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Characterization of external optical crosstalk reduction for SiPM-based 
scintillation detectors with an optical bandpass filter 

Seungeun Lee , Woon-Seng Choong , Joshua William Cates * 

Applied Nuclear Physics Program, Nuclear Science Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Rd, Berkeley, CA, United States   
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A B S T R A C T   

External optical crosstalk remains a significant source of correlated noise in scintillation detectors optically 
coupled to silicon photomultiplier (SiPM) arrays and can influence achievable performance by limiting the 
maximum overvoltage at which a detector can be operated. This study evaluated the potential benefits of 
incorporating an optical bandpass filter, which is absorptive to optical crosstalk and transmissive for scintillation 
photons, between the scintillator and SiPM array. Several SiPM and bandpass configurations were characterized, 
including single-element and SiPM arrays with bare, filter-coupled, crystal-coupled, and crystal-filter-coupled 
interfaces. Coupling the optical filter between a 4 × 4 array of Broadcom AFBR-S4N44P164 M (NUV-MT) 
SiPMs and a 12 × 12 × 20 mm3 LYSO crystal decreased the total number of detected optical photon noise by up 
to 92%. The impact of the filter on crosstalk probability reduction was also characterized by the single-channel 
measurements with the same SiPM, suppressing external crosstalk up to 64%. With the filter coupled, SiPMs were 
operable at very high overvoltage. The results of these studies demonstrate that optical filtering is a promising 
technique to significantly reduce correlated noise in scintillation detectors employing SiPMs.   

1. Introduction 

The silicon photomultiplier (SiPM) is a solid-state photosensor with 
single photon resolving capability, making it a highly promising tech
nology for a wide range of scientific and industrial applications [1–3]. 
Each SiPM channel consists of thousands of microcells, also known as 
single photon avalanche diodes (SPADs), operated in Geiger mode and 
connected in parallel to a common output terminal. When a single 
photon is detected in the SPAD, it triggers the generation of an 
electron-hole pair, followed by an avalanche process, resulting in a 
significant amplification of the single photon response. In SiPMs, the 
amplitude of generated signal is proportional to the number of detected 
photons, enabling energy-sensitive readout of radiation interactions 
within, for example, an optically coupled scintillation material. As ad
vancements continue to be made in the photodetection efficiency (PDE), 
single photon time resolution (SPTR), noise, and robustness, the appli
cation of SiPMs, they are increasingly employed in a diverse range of 
radiation detection fields, including particle physics [4], high-energy 
physics [5], medical imaging [6,7], nuclear security [8,9], and envi
ronmental radiation monitoring [10,11]. SiPMs are also widely used in 
optical photon detection applications, such as light detection and 

ranging [12], Cherenkov telescopes [13,14], and optical imaging [15]. 
One drawback of SiPMs is their noise event rate, which is several 

orders of magnitude higher than vacuum photosensor technologies. 
Fig. 1(a) summarizes the dominant types of noise generated by SiPM 
itself [3,16]. “Dark noise” pulses result from thermionic electron emis
sion, which creates single photon equivalent signals in the SiPM. The 
avalanche also generates optical photons which can subsequently cause 
neighboring microcells to fire, in a process referred to as “optical 
crosstalk”. This secondary avalanche is correlated in time with the pri
mary avalanche and, as such, is also referred to as “correlated noise”. A 
crosstalk photon can trigger secondary avalanches in adjacent micro
cells by direct detection (direct crosstalk) or after a certain temporal 
delay by diffusion of electron-hole pairs created outside the active re
gion (delayed crosstalk). A third type is referred to as “external cross
talk” wherein additional microcells trigger from the detection of optical 
crosstalk photons after propagating through optical media external to 
the device such as the SiPM’s protection window or scintillation crystal 
interfaces [17,18]. Crosstalk appears as a pileup of the single photon 
pulse (mostly direct crosstalk, shortly delayed crosstalk, and external 
crosstalk), or another photon pulse separated from the primary event. 
Therefore, these correlated noise signatures contribute to uncertainty in 
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spectroscopy and event timing [3]. Because both dark count rate and 
crosstalk probability increase with SiPM overvoltage, parameters that 
improve with increased applied overvoltage (e.g., PDE and SPTR) come 
at the expense of increased noise. This effect can be especially prob
lematic for SiPM arrays coupled to scintillation crystals, which create 
transparent return paths for optical crosstalk photons emitted from the 
SiPMs. 

