was set to 147.8MeV, with a Gaussian energy spread equal to
0.8 MeV (standard deviation). This energy is slightly lower compared to
the nominal energy of 148MeV, due to minor beam losses taking place
during transport of the beam to the experimental room.

Dose and dose-average linear energy transfer (LET) were scored by
means of a water phantom detector [22], which can be arbitrarily
subdivided into voxels/slices. Specifically, a water phantom of
40× 40×40 cm3 was simulated. The phantom was divided into cubic
voxels of 1mm edge length for the comparison of lateral and depth-
dose profiles. 5× 106 primary particles were simulated in each con-
figuration. A higher statistics (108 primary particles) was needed to
obtain the simulated profiles of Fig. 3. Dose-average LET was scored in
the central± 2.5 cm region, corresponding to the dimension of a ty-
pical tissue culture flask, and the voxel thickness in beam direction was
increased to 2mm. This was necessary in order to get statistically stable
results. In the following, we will use the term LET to indicate dose-
average LET.

6. Results

The results of the characterization campaign will be described here.

Table 1
Summary of the characteristics (size and material) of scattering elements for both the setups used in the study.

Setup Number First Foil Inner Ring Outer Ring

Material Thickness (mm) Material Thickness (mm) Diameter (mm) Material Thickness (mm)

1 Pb 0.8 Pb 1.5 11 Al 5
2 Pb 3.4 Pb 5.5 22.5 Al 16

Fig. 2. Measured (full line) and simulated (dashed line) irradiation field for setup 1. The 2D intensity map obtained with Lynx (left) and corresponding X-Y profile
extracted at the centre of the field (right). The ± 3 cm region where about 98% uniformity was measured is indicated in the figure.
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Experimental data will be presented together with simulated ones,
providing a benchmark for the MC simulations.

6.1. Characterization of the irradiation field

The 2D beam spot measured at the entrance channel for both the
setups are shown in Figs. 2 and 3, respectively. X-Y profiles extracted at
the spot centre are also presented. When applied to the± 3 cm central
region for setup 1, a uniformity of 98.4% and 98.1% was obtained in
Xand Y direction, respectively. For the setup 2, the uniformity was
evaluated in a larger region (± 8 cm) resulting into 97.4% and 96.5%
in Xand Y direction, respectively. This slightly lower uniformity com-
pared to setup 1 is due to the small “wave effect” observed in the beam
profile. This is due to the mixing of the beam components scattered by
the inner and outer ring, this effect being more pronounced in larger
fields. In any case, uniformity well above the requested 90% was ob-
tained with both setups.

The simulated profiles are in good agreement with the measured
ones, especially in the central part of the field. Slight deviations from
experimental data appear in the tails for both setups, which are at-
tributed to sub-optimal simulation of the beam line optics. However,
this corresponds to out-of-field irradiation regions, being not relevant
for the purpose of this work.

The depth-dose curves acquired with the water phantom setup for
both the setups are shown in Fig. 4. The first measured depth in water
corresponds to 5.5 cm. This is due to the fact that at the lowest depth
the beam had to cross the phantom entrance wall (waterwater
equivalent thickness= 1.74 cm) and an additional 3 cm water gap, and
also takes into account the effective point of measurement of the CC01
chamber. Pristine Bragg peaks were measured for the setup 1 and 2
without the use of the modulator. The RM was then tested with setup 1,
resulting in a SOBP with the expected modulation of about 2.5 cm.
Peak-to plateau ratios equal to about 3.3 and 2.8 were obtained for the
pristine Bragg peaks with setup 1 and 2, while a value of about 1.7 was
observed with the use of the RM.

The depth-dose curves obtained with Geant4 show a good match
with experimental data. Concerning the pristine Bragg peaks in Fig. 4,
this indicates that the initial beam energy and energy spread used for
the simulation are consistent with the actual ones. The agreement is
also good for the SOBP obtained with setup 1, thus confirming also the
goodness of the RM geometry implemented in Geant 4.

The water phantom setup was also employed to investigate the ir-
radiation profile at different depths. Specifically, the profiles were
measured at two different depths for setup 1 (5.5 and 11.5 cm) and for
setup 2 (6 and 8 cm), as summarized in Fig. 5. The deepest profiles

correspond to mid-SOBP position. The uniformity analysis results into
dose uniformity of 96.4% and 97.7% in the± 3 cm for the two positions
of setup 1, while uniformity of 92.9% and 94.9% are obtained for setup
2 in the±8 cm region.

