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Abstract: In this study, we present depth-dose profiles measured with a water phantom at the
boron neutron-capture therapy (BNCT) facility at Budker Institute of Nuclear Physics (BINP). The
presented results demonstrate that the proposed design of radiation detector with an optical fiber
readout, which includes three different sensors (the first based on a plastic scintillator enriched
with boron, the second based on a simple plastic scintillator, and the third having no scintillator at
all), enables measurement of neutron flux, as well as estimations of the dose induced by gamma
rays. The results of simulations with the GEANT4 package demonstrated good agreement with the
experimental data and can be used for further system improvement.
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1 Introduction

Accelerator-based neutron sources are considered to be the most suitable option for pre-clinical and
clinical studies for boron neutron-capture therapy (BNCT) [1]. Before a treatment, 10B-enriched drugs
are accumulated in the cancer cells, which become a target for the thermal neutrons. The 10B(n, 𝛼)7Li
reaction has two main channels, the products of which are 7

3Li(1.02 MeV) + 𝛼(1.78 MeV), 6%, and
7
3Li(0.84 MeV) + 𝛼(1.47 MeV) + 𝛾(0.48 MeV), 94%. In any case, the generated heavy particles
liberate its energy within an area of a few tens of microns and effectively kill the cancer cells.
For production of thermal and epithermal neutrons, a proton tandem accelerator with a lithium
neutron-producing target was developed at BINP [2]. Evaluation of dose profiles obtained with
the use of boron-enriched scintillators allows verifying the dose distributions in conditions similar
to real treatment procedures. Besides neutrons, such systems generate a significant quantity of
gamma rays. These gamma rays are associated both with the process of neutron generation on the
lithium target [3] and with the reaction 1H(n, 𝛾)2D [4]. Therefore, evaluation of the contribution of
all possible components to the patient irradiation dose becomes a vital issue for treatment system
optimization. To address this issue, we performed a series of experiments with a water phantom and
a neutron flux monitoring system designed at BINP [5].

2 Water phantom experiment

To perform the measurements we manufactured a special water phantom. It was made from
polycarbonate with a wall thickness of 8 mm. The internal volume of the phantom is 330 × 313 ×
330 mm3. The entry face of the phantom has a window made of PET plastic with a thickness of
0.5 mm. The control system, using stepper motors, is able to move a detector installed on a moving
mechanism to any point in the water tank. In the experiments, the phantom was placed immediately
behind the neutron-generating target. We used 3 detectors: A, B, and C. The detector A was located
outside the water phantom, next to a stationary gamma radiation dosemeter, and its data were used
for check of the stability of the monitoring system and cross-calibrations with the dosemeter. The
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Figure 1. Experimental setup with water phantom installed immediately behind neutron-generating target.
Arrows indicate position of detectors: A (behind water tank), B, and C.

detectors B and C were placed on the moving platform of the water phantom. Figure 1 demonstrates
the experimental setup with the water phantom installed.

The detectors A and B had the same design, based on two different sensors [6]. The sensitive
element of the sensors is a cylinder with a diameter of 1 mm and a length of 1 mm, made from plastic
scintillator. In the sensors, we used polystyrene-based plastic scintillators produced in Russia (IHEP,
Protvino [7]): SC-331, enriched with boron, further denoted as 𝐵(n+𝛾 +Ch.), for the detector B, and
SC-301, without boron, further denoted as 𝐵(𝛾+Ch.). The scintillation light from the sensors went by
plastic optical fibers to the readout electronics and was detected by silicon photomultipliers (SiPMs)
MPPC S13360-3050CS (HAMAMATSU). The electronics front-end is based on EASIROC ASIC [8],
and pulses with an amplitude higher than a threshold were counted in the corresponding registration
channels. For the noise rate of the SiPMs to decrease to a few Hertz, the temperature of the SiPMs
was kept at 0◦C. The difference in the counts of the two sensors allows us to estimate the contribution
of the neutron component 𝐵(n) = 𝐵(n + 𝛾 + Ch.) − 𝐵(𝛾 + Ch.), registered by the detector B.