Previous works have proposed or demonstrated the potential to 
significantly reduce external optical crosstalk by employing optical fil
ters [19,20]. Since the emission spectrum for optical crosstalk photons 
spans a range of approximately 500–900 nm, optical filters that are 
absorptive in this region (and transparent above and below this window) 
can be employed to significantly reduce the influence of external 
crosstalk. What’s more is the crosstalk photon emission spectrum peaks 
above 600 nm, which is higher than many scintillation crystal emissions 
spectra. Thus, an optical bandpass could be employed that is transparent 
to scintillation emissions and absorptive to external optical crosstalk, 
thereby largely reducing or eliminating this noise contribution from the 
generated detector signal. As an example, the peak wavelength of lute
tium oxyorthosilicate (LSO)-based scintillators typically lies around 420 
nm approximately 200 nm below peak wavelength emission for optical 
crosstalk photons (Fig. 2) [21]. In practice, a non-negligible fraction of 
crosstalk photons can be detected because of the overlap with the PDE 
spectrum of SiPM [22]. For this case, a 1-mm thick Schott BG40 filter, 
for example, can filter out 63% of incident crosstalk photons while 
maintaining 97% of the useful scintillation photons. Therefore, an op
tical filter is expected to absorb a large amount of external crosstalk 
when it is placed between the SiPM and the blue-emitting scintillator 
(Fig. 1(b)). Previous measurements employing an optical bandpass filter 
onto bare SiPM arrays exhibited a remarkable reduction in the crosstalk 
probability of a SiPM array [19]. Given the promise of this technique, 
the optical bandpass approach should also be evaluated for SiPM-based 
scintillation detectors, where scintillator volumes with optical reflectors 
exacerbate the issue of external optical crosstalk, which has been 
detailed in other works [17]. If successful, this technique could provide a 
significant reduction in correlated noise rate and potentially enable the 
operation of scintillator-based detectors with SiPM arrays to operate at 
room temperature with very high overvoltage, thereby enabling addi
tional benefits that improved PDE, signal-to-noise ratio, and SPTR can 
provide. 

In this work, we investigated the impact of an optical bandpass filter 
on the noise properties of scintillator-based detectors. We focus on the 
empirical properties that may be employed in detector simulations (for 
example via the methods outlined in Refs. [23,24]). Respective contri
butions of the filter and crystal to the noise properties were character
ized by comparing configurations with and without coupling to SiPMs. 
First, we measured the noise rate and probability of pileup due to the 

crosstalk of a SiPM array. “SiPM array” indicates the SiPM channels 
arranged in an array, packaged as a single device by the manufacturer. 
Thus, the inter-channel effect of the noise was studied comprehensively. 
An in-depth analysis of crosstalk probability and time delay was per
formed through a single-channel SiPM experiment, where the 
inter-channel effect was absent. Lastly, a preliminary investigation of 
the effect of the filter on achievable coincidence time resolution (CTR) 
was performed with coincidence measurement between single channel 
detector pairs. 