The data shown so far provide also a validation for the geometry
and beam parameters implemented in the Geant4 simulation. Thus, the

Fig. 3. Measured (full line) and simulated (dashed line) irradiation field for setup 2. The 2D intensity map obtained with Lynx (left) and corresponding X-Y profile
extracted at the centre of the field (right). The ± 8 cm region where about 97% uniformity was measured is indicated in the figure.

Fig. 4. Experimental depth-dose curves obtained without range modulator
(upper panel) and with range modulator (lower panel) for setup 1 and setup 2.
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Fig. 5. Profiles of the irradiation field measured with the CC01 detector placed inside the water phantom for setup 1 (upper panel) and setup 2 (lower panel). A dose
uniformity above 94% was obtained in the ± 3 cm region for setup 1, while a uniformity above 92% in the±8 cm is observed for setup 2.

Fig. 6. 2D integrated dose distributions as a function of depth. Data relative to setup 1 without (A) and with (C) the RM are shown on the left, while those relative to
setup 2 without (B) and with (D) the RM are shown on the right. Please note the different scale for the y-axis for setup 1 and 2.
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MC was used to compute the 2D integrated dose distribution as a
function of depth, which is shown in Fig. 6. This was performed for the
four possible configurations of the setup, namely for setup 1 and 2, with
and without the use of the RM. The plots were obtained by integrating
the dose corresponding to single voxels over one lateral direction. Data
were then normalized by the maximum dose in the field. This allows the
visualization of the complete irradiation field in a single shot, obviously
showing the field getting larger for increasing depth and providing
information that might be useful for the planning of radiobiology ex-
periments. The dose distributions also show that the distal edge gets
curved due to multiple Coulomb scattering in water. This suggests that
special care should be adopted when performing experiments at the
distal part of the field, eventually including the use of a range com-
pensator to mitigate such effect.

6.2. Dosimetric characterization

The study of the dosimetric output obtained with both setups was
performed by means of pre-calibrated EBT3 films. The films were po-
sitioned at the entrance of the irradiation field (i.e. depth equal to zero).
Fig. 7 shows the reconstructed doses obtained for different irradiation
times, by requesting a constant beam current. Apart from the good
linearity of both data sets, the fit indicates that dose rates of about
0.78 Gy/min (40 nA nominal beam current) and 0.38 Gy/min (80 nA
nominal beam current) are obtained with the setup 1 and 2, respec-
tively. These dose rates are compatible with the typical needs of
radiobiology experiments and with clinical scenarios. The lower dose
rate obtained for the largest field is obviously due to the initial number
of protons being distributed on a larger area. Obviously, higher dose
rates will be obtained at deeper positions over the SOBP. At the centre
of the SOBP, dose rates will increase according to the peak-to-plateau
ratios presented above.

The reconstructed doses are displayed in Fig. 7 as a function of the
total number of delivered protons as measured by the Monitor
Chamber. The fit returns a slope of 1.26× 10−1 Gy/1010 protons and
3.93 x×10−2 Gy/1010 protons for the setup 1 and 2, respectively.
These data confirm the linearity in the delivered number of protons as a
function of delivery time. At the same time, they also indicate that,
provided a preliminary calibration is performed, the proton fluxes
measured by the Monitor Chamber can be used to check the dose ac-
tually delivered to the sample post-irradiation, a procedure which is
presently implemented in the irradiation protocol.

6.3. LET characterization

After benchmark against experimental data, Monte Carlo

simulations were also used to perform the characterization of dose
average LET distribution associated to the irradiation fields. We re-
stricted the analysis to the setup including the RM, being the most re-
levant configuration for clinical radiobiology studies. LET distributions
were investigated at different levels. In the upper row of Fig. 8, we show
how LET increases along the depth-dose profile for Setup 1 and 2. LET
values in the range 2–4 keV/μm are obtained in the SOBP region, while
much higher values are associated with the distal fall-off. The middle
row reports the percentage dose distribution as a function of LET over
depth for both setups. This is obtained by looking at the simulated
target voxel-by-voxel. For each voxel, the depth and the scored LET give
the X and Y coordinates, respectively, while the dose associated to the
voxel is used to fill the 2D histogram. The histogram is then normalized
by the total dose delivered to the target. The colour scale therefore
indicates the percentage dose contribution at a given depth and LET.
Finally, the lower row of Fig. 8 shows LET spectra at different depths for
Setup 1 (left panel) and Setup 2 (right panel). The spectra are obtained
by extracting 1D projections from the 2D histogram at given depths.
Each spectrum was normalized by its integral. This means that each
spectrum provides the percentage dose contribution at a given LET.
Apart from showing a gradual shift to higher average LET values with
depth, the spectra also show that LET distributions get broader with
increasing depth, thus reflecting the gradual spread in the energy dis-
tribution of the proton beam.

