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Abstract—With the appearance of accelerator-based neutron sources for Boron Neutron Capture Therapy
(BNCT), the need arose for an independent system to measure the generated particle flux. For this purpose,
Budker Institute of Nuclear Physics (Siberian Branch, Russian Academy of Sciences) developed a fast neu-
tron detector based on a scintillator—optical fiber—silicon photomultiplier detection system. It utilizes three
different sensors, allowing for the measurement of neutron flux as well as the estimation of the local dose
induced by gamma radiation. The optical signal-detection system based on silicon photomultipliers possesses
high quantum efficiency, and the use of a pulse-counting mode for event registration made it possible to
achieve an intrinsic noise level of approximately several tens of counts per second. Furthermore, the counting
characteristic of the readout electronics is well described by a nonextendable dead time of 24.6 & 0.1 ns, which
allows for the registration of events with minimal miscounting even under high detector load.
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1. INTRODUCTION

Boron neutron capture therapy is a method of
selective destruction of malignant tumor cells by irra-
diating them with thermal and epithermal neutrons, in
which boron °B is preaccumulated in tumor cells.
Thermal neutrons interact with '°B and lead to the
death of these cells due to the large local energy release
of the resulting o-particles and "Li nuclei. At the same
time, due to the short range of the particles formed,
the surrounding normal cells receive minimal damage.
To study the BNCT technique, the Budker Institute of
Nuclear Physics (Siberian Branch, Russian Academy
of Sciences) created the VITA accelerator neutron
source, which consists of an electrostatic tandem
accelerator of charged particles, a lithium neutron-
generating target, and a system for generating an epi-
thermal neutron flux [1]. The high planned intensity
of the accelerator neutron sources being developed has
led to the need to create a new generation of associated
diagnostic equipment. In particular, the expected flux
of generated epithermal neutrons is approximately
10° neutrons/(cm?s) [2].

To monitor the stability of the accelerator parame-
ters, a fast neutron detector (FND) was developed at
the Budker Institute of Nuclear Physics (Siberian
Branch, Russian Academy of Sciences). The sensors
of this detector, each of which contains three indepen-
dent optical recording channels, have the same design.
The first channel is based on the STs-331 scintillator
with boron, the second is based on the STs-301 scintil-
lator without boron, and the third is fiber optic with-
out a scintillator. Polystyrene-based scintillators have
a decay time of approximately 2 ns and are manufac-
tured at the Institute of High Energy Physics (IHEP),
Protvino [3]. The sensitive element of the sensor is a
cylinder with a diameter of 1 mm and a length of
1 mm. The small size of the scintillators makes it pos-
sible to reduce the registered flux to the level of several
million events per second. Light from the scintillators
is transmitted via quartz light guides to the readout
electronics, and optical pulses are recorded using
cooled silicon photomultipliers (SiPMs) AFBR-
S4K33CO0135L (Broadcom). The signal from the
SiPM output is amplified and fed to the inputs of the
comparators and then to the pulse counters. The num-
ber of registered events in 10 ms is transmitted to the
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Fig. 1. Pulse shape at the output of the bipolar shaper of the CITIROC ASIC.

computer for further processing. The difference in the
readings of the sensors with and without boron allows
us to estimate the contribution of the neutron compo-
nent, and the difference in the readings in the detector
channel without boron and the number of events
recorded in the channel without a scintillator gives a
signal proportional to the gamma radiation dose at the
measurement point since it allows us to exclude the
contribution of Cherenkov radiation generated in the
optical fiber.

2. REGISTRATION SYSTEM

The first version of the detector readout system was
developed based on specialized application-specific
integrated circuits (ASICs) for operation with micro-
pixel silicon photomultipliers, OMEGA EASIROC
(the new version is CITIROC) [4]. Despite the suc-
cessful use of this detector for measuring the parame-
ters of the neutron flux generated at the facility [5], the
system had a number of significant drawbacks. In par-
ticular, the integrated implementation of the analog
pulse generation circuit does not take into account the
characteristics of the micropixel silicon photomulti-
pliers connected to its inputs, which leads to nonopti-
mal pulse generation, distortion of large-amplitude
pulses and, as a consequence, the formation of a large
dead time of at least 50 ns. Furthermore, these chips
are not currently commercially available. Figure 1
shows the characteristic pulse shapes at the output of
the bipolar shaper of the CITIROC ASIC. To elimi-
nate the above-mentioned shortcomings, a new ver-
sion of the registration system was developed, which
uses pulse generation with the replacement of the time
constant, determined by the recharging time of the sil-
icon photomultiplier cells of approximately 40 ns, with
a smaller value of approximately 15 ns. Figure 2 shows
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a fragment of the block diagram of the registration sys-
tem, and Fig. 3 shows the characteristic pulse shape
before and after the amplifier-shaper. Application of
the active DC component recovery circuit and passive
unipolar pulse formation using a R—LR chain allowed
us to significantly increase the speed of registration
electronics. The presence of two comparators con-
nected to the output of the shaper in each channel
allows one to select a registration threshold depending
on the type of scintillator connected to a given chan-
nel.