2. Materials and methods 

2.1. Array measurement 

2.1.1. Experimental setup 
Fig. 3(a) shows four different detector configurations for evaluation: 

bare SiPM (bSiPM), filter-coupled SiPM (F + S), a monolithic LYSO 
crystal-coupled SiPM (C + S), and LYSO coupled to the filter-coupled 
SiPM (C + F + S). We tested a 16 × 16 mm2 SiPM array (AFBR- 
S4N44P164 M; Broadcom) consisting of 4 × 4 channels in 4-mm pitch 
with a single channel size of 3.84 × 3.74 mm2. The sensor array shares a 
continuous epoxy window. We selected BG40 (Schott) as an optical 
bandpass filter (also suggested by Ref. [19]) that features high trans
parency in the range of 350–630 nm (Fig. 2), as a filter for crosstalk 
photons. The size of the filter was 16 × 16 × 1 mm3 covering the entire 
SiPM array without any reflector wrapped. A polished 12 × 12 × 20 
mm3 LYSO (Epic Crystal) was wrapped with Teflon tape and coupled 
over a 3 × 3 section of channels in the SiPM array. Therefore, 9 channels 
with LYSO covered were analyzed and reported throughout this work. 
An optical grease (BC630 with a refractive index of 1.465, Saint-Gobain) 
was used as a coupling medium between detector components. 

To read out the SiPM signals, we employed a sixteen-channel front- 
end circuit board (Fig. 3(b)). Each channel consisted of a balun trans
former and two-stage radio-frequency amplifier cascade to produce fast 
single photon pulse with good signal-to-noise-ratio, i.e., beneficial for 
single photon counting of optical photons. The details of the electronics 
chain for each channel of readouts are described in Ref. [25]. Wave
forms of the fast pulses were digitized by a DRS4-based multi-channel 
digitizer (CAEN V1742) with a sampling rate of 5 GSa/s. 

In the absence of a radioactive source, the SiPM was biased with 
overvoltage (OV from 7 V to 12 V inside a light-tight box. A dry nitrogen 
flush, maintained at 20 ◦C, was blown over the detector array to 
maintain room temperature operation. A software trigger was used to 
randomly capture SiPM noise events within a 200 ns capture window. 
We discarded the pulses cut off by the dynamic range of the digitizer (1 
V) to discriminate events involving intrinsic Lu-176 decay. Digital pulses 
were processed with a 350–550 MHz bandpass filter with baseline 

Fig. 1. Illustrations of SiPM noise propagation. The events indicated as red and yellow stars correspond to the dark noise and optical crosstalk, respectively, that 
trigger the avalanche process and the following single photon response. (a) Typical noise types in SiPM coupled with a scintillator include (1) dark noise, (2) direct 
crosstalk, (3) delayed crosstalk, and (4) external crosstalk. (b) Strategy of external crosstalk suppression using an optical filter. 
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restoration, yielding sharp single-photon pulses. Single photon pulses 
were identified using a peak-finding algorithm on digitized traces (Fig. 3 
(c)), where the minimum temporal distance of the separated pulses was 
1 ns. 

2.1.2. Noise rate measurement 
Noise pulses were counted by identifying single pulse peaks (indi

cated in red in Fig. 3(c)) of every 200-ns capture regardless of pulse 
amplitude. Digitized Geiger cell discharges (single- and few-photon 
equivalent level voltage signals) in these capture windows are the 
result of dark counts, crosstalk, and after-pulsing, constituting a “base
line” of noise for each given configuration (i.e., not the product of 
luminescence from the interaction of ionizing radiation in the scintil
lator). We encompass all these event types that could be falsely recog
nized as scintillation photons with the term “noise”. Approximately 
30,000 captures were analyzed for each configuration and OV. Noise 

count histograms were generated and fitted with Poisson distributions to 
assess the mean noise count for each channel. Noise rate (NR) was 
defined as the mean noise count per second generated by each SiPM 
channel. Note that NR is not related to electronic noise in the experi
mental setup. 

2.1.3. Optical photon pileup probability measurement 
From the histogram of the single pulse peak amplitude, a voltage 

pulse with an amplitude higher than a single photon equivalent ampli
tude was considered a pileup event. For single channel measurements 
(Section 2.2.2), we regarded pileup as identical to crosstalk because the 
origin of the crosstalk was only the single channel itself and the NR was 
relatively low. In these array measurements, however, optical photon 
pileup is less probable because the correlation between the primary 
noise and crosstalk can be lost by inter-channel crosstalk sharing and 
external propagation. Therefore, in this section, we refer to the 

Fig. 2. Spectra of LGSO scintillation emission, SiPM photodetection efficiency (PDE), crosstalk photon emission, and BG40 filter transmission. The emission spectra 
are normalized. The SiPM PDE and crosstalk emission spectra were repurposed from Refs. [18,20], respectively. 

