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A B S T R A C T

Time-of-flight (TOF) is a method to boost reconstructed image signal-to-noise ratio in positron emission to
mography (PET); the SNR gain increases as detector coincidence time resolution (CTR) improves. It is also 
desirable to control detector costs, especially when developing long axial field of view PET systems. With these 
two goals in mind, it has been proposed to exploit the prompt luminescence, predominantly Cherenkov light, in 
the scintillation crystal BGO, to estimate the annihilation photon arrival time for PET detectors. However, 
properly identifying the relatively low number of Cherenkov photons generated per interaction event in BGO is 
not easy, requires low noise photodetectors, fast readout electronics, and accurate signal processing techniques. 
Since Cherenkov photons are produced in the ultra-violet (UV) realm, photosensor technology with enhanced 
performance in the UV region is essential for best performance. In this work we have evaluated and compared the 
performance of three different UV-enhanced silicon photomultiplier (SiPMs) coupled to 3 × 3 mm2 BGO scin
tillators ranging from 3 mm to 15 mm length, and two different readout circuits. State-of-the-art data post
processing methods have been employed for CTR estimation, consistently yielding CTR values < 300 ps full- 
width-at-half-maximum (FWHM) for all crystal lengths studied. To our knowledge, this is the first work 
comparing these UV-SiPM models under the same conditions.

1. Introduction

Efforts towards effectively increasing the already high sensitivity of 
positron emission tomography (PET) scanners have been pursued during 
the last years [1,2]. Sensitivity gains can be accomplished either by 
extending the axial coverage of the scanners (i.e., Total-body PET [3]) 
or, by boosting the signal-to-noise ratio (SNR) of the reconstructed PET 
image [4,5]. The first approach constitutes a major technological chal
lenge and requires high volumes of materials (elevated production and 
manufacturing costs), handling massive amounts of data and big hos
pital facilities thus, extending this line is not the preferred option. As an 
alternative, the second approach aims to effectively increase the SNR by 
including precise time-of-flight (TOF) information of the annihilation 
photons during the image reconstruction process [6]. The main 

parameter determining the achievable SNR is the coincidence time 
resolution (CTR) of the PET detectors as described by equation. 1 [7]. 

SNRgain =
SNRTOF

SNRNon− TOF
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2 • D

c • CTR

√

where D diameter of the object to be imaged and c speed of light in 
vacuum.

Current clinical state-of-the-art TOF-PET scanners reach <200 ps 
(ps) FWHM thus enable SNR gains of a factor ∼ 3.7 for D = 40 cm, with 
respect to the same systems without TOF capabilities [8,9].

The motivation towards further increasing the effective SNR has 
driven current studies to focus on improving the CTR performance of 
PET detectors, which requires advancements not only in the electronics 
and data postprocessing chains, but also in the scintillator and photo
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sensor technologies [9–13]. Regarding the scintillator material, recent 
investigations proposed using materials able to produce a measurable 
yield of promptly emitted light photons (i.e., Cherenkov photons [14,
15]), because they are generated much faster than the scintillator’s main 
luminescence yield, hence provide a fastest response to the incident 511 
keV annihilation photons [16,17]. Note however that, the final CTR 
spectra contains the contribution of both Cherenkov and Scintillation 
photons and thus, compared with fast scintillators such as the 
lutetium-based ones, the global CTR obtained from BGO is still worse but 
competitive. Among available Cherenkov emitters, Bismuth Germanate 
Oxide (BGO) scintillators are the preferred option for PET imaging. 
Indeed, the interest on BGO has increased during the last years since it 
was demonstrated (laboratory level) that, by properly exploiting its fast 
Cherenkov luminescence component reasonably good CTR values can be 
obtained. For example, in Ref. [18] CTR values below 200 ps were ob
tained using BGO crystals with a cross-section of 3 × 3 mm2 and lengths 
ranging between 3 and 20 mm coupled to Digital Photon Counting 
(DPC) arrays; similarly, in Ref. [19], the authors reported CTR values of 
167 and 235 ps for 3 × 3 × 3 and 3 × 3 × 15 mm3 BGO pixels when 
coupled to SiPMs. Note however that these values have been measured 
with high frequency digital readout scopes and will worsen when 
implementing the detector in a full system with its associated acquisition 
and electronics systems.

