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The silicon photomultiplier (SiPM) is a recently developed photosensor used in particle physics,
e.g., for detection of minimum ionizing particles and/or Cherenkov radiation. Its performance is
comparable to that of photomultiplier tubes, but with advantages in terms of reduced volume and
magnetic field insensitivity. In the present study, the performance of a gamma ray detector made of
an yttrium aluminum perovskite scintillation crystal and a SiPM-based readout is assessed for use
in time of flight neutron spectroscopy. Measurements performed at the ISIS pulsed neutron source
demonstrate the feasibility of y-detection based on the new device. © 2009 American Institute of

Physics. [doi:10.1063/1.3212677]

Silicon photomultipliers (SiPMs) are semiconductor
photosensitive devices consisting of an avalanche photodi-
ode matrix (typical pixel size 20-30 wm) on a common
silicon substrate."™ The pixels are electrically decoupled
from each other by polysilicon resistors (typical value
500 k{}) located on the same substrate. The operational bias
voltage is 10%—15% higher than the breakdown voltage so
that each pixel operates in a limited Geiger mode with a gain
determined by the charge accumulated in pixel capacitance
(typically 100 fF). In this mode, a photoelectron created in a
pixel of the SiPM and reaching the high field region initiates
a Geiger discharge confined to that pixel. The pixel discharge
is quenched by limiting the current to about 10 A through
the polysilicon resistor. The independently operating pixels
are connected to the same readout line. The combined output
signal is the sum of all the so-called fired pixels, which is a
measure of the light flux on the SiPM. Main SiPM advan-
tages compared to conventional photomultiplier tubes
(PMTs) are insensitivity to magnetic fields, low operation
voltage, and compact size. Moreover, they feature a high
peak photon detection efficiency (exceeding 50% in some
cases) and good time response. Their small dimensions allow
for the construction of compact, light, and robust detection
devices. So far SiPM have been used in Cherenkov detectors,
minimum ionizing particles, and dark matter (e.g., neu-
tralino) searches.””’

In the present study we investigate the performance of a
compact y-ray detector made of an yttrium aluminum perov-
skite (YAP) scintillator crystal and a SiPM-based readout, for
time of flight (TOF) neutron spectroscopy at pulsed neutron
sources.
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TOF neutron spectroscopy is a powerful technique for
probing material properties with potential applications in ma-
terial science, energy, electronics, and cultural heritage re-
search. Among the possible applications, a very interesting
one is represented by the neutron resonance capture analysis
(NRCA).® This technique exploits the peculiar interactions of
the epithermal neutrons (1—10* eV energy) in materials.
Several nuclei, especially the heavy metal ones, exhibit reso-
nances in the neutron radiative capture cross section. When a
neutron is absorbed at the resonance energy, a prompt y-ray
cascade is generated following the (n,7) reaction: n+"X,
— AT AIX, 43 vy, where “X;, represents the nuclide
with atomic mass A and atomic number Z. In the first step an
excited nucleus is formed which in turn decays to the ground
state by multistep transitions. This technique is capable of
providing information on the elemental composition of the
object, as different elements (as well as different isotopes of
the same element) have resonances at different energies. At a
pulsed neutron source, the fingerprints of the different ele-
ments present within an irradiated object appear as peaks in
the TOF spectrum, their time positions being univocally re-
lated to the resonance energies following the relation:

m
tes= \/0.5—"L,, 1
res E 0 ( )

r

m,, E,, and L, being the neutron mass, the resonance energy,
and the neutron flight path, respectively.

The objective of the present experimental investigation
is the study of a compact detection system for NRCA experi-
ments relying on a SiPM-based readout for NRCA experi-
ments. To this aim, a dedicated detection system was de-
signed and produced that was composed of a YAP scintillator
crystal cougled to a SiPM and a PMT, both from
Hamamatsu.” The YAP crystal was 6X6X25 mm?, the
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FIG. 1. TOF transmission spectrum recorded on the PEARL beam line
inserting a YAP crystal in the incident neutron beam: No dips are found in
the spectrum, thus confirming that no resonances are present in the eV-keV
energy range. The integrated beam current for the runs is 15.6 uA h.