Fig. 3. Array SiPM measurement setup. (a) Schematics of the tested configurations. bSiPM, F + S, C + S, and C + F + S denote bare SiPM, filter + SiPM, crystal +
SiPM, and crystal + filter + SiPM, respectively. (b) 16-channel SiPM readout board shown with the schematic of the circuit. (c) Example waveform of pulse train 
sampled by the digitizer. The single pulses (red points) were counted from the shaped pulse train (blue). 
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probability of one or more pileups being detected for each event as a 
pileup probability, rather than a crosstalk probability. 

2.2. Single channel measurement 

2.2.1. Experimental setup 
The SiPM was a single pixel of the same device used for array mea

surements, described in Section 2.1 (AFBR-S4N44P014 M). We used an 
LGSO crystal (Fast-LGSO; Oxide) with a size of 3 × 3 × 20 mm3 and 
mechanically polished surfaces. The tested configurations were similar 
to those of Section 2.1.1 (Fig. 4(a)). A 3 × 3 × 1 mm3 BG40 filter was 
used for F + S. In the case of C + F + S, a 3 × 3 × 1 mm3 BG40 filter was 
coupled to the LGSO with Meltmount (n = 1.582, Cargille) and was 
wrapped with Teflon, along with the crystal. All other interfaces were 
coupled with optical grease. 

The SiPM signal passed through a single-channel readout board with 
a circuit design similar to that used in Section 2.1.1 (Fig. 4(b)). The 
pulses were sampled by a digital oscilloscope with a sampling rate of 40 
GSa/s, applying OV from 10 V to 16 V for every configuration. 

2.2.2. Crosstalk characterization 
A threshold at 20% of the single photon pulse amplitude was applied 

with the hardware triggering of the oscilloscope. The methodology of 
extracting the crosstalk was similar to that of [19]. A representative 
template of a 20-ns single photon pulse shape was created by averaging 
waveforms with the amplitude within a narrow window of ±5% around 
the mean single photon pulse amplitude. The crosstalk photons were 
extracted by subtracting the aligned template from the captured 20-ns 
pulse train; thus, the crosstalk pulses appeared with the primary noise 
pulse eliminated, while only the baseline with electronic noise was left 
in the case of a crosstalk-free event. Applying the same leading-edge 
threshold at half of the single photon pulse amplitude, the time delay 
of the crosstalk photon detection (timestamp of the template-subtracted 
pulse) relative to the primary dark noise (timestamp of the original 
pulse) was measured event-by-event. 

The number of pileup crosstalk photons for each pulse was deter
mined by segmenting the distribution of the pulse amplitudes. For 
instance, Fig. 7(a) shows clear separations between the adjacent peaks 
with <5% relative widths, where each peak represents the number of 

pileups. We applied a 2 ns window to the time delay, assuming that the 
photons detected later than 2 ns after the primary noise was another 
uncorrelated primary noise. Still, the assumption is not perfect because 
some delayed or external crosstalk would undergo delays of several 
nanoseconds [3]. The probability as a function of the number of cross
talk photons detected, which was referred to as crosstalk probability, 
was assessed from the resulting delay-amplitude distribution. 

2.2.3. Noise rate 
NR of the single channel was measured using a method similar to that 

described in Sections 2.1.1 and 2.1.2. Random capturing of pulses was 
performed from a “line” trigger on the oscilloscope. We counted the 
number of noise pulses within a 200-ns capture using a peak finding 
algorithm to calculate the NR of each configuration. The peak finding 
parameters were set to regard subsequent pulses later than 0.6 ns from 
the primary pulse as new separate pulses. 