The detector C has the same design, but it was specially produced without any scintillators. In
fact, the data in the registration channels associated with the detector C were averaged for reduction of
statistical fluctuations. The difference in the counts in the detector channel 𝐵(𝛾+Ch.) and the number
of events registered by the detector 𝐶 (Ch.), associated with the Cherenkov radiation generated in an
optical fiber, yields a signal proportional to the dose of gamma radiation, 𝐵(𝛾) = 𝐵(𝛾+Ch.)−𝐶 (Ch.).

In the experiments, a proton beam with a diameter of ∼ 10 mm was directed to the center
of the lithium target. Figures 2, 3, and 4 demonstrate the measured event rate profiles along the
𝑍- and 𝑌 -directions at different proton beam energies. The size of the error bars is compatible
with the dot size. For convenience, the final data were recalculated for a proton beam current of
1 mA. The curve 𝐵(𝛾 + Ch.) demonstrates the raw signal value in the registration channel with the
boron-less scintillator in the detector B. The curve 𝐵(n) demonstrates the restored count rate of
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neutron capture events in the detector B. The curve 𝐶 (Ch.) demonstrates the count rate of events
induced by the Cherenkov light in the optical fibers. The curve 𝐵(𝛾) demonstrates the restored count
rate of gamma-related events in the detector B.

Figure 2. Event rate in detector channels vs. position along beam axis (𝑍-axis) in water phantom at proton
beam energy of 2.00 MeV.

Figure 3. Event rate in detector channels along 𝑍-axis (left) and along Y-axis near maximum of neutron
dose (right) at proton beam energy of 2.05 MeV.

The asymmetry of the observed distributions along the Y-axis, measured with the detector C, is
explained by the fact that the deeper the sensors went into the water phantom, the bigger part of
optical fiber fell into the region with the maximum radiation intensity. It is seen that the three-sensor
approach, when an additional scintillator-less registration channel measures the contribution of the
Cherenkov light in a fiber, allows restoring the “true” symmetrical shape of gamma-related event
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Figure 4. Event rate in detector channels along 𝑍-axis (left) and along 𝑌 -axis near maximum of neutron
dose (right) at proton beam energy of 2.10 MeV.

distributions in complex irradiation fields. Therefore, it becomes possible to estimate not only the
dose absorbed due to boron capture, but the dose induced by photons too.

3 GEANT4 simulations

Monte-Carlo simulations are widely used for prediction of the behaviour of neutron generating facili-
ties [9–12]. In our simulations, we applied the GEANT4 simulation package version 10.7.p01 [13].
This package traces every particle individually. On the one hand, it provides the most accurate
results, and on the other hand, it requires a huge amount of computer resources. In the simulations,
we used the HPE DL560 Gen10 server with four Intel Xeon Gold 6248 2500 MHz processors. To
reduce the computation time we performed simulations as a two-step process. At the first stage,
we generated 1011 protons in each run and calculated the spectra of neutrons that left the Li target
towards the copper base. At that stage, we used the QGSP_BIC_AllHP physics list only, because it
includes the low energy charged particle interaction based on the cross-section data taken from the
ENDF/B-VII and the TENDL data libraries. In spite of the known limitations [14], it can provide
resonable results [15–17] in our proton energy range. With the QGSP_BIC_HP physics list [18],
generally recommended for medical applications, we did not observe correct generation of neutrons.
The neutron-generating target was simulated with a series of layers made of natural Lithium with a
thickness of 0.11 mm, copper basement with a thickness of 7 mm, cooling water with a thickness
of 3 mm, and aluminum alloy (AMG5) with a thickness of 16.5 mm. Examples of the generated
energy-angle distributions of neutrons are shown in figure 5. The shape of the observed distributions
agrees with the expectations [19, 20].

At the second stage, we evaluated the depth-dose distributions in the geometry of a real
experiment. In each run, we generated 109 neutrons in accordance with the previous energy-angle
distributions. The initial positions of the primary particles relative to the beam axis followed a
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Figure 5. Angle-energy distribution of neutrons emitted from lithium target at proton beam energies of
2.00 MeV, 2.05 MeV, and 2.10 MeV.

Gaussian-like proton beam profile with a standard deviation of 5 mm in both directions [21]. The
final data were rescaled to correspond to a proton beam current of 1 mA.