The effective pulse width determines the dead time
of the registration system, which results in the mea-
sured pulse count rates being lower than the actual
ones. This distorts the statistical distributions of the
registered events. However, the true count rate can be
reconstructed given known system parameters. Mea-
sured count rate R is determined by the formula
R = Nexp(—N7) for a system with extending dead time
T, input (true) flux N, and according to the formula
R= N/(1 + N7) for a system with nonextending dead
time.

To determine the type of system, the fact that the
distribution shape of time intervals between recorded
pulses differs for these two cases is used [6]. Thus, the
probability density of the interval distribution for non-
extending dead time is described by a simple formula:

() = 0(t — 1)Ne ",

while it is described by a more complex expression for
the extending dead time [7, 8]:

c N =)
H=N) 0t —- — S s ,
f@) Z( i) T

and has a characteristic distortion of shape at the max-
imum of the distribution.
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Fig. 2. Fragment of the block diagram of the analog signal processing of the FND detector.
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Fig. 3. Pulse shape (/) up to and (2) after signal processing circuit.
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Fig. 4. Distribution of time intervals between events (points) and the result of data approximation by expressions for nonextending

(dashed curve) and extending (solid curve) dead time.

3. REGISTRATION SYSTEM DEAD TIME

The dead time of the registration system was deter-
mined during the irradiation of sensors using an accel-
erator neutron source and during irradiation with
X-ray radiation. When irradiated with neutrons, the
maximum flux of events was approximately 4 x 10°
counts per second, which was determined by the
parameters of the operating accelerator. To achieve
large registered flows, an X-ray tube with a voltage of
95 kV and an additional 0.3-mm-thick Cu filter was
used. During the measurement process, using a Tektr-
onix DP0O3032 digital oscilloscope, oscillograms were
recorded at the output of the comparators with a time
step of 2 ns and a sampling length of 1000000 points at
different detector irradiation intensities. Based on the
obtained data, histograms of the distributions of inter-
vals between events and their approximation by ana-
lytical expressions were formed, from which the dead
time of the system and the value of the input flow were
determined. An example of such a distribution is
shown in Fig. 4. The same figure shows the results of
approximating experimental data with analytical
expressions for two types of dead time: extending and
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nonextending. Figure 4 shows that, in the distributions
of intervals between events, we do not observe a char-
acteristic plateau in the interval from T up to 27T, which
must be present in distributions for systems with pro-
longing dead time. The average nonextending dead
time obtained from the experiment is 24.6 = 0.1 ns.
Figure 5 shows the dependence of the FND detector
count rate on the input flux value. For comparison,
data for an “ideal” detector and the results of approx-
imating the experimental data with a formula describ-
ing the counting characteristic of a detector with a
nonextending dead time equal to 24.6 ns are pre-
sented. Comparative analysis shows that electronics
errors do not exceed 20% with an input flow of up to
107 counts per second and that, to restore the value of
the “true” flow, it is sufficient to correct the measured
values based on the value of the dead time.

4. CONCLUSIONS

The paper presents the results of measuring the
performance of a new fast neutron detector registra-
tion system, which is planned to be used at the VITA
Vol. 69
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Fig. 5. Dependence of the detector count rate on the input flux for an ideal detector without dead time (dashed line) and an FND
detector (solid line). The results of measurements with neutrons (black squares) and X-ray photons (circles) are shown.

accelerator neutron source at the Blokhin National
Medical Research Center of Oncology. The imple-
mentation of a pulse generation circuit taking into
account the recharge time of the cells of silicon photo-
multipliers has made it possible to significantly
increase the speed of the readout electronics com-
pared to the previously used analogue based on
ASICs. Based on measurements carried out at the
operating facility at the Budker Institute of Nuclear
Physics (Siberian Branch, Russian Academy of Sci-
ences), the distributions of intervals between pulses
are well described by a nonextending dead time of 24.6
* 0.1 ns, which allows events to be recorded with min-
imal miscalculations even at high intensities of input
events and this value to be used to reconstruct the
magnitude of the “true” event flow to the detector.
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