2.2.4. Setup for light output and coincidence time resolution measurements 
To investigate the impact of the filter on the timing performance of 

the detectors, we used a coincidence measurement setup described in 
Fig. 4(c) with increasing OV from 10 V to 20 V. Pairs of models C + S 
(without filter) and C + F + S (with filter) described in Section 2.2.1 
were tested with the same single-channel high-frequency readout board 
and digital oscilloscope. We placed a Ge-68 point source between the 
detectors to acquire 511-keV annihilation events by triggering coinci
dence events, determined from the energy channels of both detectors. 

From the energy pulse amplitude spectrum, the mean pulse ampli
tude at 511-keV photopeak was assessed to compare the relative light 
output with and without coupling the filter. CTR was defined as a full 
width at half-maximum (FWHM) of the time delay histogram between 
the two detectors. Time pickoff was performed with a simple leading- 
edge discriminator (i.e., no digital baseline selection or corrections 
were performed). For every optical bandpass configuration and OV, we 
report CTR at the optimum leading-edge threshold. 

Fig. 4. Single channel SiPM measurement setup. (a) Schematics of the configurations for noise characterization: bSiPM, F + S, C + S, and C + F + S denote bare 
SiPM, filter + SiPM, crystal + SiPM, and crystal + filter + SiPM, respectively. (b) Schematic of the single channel SiPM readout circuit shown with the example of 
noise waveforms on the oscilloscope. (c) Coincidence setup for light output and coincidence time resolution measurement. 
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3. Results 

3.1. Array measurement 

3.1.1. Noise rate 
Per-channel noise count distributions of four different configurations 

at OV = 12 V are shown in Fig. 5(a). For C + S, 11 noise pulses on 
average were captured within a 200-ns window, which was 7 times 
higher than that for the bare SiPM, demonstrating the noise amplifica
tion that external optical crosstalk can produce for crystal-coupled 
SiPMs. Based on these distributions, we calculated the NR of every 
configuration as a function of OV (Fig. 5(b)). The data points and the 
error bars indicate the mean and standard deviation derived from 
Poisson fits to the distributions, averaged over nine channels. A 
remarkably high NR of C + S indicates that coupling a monolithic crystal 
directly to the SiPM resulted in a large external crosstalk photon sharing 
throughout the SiPM channels. However, as shown in the case of C + F 
+ S, coupling the filter suppressed the NR by a factor of 12 compared to 
C + S for overall OVs (4.3 MHz versus 55 MHz at OV = 12 V). The NR of 
F + S was lower than that of bSiPM (2.5 MHz versus 7.3 MHz at OV = 12 
V), implying that a non-negligible amount of crosstalk photons un
dergoes total internal reflection at the window surface of bSiPM, which 
were absorbed in the filter in the F + S configuration. 

3.1.2. Pileup probability 
Fig. 6(a) shows the histograms of the single pulse amplitudes at OV 

= 12 V for each channel. Unlike the other configurations, C + S shows 
blurred peaks, which is due to high NR in combination with undershoot 
produced from pulse shaping in the pulse trains (see pulse undershoot in 
Fig. 3(c)). When the filter was coupled, i.e., F + S and C + F + S, pulses 
with more than one pileup were significantly reduced. 

The probability of one or more pileup events was assessed based on 
the amplitude histogram (Fig. 6(b)). The pileup probabilities of the F + S 
and C + F + S were comparable, implying that the effect of the pileup 
due to external optical crosstalk through the crystal is negligible when 
the filter is used. Interestingly, a significant reduction of pileup for C + S, 
as compared to the bSiPM configuration, was observed. This also sup
ports the explanation in Section 3.1.1. Intra-channel crosstalk photons 
can pile up on the primary noise due to reflection at the window-air 

interface for a bSiPM configuration, while the same photons would 
likely enter the crystal in the case of C + S, because the refractive index 
of the crystal (1.82) is higher than that of the epoxy window (~1.5). 
These photons would appear as separate noise pulses with either spatial 
or temporal correlations lost, thus resulting in increased NR, which was 
observed in Fig. 5(a). Similarly, the match of refractive indices between 
the filter (1.53) and the window allowed a large portion of crosstalk 
photons to propagate through the filter where they can be absorbed, 
resulting in a considerable reduction in NR for F + S. 