SiPM active area was of 1 mm? (25 um pixel size) and the
PMT photocathode was about 50 mm?. The use of SiPM and
PMT was aimed at a comparative assessment of the effec-
tiveness of the YAP-SiPM device with respect to a standard
one. Indeed, YAP detectors and PMTs have been successfully
employed for other applications of neutron spectroscopy.lof12
YAP is a nonhygroscopic crystal and easy to be machined in
different shapes. Its effective atomic number Z ;=36
and density p=5.55 gcm™ provide a good efficiency
(10% at 1 MeV), the appreciable light yields (18000
photons/MeV) a sufficient energy resolution and its fast de-
cay time (7=27 ns) is a reliable use for TOF neutron
spectroscopy.10 Moreover its sensitivity to neutrons is low.
This can be appreciated in Fig. 1, where a TOF spectrum is
shown that was recorded by placing a YAP crystal directly in
the neutron beam. The absence of dips in the time region
shown in the figure, corresponding to an energy range from
0.5 eV to a few keV, is a confirmation of the absence of
resonant absorption in the YAP crystal.

The NRCA measurements have been performed on the
INES beam line'* ™" at the ISIS pulsed neutron source.'® This
beam line is characterized by a white pulsed neutron beam,
moderated by a water moderator at 295 K, placed at a dis-
tance Ly=~23 m from the sample position. The beam area at
the sample position is 4.0X4.0 cm?. The setup for the ex-
periment is schematically shown in Fig. 2.

For the measurements the SiPM was biased with a (sta-
bilized) tension of 71 V (slightly above the breakdown volt-
age) thus providing a gain of about 3 X 10°. The signal from
the SiPM was sent to a purpose-built preamplifier with a
fixed (and stabilized) gain of 23. The PMT gain was about
4 10°. The signal from the SiPM and the PMT was dis-
criminated before being collected by the data acquisition sys-
tem of ISIS. The lower level discrimination (LLD) threshold
of the discriminator was set at about 300 keV (energy
equivalent threshold) for both detection systems. The time
data recording window (20 ms duration) is started by the
ISIS trigger related to the proton pulse (50 Hz) and the TOF
is determined by the detection of the prompt 7y rays from the
sample. The detector signal processing electronics provides a
stop signal for the TOF data recording system if the energy
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FIG. 2. Layout of the NRCA experiment on the INES beam line.

released in the detector is above the electronic LLD thresh-
old; the time registered by the detector readout electronics is
therefore proportional to the resonance energy. In order to
produce resonance neutron radiative capture 7y rays, a slab of
Cu/Sb (Cug,Sbg) 5 mm thick and 20 cm? surface area was
placed at the sample position. Both Cu and Sb have several
resonances in the neutron radiative capture cross section
orc(E) in the eV region, as shown in Fig. 3 where ogc(E) is
plotted for the natural Cu and Sb. As already mentioned be-
fore, the resonance peaks in the oRc(E) appear in the TOF
spectrum at positions that can be precisely calculated
through Eq. (1).

Figure 4 shows the normalized TOF spectra recorded by
the SiPM and the PMT in the region up to 800 us, where the
main absorption resonances are found. The average ratio of
the two spectra is about 1.5 (varying between about 3.5 and
0.5 at low and high flight times, respectively), as shown in
Fig. 4(c). The presence of structures in the intensity ratio is
due to the different proportions of peak intensity and back-
ground beneath the peaks for the two spectra.
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FIG. 3. Radiative capture cross section ogc(E) for natural Cu (a) and Sb (b)
in the epithermal energy region.
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FIG. 4. Neutron TOF spectra recorded by SiPM (a) and PMT (b) with the
Cug,Sbg absorbing sample. Panel (c) shows the intensity ratio of the spectra
in (a) and (b) in the same TOF region.