Yet, extracting useable CTR information from BGO-based detectors is 
not easy and, in addition to the scintillator material, requires advanced 
and high-sensitivity photosensor technology combined with fast and 
noiseless front-end electronics readouts [20] and precise data post
processing methods [17,21]. Encouragingly, recent improvements of the 
photodetector technology such as silicon photomultipliers (SiPMs) with 
good photon detection efficiency (PDE(λ, V)) in the near ultraviolet 
(where Cherenkov photons are emitted [21]) and low single photon time 
resolution (SPTR) values have been presented [22,23]. The development 
of these SiPMs was a key contribution to recent improvements in 
TOF-PET and, the most important SiPM parameters affecting the CTR 
performance are [24]: the PDE(λ, V); the quantum efficiency (QE(λ)); 
the gain, which is multiplicative factor that should be high and stable, its 
fluctuations is given by the Excess Noise Factor (ENF) magnitude [25]; 
the temperature coefficient; the linearity, which measures the response 
of the photodetector thus should be linear to the incident radiation; the 
compactness; and the time jitter, which directly relates to the timing 
capabilities of the system [26]. Moreover, since Cherenkov photons are 
emitted mostly in the UV realm [21,27], the above-mentioned factors 
should be optimized in the UV region of the electromagnetic spectra and, 
for this reason, the newest developments of SiPMs present extended 
PDE(λ,V) in the Vacuum-UV (VUV) and Near-UV (NUV) regions [22,
23]. Also, this new technology presents upgraded electric field designs in 
the Single-Photon Avalanche Diode (SPADs) configuration to improve 
the SPTR in the UV region.

This is of major relevance, since current state-of-the-art SiPM tech
nology report PDE(λ,V) values between 40 and 55 % at 420 nm [28], 
but, the SPTR is still a remaining key parameter that need further 
optimization for developing clinical Cherenkov PET scanners [20]. It 
should be mentioned that improvements on SPTR will only be possible 
with parallel efforts on the electronic readout circuits [29–32] which has 
to reduce the influence of electronic noise to effectively exploit the 
Cherenkov component of the timing signal [31,32]. Additionally, spe
cific data postprocessing methods accounting for the high fluctuations in 
the number of detected Cherenkov photons, which is produced by its 
natural non-isotropic emission [27] are also necessary for achieving 
useable CTR values [17,20].

Many groups have performed studies on BGO-based PET detectors 
(see Refs. [27–32], and references therein) showing promising results. In 
Ref. [13], the authors reported a CTR of 158 ± 3 ps FWHM using 22 × 3 
mm3 BGO crystals coupled to NUV SiPMs and a high frequency (HF) 
readout. Similarly, in Ref. [19], the authors reported CTR values of 158 
ps and 277 ps FWHM, respectively, for 3 and 20 mm long BGO crystal 

coupled to the same NUV SiPMs. Other works focus on improving the 
electronic readout, such as in Ref. [20] where the authors implemented 
a circuitry based on a passive bootstrapping readout [30,31] that 
effectively reduces the SiPM device capacitance and, achieved CTR 
values in the range of 200–280 ps for BGO 3 × 3 × 3 and 3 × 3 × 15 mm3 

BGO crystals. More recent studies using the same SiPM technology, 
measured values in the range of 205–302 ps FWHM (depending on the 
Cherenkov yield) for 20 mm3 long BGO using the HF readout and 
applying data corrections [17]. Comparable results were also reported in 
Ref. [32] but using UV-enhanced SiPMs from a different vendor and a 
custom designed circuitry. Following a different approach, other groups 
have shown promising progress towards using BGO in TOF-PET de
tectors that employ digital SiPMs (dSiPMs) instead of the analog ones 
[16,33]. As an example, in Ref. [29] the authors were able to assign an 
individual timestamp from the first detected light photon yielding ~400 
ps FWHM CTR for 20 mm long BGO crystals (without any correction).