3.2. Single channel measurement 

3.2.1. Crosstalk characterization 
The delay-amplitude distributions of C + S and C + F + S at OV = 16 

V are plotted in Fig. 7(a). The pulse amplitudes were discretized hori
zontally by the number of pileups, where the crosstalk is a dominant 
source for single-channel measurements. Fig. 7(b) shows the distribu
tions of the crosstalk photon time delay relative to the primary 
discharge, which is also the projection of Fig. 7(a) to the time delay axis. 
Crosstalk photons for the bSiPM configuration were detected within 0.5 
ns, as well as F + S. An additional peak was observed in C + S at 0.4 ns 
regardless of the number of crosstalk, which resulted from external 
crosstalk photons that arrived at the SiPM after propagating through the 
scintillation crystal element. By applying the filter, this peak was largely 
suppressed, which is another representation of the impact of the filter on 
the external crosstalk. 

Fig. 8(a) shows the probability of a respective number of detected 
crosstalk photons per primary discharge (due to a dark count in these 
measurements). With increasing OV, the growth of the probability of 
three or more crosstalk was significant for C + S, while it was suppressed 
for C + F + S. In the case of F + S, the probability of detecting one 
crosstalk photon was approximately a few percent, and <1% probability 
for two or more crosstalk. Fig. 8(b) shows the summation of the prob
abilities over the number of detected crosstalk photons, which corre
sponds to the probability of detecting one or more crosstalk photons for 
all OV values. C + F + S exhibited approximately 64% less crosstalk 
probability compared to C + S for all OV values due to the impact of the 
filter. The increment in the crosstalk probability of C + S compared to 
the bSiPM configuration, which corresponds to the contribution of the 

Fig. 5. Noise rate measured of the configurations with the array SiPM. (a) Noise count distributions of 3 × 3 channels from randomly captured 200-ns waveforms at 
OV = 12 V. (b) Noise rates of the tested configurations with sweeping the overvoltage. 
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external crosstalk caused by the crystal coupling, ranged from 5.2% (12 
V) to 6.9% (16 V). The crosstalk probability of the bare SiPM was 26% at 
OV = 12 V, which was comparable to that reported on the datasheet of 
the SiPM (23% at 25 ◦C) [22]. 

3.2.2. Noise rate 
Unlike the array SiPM measurements in Section 3.1.1, all single- 

channel configurations exhibited comparable NRs. (Fig. 9). This is 
somewhat predictable, as the major source of the primary dark noise in 

these configurations is thermionic emission in the SiPM microcells 
regardless of filter coupling. In the single channel setup where the origin 
and the receiver of the crosstalk are the same, most of the crosstalk was 
detected within 1 ns from the primary discharge (Fig. 7(b)) without 
triggering additional single pulses. Therefore, it is reasonable to assume 
the NR of the single-channel SiPM is primarily characteristic of the dark 
count rate. The NR values (1.5–1.7 MHz at 20 ◦C) were in good agree
ment with the dark count rate reported by the manufacturer on the 
datasheet (1.7 MHz at 25 ◦C) at OV = 12 V [22]. High per-channel NR in 

Fig. 6. Pileup probability of the configurations with the array SiPM. (a) Single noise pulse amplitude distributions of 3 × 3 channels from randomly captured 200-ns 
waveforms at OV = 12 V. (b) Pileup probabilities of the tested configurations with sweeping the overvoltage. 

Fig. 7. (a) Delay-amplitude and (b) delay histograms of crosstalk photons in the single channel measurements at OV = 16 V. (a) Was used for classifying the events 
into the number of pileups and obtaining (b) by projecting to the time delay axis. 
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the bSiPM array measurement (7.3 MHz at OV = 12 V), as compared to 
that of single-channel bSiPM, suggests that the crosstalk photon prop
agation between the channels through the SiPM window can be 
significant. 