Table I lists the experimental time positions of the peaks
in Fig. 4, together with the corresponding resonance energies
E, and isotope assignment. The experimental values of the
peaks time positions are in very good agreement within the
experimental uncertainties with the values of 7., estimated
through Eq. (1) using the tabulated resonance energies of the
Cu and Sb (see Fig. 3). This allows us to assign each peak to
a given isotopic species of both Cu and Sb. As far as the full
width at half maximum (FWHM) is concerned, it can be
noted that for the main peaks observed in Fig. 4, the corre-
sponding FWHMs are comparable for all the peaks consid-
ered, with differences between 10% and 20% (see Table II).

The peak to background ratio for the YAP-PMT system
is between 0.9 and 2.0 for the peaks found in the time region
above 300 wus, while it is 0.6 and 0.9 for the main two peaks
below 120 ws. For the YAP-SiPM device, this ratio is be-
tween 0.35 and 0.60 in the former interval, and 1.15 and 1.82

TABLE I. TOF positions of the resonance peaks in the two spectra of Figs.
4(a) and 4(b) compared to the time positions 7, calculated through Eq. (1).
The calculated uncertainties for 7, are in the order of 1 us. The last two
columns list the corresponding resonance energies and isotope assignment.

TOFpyr TOFgipy fres E,

(us) (us) (us) (eV) ¢
662.02+0.26 662.53+0.26 663.90 6.16 121gp
420.67£0.26 419.67+0.26 420.10 15.37 1215p
354.36+0.26 355.04+0.26 354.80 21.59 1235b
302.67 +0.26 303.19+0.26 306.60 28.85 1215p
225.49+0.26 225.32+0.26 226.20 53.09 121gp
203.27+0.26 204.65+0.26 205.30 64.26 1215p
182.43+0.26 182.25+0.26 183.20 71.73 1235b
161.07£0.26 160.89 +0.26 160.30 105.50 1235b
119.21£0.26 119.37£0.26 118.40 193.62 1235h
108.36+0.26 108.35+0.26 108.90 228.65 %Cu
68.39+0.26 68.39+0.26 68.20 583.30 BCu
64.43+0.26 64.26+0.26 65.10 640.66 SCu
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TABLE II. FWHM for the main peaks in Fig. 4 recorded by SiPM and PMT
readouts. Time positions of the resonances f,., determined by Eq. (1) and
corresponding isotope specie assignment are also indicated.

fres FWHMpyir FWHMg;py
(ps) X (ps) (1s)
663.90 1215p 25.40 26.00
420.10 121gp 9.65 9.64
354.80 1238b 9.65 8.62
306.60 1215p 2.62 2.01
108.90 Cu 1.37 1.36
68.20 9Cu 3.11 2.60

for the other one. This difference is due to (i) the intrinsic
noise of the SiPM (e.g., thermal noise) especially in the high
TOF region; and (ii) to a not completel;/ optimized threshold
for YAP-PMT, especially at low TOF.!

In summary, a NRCA experiment has been carried out at
the INES beam line at ISIS spallation neutron source, to
assess the potential of a compact detection device composed
of a YAP crystal coupled to a SiPM-based readout. This has
been done by detecting resonance neutron radiative capture y
rays produced in (n,7y) reactions in a Cu/Sb sample. The
measurement allowed to reliably recognize the main absorp-
tion resonances in the composite sample and thus an elemen-
tal analysis of the material.

The performance of the SiPM-based device may be im-
proved in terms of counting efficiency and S/B enhance-
ment. The results obtained show the effectiveness and the
high potential of the SiPM technology for designing and pro-
ducing compact, robust, and cheap detectors for TOF neutron
spectroscopy at spallation neutron sources, of which NRCA
is the specific application investigated in this paper.
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