7. Discussion

The results presented in this work summarize the efforts dedicated
to set-up a new facility for proton radiobiology at the Trento Proton
Therapy centre. Based on a relatively simple passive scattering setup,
we were able to produce large irradiation fields (i.e. 6 and 16 cm dia-
meter) that are suitable for carrying out radiobiological studies. This
solution has been already proposed in the past for similar purposes
[14,15], thus showing the suitability of the dual-scattering setup for
radiobiology research, in terms of ease of use, transport efficiency and
dosimetric accuracy. The dose homogeneity in the effective irradiation
region is above about 93% for both fields at three different depths. The
lowest dose uniformity was obtained for Setup 2 over a± 8 cm region
at 8 cm depth. This is due to the lateral dual-ring component getting
more pronounced, as clearly visible in Fig. 5 (bottom panel). Experi-
ments requiring a large field and higher uniformity should consider a
smaller irradiation region (e.g. a dose uniformity of 95.1% is obtained
at 8 cm depth for Setup 2 in a±6 cm region). The dose rate can be fine-
tuned thanks to the extended dynamic range of the cyclotron output
current. Specifically, the dose rates obtained with 40–80nA cyclotron
output current (i.e. 0.78 Gy/min and 0.38 Gy/min for the setup 1 and 2,

Fig. 7. Delivered dose at target position determined with Gafchromic films for both the setups. The dose as a function of time (left panel) and delivered number of
protons (right panel) is shown. The latter was determined with the MiniQ detector positioned just behind the first scattering foil (see also setup in Fig. 1).
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respectively). Taking into account the possibility to require a cyclotron
output current in the range 1–300nA, this corresponds to a dose rate at
target position ranging from about 0.02 to about 5.8 Gy/min and from
about 0.01 to about 2.85 Gy/min for setup 1 and 2, respectively.

Currently, the setup allows performing in vitro experiments based
on the use of either tissue culture flasks or petri dishes, with dimensions
in line with the irradiation fields. Samples are aligned at target position
thanks to a laser system. Single samples as well as stacks of tissue flasks
can be exposed. Stacks of water-equivalent material can be used as pre-
absorbers, thus selecting different depth positions for irradiation along
the SOBP. The facility is equipped with an incubator, which can be used
for cell storage before and after the irradiation. A biological laboratory
is available on request at the TIFPA institute, which is few kilometres
distant from the proton therapy centre. Work is on going in order to
extend the use of the facility to the irradiation of small animals.

Adjustable plastic collimators are available and can be used to restrict
the irradiation field to smaller target sizes (e.g. a mouse leg, tissue
samples or an implanted tumour).

The complete irradiation setup was reproduced in Geant4.
Importantly, the beam characteristics and the beam line geometry were
implemented in a source file of the Hadrontherapy advanced examples,
which will be released with the Geant4 code thus being available to
external users. This will allow planning of future experiments, by taking
into account also LET information. Eventually, dose and LET can be
combined to estimate proton RBE at a specific irradiation position, for
the given cell/tissue under consideration.

Radiobiology of charged particles is a growing field, especially
thanks to the advances obtained in recent years in the development of
new biological techniques [23,24]. This goes together with the gradual
spread of proton therapy centres, which is also accompanied by an

Fig. 8. LET characterization for setup 1 (left column) and setup 2 (right column) with the RM, obtained by means of MC simulation. The first row shows the physical
dose and the corresponding dose-averaged LET distribution along the SOBP for setup 1 (left) and setup 2 (right). The 2D histograms in the middle row report the
percentage dose contribution as a function of LET at a given depth. Notice that a different scle is used on the X axis for the left and right panel. Finally, the lower row
collects LET spectra at selected depths for both setups.
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increase in the number of pathologies treated with protons [1]. Im-
portantly, access to the research beam line is open to external users,
after positive evaluation of research proposals by the local PAC.

Finally, the data presented in this work also demonstrate the pos-
sibility to setup a proton radiobiology facility in the framework of a
clinical facility built by a commercial company and might become a
reference for centres interested in radiobiology research.
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