3.2.3. Light output and coincidence time resolution 
Comparing the light output in Fig. 10(a), coupling the filter resulted 

in a 25% and 35% decrease in the 511-keV pulse amplitudes at OV = 10 
V and 16 V, respectively. Given that only approximately 3% of Fast 
LGSO’s scintillation photons are absorbed by the 1-mm thick BG40 filter 
(Fig. 2), this pulse amplitude reduction is primarily due to filtered 
crosstalk photons. Weighting the crosstalk with respective probability 
reported in Section 3.2.1 and Fig. 8(a), the expected number of detected 
crosstalk photons per avalanche in the microcell are 0.93 and 0.20 for C 
+ S and C + F + S at OV = 16 V, respectively. Thus, the expected fraction 
of signal amplitude remaining with the filter in place is 1.20/1.93 or 
62%. This is in general agreement with the 35% reduction of 511-keV 
pulse amplitude due to filter coupling, explaining the pulse amplitude 
decrease with the optical filter in place (i.e., primarily a loss of noise and 
not signal). 

CTR for the single pixel detector pairs is shown in Fig. 10(b). C + S 
and C + F + S achieved best CTRs of 103 ± 1.0 ps and 109 ± 1.2 ps at 

Fig. 8. Crosstalk probabilities of the single channel configurations (a) respective to the number of involved crosstalk and (b) summed over the numbers of crosstalk.  

Fig. 9. False trigger rate of the single channel configurations depending on 
overvoltage. 

Fig. 10. Coincidence measurement results. (a) The mean amplitude of the 511-keV scintillation signals. (b) Coincidence time resolutions of the configurations C + S 
and C + F + S depending on overvoltage. 
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OV = 14 V and 16 V, respectively. Despite the 64% reduction of cross
talk, C + F + S showed degraded CTR. This degradation could poten
tially result from a minor increase in scintillation photon transit time 
jitter and a minor decrease in light collection efficiency, due to the 
additional optical interfaces (crystal-filter and filter-SiPM). In addition, 
considering the CTR proportionality to 1/√(N) where the N denotes the 
number of scintillations, the expected CTR if the signal amplitude loss 
was entirely due to scintillation photon statistics is 103/√(1.20/1.93) 
= 131 ps, whereas the C + F + S configuration showed significantly 
better CTR. This further supports the assertion that the loss in signal 
amplitude observed between the C + S and C + F + S configurations is 
primarily due to the absorption of optical crosstalk photons and not 
scintillation photons. 

It is also noteworthy that when OV higher than 16 V was applied, C 
+ F + S showed only a ~5 ps worse CTR, as compared to the optimal 
CTR. In contrast, C + S showed a rapid degradation by further increasing 
OV. This suggests that the filter enables stable operation of the detectors 
at very high OV. 

4. Discussion 

Overall, the presented results demonstrate that substantial suppres
sion of external crosstalk is possible by including an optical bandpass 
filter between scintillators and SiPMs. The filter could reduce both the 
NR and pileup probability of array C + S towards the levels comparable 
to those of F + S (Figs. 5(b) and 6(b)). The NR of the array C + F + S was 
4.3 MHz at OV = 12 V, which was 92% less than that observed in the C 
+ S configuration. The results suggest that using an off-the-shelf optical 
bandpass filter is a relatively straightforward way to significantly reduce 
external optical crosstalk in scintillation detectors that employ SiPM 
arrays, operated at high OV. The single-channel measurements also 
showed a significant reduction in crosstalk probability (Fig. 8(a)) along 
with suppressed external crosstalk (Fig. 8(b)). A small degradation in 
CTR due to the filter was observed, but the filter-coupled detector 
configuration outperformed that case with no filter at high OV (Fig. 10). 

By comparing the characterized noise properties of different sensor/ 
filter configurations, external crosstalk was comprehensively studied in 
a single SiPM and an array of SiPMs. The NR comparison between array 
bSiPM and array F + S shows a significant inter-channel sharing of 
crosstalk photons through total internal reflection due to a large dif
ference in refractive indices (~1.5 versus 1) for the SiPM epoxy window 
and air, respectively. Coupling a large-volume crystal to the SiPM array 
surface, on the other hand, enables external crosstalk photons to enter 
the crystal and arrive at other channels in the SiPM array after propa
gating through the crystal. Therefore, these crosstalk photons appeared 
as separate noise pulses rather than pileup events, resulting in a signif
icant increase in NR and reduced crosstalk probability for array C + S 
compared to bSiPM. A similar effect of the filter and crystal was 
observed from crosstalk probability in single-channel measurements, 
while comparable NRs of single-channel configurations indicate that 
microcell firing due to dark noise was irrelevant to either the filter or 
crystal coupling. 