Since the photosensor technology is key to exploit the Cherenkov 
yield and to provide insights on the UV-enhanced SiPM technology 
available, the present manuscript evaluates and compares the capabil
ities of three pairs of UV-enhanced SiPMs that may be feasible for TOF- 
PET applications. In particular, we have selected the vacuum- and near- 
ultra-violet high density (VUV- and NUV-HD) SiPM from FBK (Trento, 
Italy) [34] and the NUV ones from Broadcom® [36] (details on the 
SiPMs are provided in the next section), since these three are the most 
commonly SiPMs used for BGO TOF-PET studies. Moreover, these three 
SiPM models have similar dimensions (matching our detector designs 
that uses 3 × 3 mm2 scintillators). For the study, we have combined the 
SiPMs with 3 × 3 mm2 BGO pixels (with lengths ranging from 3 to 15 
mm) and two different readout circuits, namely: (i) the prototype FBK 
readout board [37] and, (ii) a custom designed board optimized for 
timing measurements [32]. Additionally, a study on the influence of the 
crystal surface finish (chemically etched and polished) was performed to 
determine the best achievable CTR with current technology. After 
applying state-of-the-art post-processing correction methods, best CTR 
performance (<300 ps CTR for 15 mm BGO scintillators) was achieved 
for the Broadcom® AFBR-S4N33C013 SiPMs combined with our custom 
readout board. Similar values were reported with the FBK NUV-HD 
SiPMs when combined with our custom readout board.

2. Materials and methods

Key elements to effectively exploit the Cherenkov contribution on 
CTR measurements are the photosensor technology, the scintillation 
material, the electronics readout circuit and data post-processing 
methods.

2.1. Photosensor: UV enhanced SiPMs

SiPMs are the most commonly used photodetectors in PET de
velopments. SiPMs are semiconductor (solid-state) based detectors with 
single photon counting capabilities [25] and, to be suitable for PET 
systems, should present high gain with low fluctuations, high PDE(λ,V), 
high QE(λ), short response time (time jitter), should be compact and, as 
insensitive as possible to temperature fluctuations [24].

The recent developments of SiPMs with very low temperature drift, 
high granularity, low operating voltage and enhanced PDE(λ,V) in the 
UV range made SiPMs the ideal candidates for the detection of Cher
enkov light [33,34]. Note that, Cherenkov photons yield upon the 511 
keV interaction for BGO and occurs in the UV spectra, specifically the 
Cerenkov emission spectrum has a 1/λ2 distribution, where λ is the 
photon wavelength, with a maximum at the BGO optical cut-off fre
quency at 300 nm [38]. Indeed, it has been already demonstrated that 
VUV- and NUV-HD SiPM technology combined with efficient data 
post-processing methods, make it possible to access timing information 
from the relatively few Cherenkov photons emitted [32,33].
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In the present work we have focus on extensively evaluating three 
different UV enhanced SiPMs from two different providers, namely: 
Fondazione Bruno Kessler (FBK) and Broadcom®. The specification of 
each SiPM type are provided in the following and summarized in 
Table 1. 

i. FBK, VUV-HD SiPMs, these photodetectors operate at low electric 
field thus, reduce the noise injected to the signals and provide 
precise timing measurements. These SiPMs have 35 μm2 cell size 
and a device area of 2.625 × 3.8 mm2, operate at a breakdown 
voltage of 32.4 V, and report a PDE(λ,V) in the range of 50–55 % 
at 420 nm for bias voltages of 40–42V [34]. See Fig. 1(a) left.

ii. FBK, NUV-HD SiPMs, as the previous ones these photodetectors 
operate at low electric field but, have device and active areas of 
3.12 × 3.2 mm2 and 3.0 × 3.0 mm2, respectively, with 40 μm2 

cell size, the breakdown voltage is 32.4 V and report PDE(λ,V)
values in the range of 50–60 % at 420 nm for bias voltages of 
38–42V [22]. It should be pointed out that, NUV-HD technologies 
have two main limiting factors for direct detection in the VUV 
spectral range (which includes the far (400 nm) and extreme 
(200 nm) UV), namely: the presence of antireflective coating 
(ARC) not optimized for VUV light detection, and the low pene
tration depth of VUV photons in silicon. However, the NUV-HD 
SiPMs have lower correlated noise (25 % at a PDE(λ,V) of 50 % 
at 420 nm) than the VUV-HD ones (35–40 % at a PDE(λ,V) of 50 
% at 420 nm [35]), thus providing enhanced capabilities for 
timing pick-off in the BGO’s signal [34]. See Fig. 1 (a) center.

iii. Broadcom® AFBR-S4N33C013 SiPMs, with 30 μ m2 cell size and, 
device and active areas of 3.14 × 3.14 mm2 and 3.0 × 3.0 mm2, 
respectively. These SiPMs achieved high packing density by using 
through-silicon-via (TSV) technology and a chip-sized package 
(CSP), report PDE(λ,V) values > 54 % at 420 nm for bias voltages 
of 34–37V, excellent SPTR, and breakdown voltage at 26.9 V 
[36]. Moreover, the protective layer of these SiPMs is made by a 
glass highly transparent to UV wavelengths which results in a 
broad response in the visible light spectrum with high sensitivity 
towards blue- and near-UV regions. See Fig. 1 (b).