To estimate the detection rate in the 𝑍-direction (parallel to the proton beam), we placed an
array of detectors with a pitch of 1 cm in the water phantom. To estimate the dose distribution in
the X-direction (perpendicular to the proton beam), we placed an array of detectors with a pitch of
1.5 cm at a 𝑍-coordinate of 25 mm. Similar to the real experiments, each detector incorporated three
sensors. The first one was based on the boron-enriched scintillator (SC-331), the second one was
based on the boron-less scintillator (SC-301), and the last one, without any scintillator, was to detect
the contribution of the Cherenkov light in an optical fiber. The length of plastic optical fibers in
the simulations was 8.5 m, as in the real setup. The distributions of the number of detected optical
photons for each detector (an example is shown in figure 6) were accumulated in each run and saved
for further analysis.

Figure 6. GEANT4 simulations of amplitude spectra in detector channels with different scintillators.

The results of simulations of the 𝑍- and 𝑋-distributions at a detection threshold equal to 11
optical photons are shown in figures 7-9.
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Figure 7. Event rate along 𝑍-axis (left) and along 𝑋-axis near maximum of neutron dose (right) at proton
beam energy of 2.00 MeV.

Figure 8. Event rate along 𝑍-axis (left) and along 𝑋-axis near maximum of neutron dose (right) at proton
beam energy of 2.05 MeV.

In this part of the simulations we compared different physics lists in GEANT4: “QGSP_BIC_HP”
and “QGSP_BIC_AllHP” because it was known that different physics models could yield slightly
different results [22]. Figure 10 demonstrates the maximum neutron rate as a function of the proton
beam energy in the experiments and in simulations with different physics lists. Table 1 shows values
of the parameter 𝜎 (standard deviation) of the Gaussian distributions fitting the distribution of
neutron flux in the direction perpendicular to the particle beam in the position of the maximum dose.
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Figure 9. Event rate along 𝑍-axis (left) and along 𝑋-axis near maximum of neutron dose (right) at proton
beam energy of 2.10 MeV.

Table 1. Standard deviation (𝜎, mm) of Gaussian fit of neutron flux distribution in direction perpendicular to
particle beam in position of maximum dose at different proton beam energies.

2.00 MeV 2.05 MeV 2.10 MeV
QGSP_BIC_HP 46.7 ± 0.5 46.1 ± 0.6 48.6 ± 1.1
QGSP_BIC_AllHP 47.0 ± 0.5 48.1 ± 0.6 48.9 ± 0.7
Experiment − 45.9 ± 0.1 46.8 ± 0.1

Figure 10. Maximum detected neutron flux vs. proton beam energy.
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4 Results and discussion

It can be seen from the presented curves that the simulation results are in good agreement with the
experiment. However, there is some shift of ≈ 4 mm in the 𝑍-distributions in the simulations relative
to the experimental data. One of the possible reasons may be the simplified geometric description of
the complex internal water-cooling structure of the neutron-generating target in the simulations. In
any case, it is necessary to carry out an experimental measurement of the real spectra of generated
neurons to find out the true source of ambiguities. Additionally, we can see that the neutron count
rate in the position of the maximum of the depth-dose curve in the simulations is bigger by 20%
than the value obtained from the experimental data. There are few reasons for it. First, the real
accelerator voltage, as followed from the calibration data, was less with a factor of 0.983 ± 0.001
than the actual one. Second, the actual diameter of the manufactured scintillators was in the range of
0.95–0.97 mm and it was less than 1 mm in the simulations. Another known feature of the setup is
the non-perfect design of the sensors and the optical signal values lower than expected from the
simulations. Therefore, some fraction of neutron-related events that produced a signal below a
threshold could be missed. This issue is expected to be solved with a new sensor design based on
quartz optical fibers with a significantly lower light attenuation. Another important source of bias is
the uncertainty in the veritable boron concentration in the scintillators. This value is known from the
manufacturer data only and should be verified with independent chemical analysis.

5 Conclusion

In this study, we tested the “three-sensor” approach to measuring the depth-dose distribution with a
water phantom at the BNCT facility at BINP. The presented results show that the proposed system
can be used for simultaneous monitoring of neutron and gamma fluxes. The application of SiPMs
instead of vacuum photomultipliers dramatically simplified the design of the detection system and
made it possible to realize a compact multichannel readout system. The results of simulations with
the GEANT4 package demonstrated good agreement with the experimental data and can be used for
further system improvement.
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