Coupling an optical bandpass filter could be exploited in large-area 
segmented and monolithic crystal-based scintillation detectors to 
significantly reduce external crosstalk. For the 1-to-1 combination of a 3 
× 3 × 20 mm3 crystal and a single-channel SiPM, the filter did not show 
an obvious advantage in terms of CTR because of increased scintillation 
photon transit time jitter in the setup used in this study. However, a 
better CTR of C + F + S than that of C + S with 1/√(N) proportionality 
applied suggests that the filter offers improvement in CTR through 
crosstalk reduction. Moreover, external crosstalk is amplified by the 
presence of a crystal that serves as a reflector for crosstalk photons to
ward the SiPM, resulting in CTR divergence at low bias voltage [17]. 
This also explains the suppressed degradation of CTR at OV > 16 V by 
coupling the filter (Fig. 10(b)). When implemented in a large area de
tector employing an SiPM array, the benefit of the filter is emphasized by 

allowing the operation at sufficiently high bias voltage to yield good 
CTR at room temperature. For instance, a detector consisting of a highly 
pixelated crystal array and channel-multiplexed readout scheme can 
benefit from crosstalk filtering, potentially improving the crystal 
resolving capability and time resolution. Another case is monolithic 
crystal-based detectors where the external crosstalk can freely spread 
throughout the detector array, which can negatively impact estimates 
for position and time of interaction. Besides, other various SiPM appli
cations can benefit from the employment of the optical filter, such as its 
potential use as a light guide in light-sharing readout of segmented ar
rays of scintillation crystals. The improvement is expected to be signif
icant for applications employing scintillators with low light yield, short 
wavelength emission, and substantial light sharing across the entire 
volume. 

We experimentally quantified the impact of a BG40 filter on the noise 
characteristics of the LGSO/LYSO scintillation crystal-based detectors 
coupled to SiPMs. In the absence of scintillation crystals, the results were 
in good agreement with those of [19], while we have taken the study of 
employing an optical bandpass with SiPMs a step further by quantifying 
the external optical crosstalk reduction when scintillation crystal ele
ments are coupled, a case which further exacerbates the issue of external 
crosstalk. The contribution of an optically coupled crystal to crosstalk 
was characterized by comparing the bSiPM and C + S in NRs of array 
models and time delay distributions of single models. The NR, crosstalk 
probability, and crosstalk time delay characterized in this study can be 
easily integrated into the realistic modeling of the detectors using SiPMs. 
Depending on the emission spectra of the scintillator and crosstalk, a 
selection of various bandpass windows can be made from commercially 
available optical filters. This work focused on the combination of a 
Schott BG40 filter and LGSO/LYSO crystals with peak emission wave
lengths of ~420 nm, thus a similar behavior is expected for other 
crystals with similar emission spectrum such as LSO. 

5. Conclusion 

The use of an optical bandpass filter demonstrated a significant 
reduction in external crosstalk for single SiPM and a SiPM array coupled 
to scintillation crystal elements wrapped in high-efficiency optical re
flectors, as evidenced by substantially reduced noise rate of the array 
SiPM and the crosstalk probability of the single SiPM. By employing a 1- 
mm thick BG40 filter, a 92% reduction in noise rate and a 64% reduction 
in crosstalk probability were achieved for array and single SiPM de
tectors, respectively. This technique could have a substantial impact on 
large-area detector modules employing segmented or monolithic scin
tillation crystal volumes coupled to SiPMs, where the reduction in 
external optical crosstalk can enable higher operating voltage at room 
temperature. 
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