For the experiments, different BGO crystals (see section 2.2) were 

used to evaluate the performance of these SiPMs in terms of CTR, light 
output (Photopeak relative gain) and feasibility for detecting Cherenkov 
photons. In all experiments the scintillators were coupled following the 
end-readout configuration, to the SiPMs by means of optical grease (BC- 
630, Saint Gobain [39]).

2.2. Scintillator material: BGO

As a result of the primary (photoelectric or Compton) interaction of 
the 511 keV photons with the scintillator material, secondary electrons 
are emitted. These secondary electrons are able of generating Cherenkov 
photons along their path, with directions determined by the kinetic 
energy and momentum of the electron [14,15]. Most of the recoil elec
trons have an energy in the range of [400− 500] keV and produce on 
average 17 Cerenkov photons [40]. The produced Cherenkov light is 
therefore emitted non-isotropically and, over a period of time of ∼ 10 ps 
following the 511 keV interaction [27]. Nevertheless, the total Cerenkov 
emission is almost isotropic due to the multiple scattering processes that 
may occur and changes of direction of the recoil electrons at each 
scatter. Also note that, the number of Cherenkov photons that are pro
duced depend on the scintillator properties, and in particular on its 
index of refraction [41].

Among available Cherenkov emitters, BGO scintillators are the 
preferred option for building PET detectors that employ a mixture of 
Cherenkov and scintillation photons. This is because BGO presents short 
attenuation length (1.1 cm for 511 keV photons), high effective atomic 
number (Zeff = 74), high density (ρ = 7.13 g/cm3), and lower pro
duction cost than other scintillators [42]. Moreover, due to its high 
index of refraction (n = 2.15), the 511 keV photoelectrons produce 
more Cherenkov photons than, for instance, the commonly used 
lutetium-based scintillators (~17 and ~9 above BGO’s and LSO’s ab
sorption bands, respectively [5]). However, BGO-based detectors re
ported limited CTR performance due to their slow decay time (~45.8 ns 
(8 %) – 365 ns (92 %)) and low light luminescence yield (10.7–11 
photons/keV) [20]. BGO’s temporal signals present therefore, a fast and 
a slow decay component that corresponds to the emitted Cherenkov and 
scintillation photons [43]. Luckily, as it has been already demonstrated, 
by exploiting the BGO fast Cherenkov luminescence component, good 
CTR values can be obtained [44,45].

Table 1 
Main specifications of the SiPMs evaluated in the experiments.

Manufacturer Model PDE(λ,V) at 420 nm (%) Device Area (mm2) Active Area (mm2) Cell Size (μ m2) Breakdown Voltage (V)

FBK VUV-HD Low Field 50–55 2.625 × 3.8 ∼ 2.6× 3.0 35 32.4
FBK NUV-HD Low Field 50–60 3.12 × 3.2 3.0 × 3.0 40 32.4
Broadcom® AFBR-S4N33C013 >54 3.14 × 3.14 3.0 × 3.0 30 26.9

Fig. 1. (a) Photo of the two FBK models used in this work: VUV-HD and NUV-HD SiPMs. Note that, to avoid damaging the SiPMs, we didn’t remove the protective 
layer for the photograph but, was removed for the experiments. (b) Photo comparing NUV-HD from FBK and Broadcom® AFBR-S4N33C013 devices.
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For the evaluation of the SiPMs described in section 2.1, we have 
used five different pairs of BGO crystals. In a first batch of experiments 
we aimed to investigate the best crystal surface finish for extracting 
Cherenkov information. In particular, we tested two pairs of BGO scin
tillators with sizes of 3 × 3 × 3 mm2. One pair was composed of crystals 
with all faces chemically etched (referred as rough in this manuscript), 
while the other pair of BGO crystals had the six faces polished. Note that 
the main difference between rough and polished surfaces is the way light 
is reflected, in the rough surfaces the impinging rays are reflected in 
different directions (diffuse distribution) while in the polished surfaces 
the rays are reflected at the same angle as they hit the surface (specular 
reflections) [46]. Fig. 2 (a) and (b), provides a photograph of the 
different BGO crystals used in these work and explanatory sketches of 
the different types of light reflection (diffuse and specular), respectively.

Once determined the best surface finish, we carried out a second set 
of experiments to evaluate and compare the performance for each SiPM 
model. In particular four pair of chemically etched BGO scintillators 
(since this surface finish provided the best CTR results with the 3 mm3 

crystals, see Section 3.1) were used with dimensions of 3 × 3 mm2, × 3, 
× 5, × 10, and × 15 mm3, see Fig. 2 (a). In all experiments the crystals 
were wrapped using Teflon tape to help the reflection of the generated 
photons and, the face in contact with the SiPMs (3 × 3 mm2 area) was 
coupled by means of optical grease. The crystals pairs used in this work 
and their surface finish are shown in Table 2.

2.3. Electronics readout circuit

In addition to the selection of the scintillator and SiPM, exploiting 
the Cherenkov yield to precisely estimate the photon time of interaction, 
requires using low-noise and high-speed readout circuits. For the ex
periments reported in this work, we used two different readout boards. 

i. FBK’s evaluation board (Fig. 3 (a)) which includes high speed 
operational amplifiers (op-amp, Analog Devices, AD8000 [47]) and 
two output signals, namely Out1 (with a gain of 83 V/A) and Out2 
(Pole-Zero Compensation circuit) [37]. In our experiments Out1 was 
used as both energy and timing signal while Out2 was not used. For 
the amplifiers, we used power supply values as for the typical 
configuration VA = +5V, VB = -5V (recommended configuration VA 
-VB = 10V).

ii. Custom readout board (Fig. 3 (b)) which is based on a passive 
capacitance compensation circuit as described in Ref. [32]. For the 
timing signal, a balun transformer (Macom MABA-007159, 50 Ω 
impedance [48]) was connected between the cathode and anode of 
the SiPM in a balanced-to-unbalanced configuration providing a 
2-fold increasing pulse amplitude, to two RF amplifiers (Minicircuits 
MAR-6 RF Amplifier [49]) in cascade [50]. For the energy signal the 
SiPM anode was connected to two operational amplifiers (Analog 
Devices, AD8000 [47]) that were also fed with VA = +5V, VB = -5V. 
The bias voltage was carefully studied until reaching optimum per
formance at 5.5 V [32].

For coincidence data acquisition, raw waveforms from two identical 

detectors were acquired using a digital oscilloscope (Agilent 
DSO90254A 2 GHz 20 GSa/sec).

2.4. Data acquisition and analysis: postprocessing methods

During data acquisition two identical detector elements consisting on 
one SiPM plugged to the PCBs were used. A total of 5 SiPM-PCB con
figurations were tested as described in Table 3. We tested each different 
BGO crystal pairs (listed in Table 2) with the five SiPM-PCB configura
tions thus, 22 different coincidence set-ups were evaluated. In all cases, 
coincidence data was experimentally acquired by placing a22Na source 
(6 mm PMMA encapsulation, 1 mm radioactive encapsulation; 11.8 μCi 
activity at the time of the experiments) between two identical detectors. 
Three different SiPM bias voltages were tested to find the optimal 
acquisition condition. Note that, the mechanical considerations of the 
experimental set-ups (i.e., mechanics, digitizer, cables …) were identical 
in all cases, the distance between boards and radioactive source was 
maintained as well as the SiPMs connection to each of the boards. The 
differences between experiments are related to the voltage inputs 
required for each board.

Regarding the energy spectra, it was estimated as the histogram of 
the maximum amplitude of the collected energy waveforms, and were 
fitted using a Gaussian function to calculate the photopeak gain as a 
function of the SiPM Bias Voltage. For CTR evaluation, only events that 

Fig. 2. (a) Photo of the different BGO pixels used in this work, element sizes are 3 × 3 × 3, 3 × 3 × 5, 3 × 3 × 10, and 3 × 3 × 15 mm3 (from left to right). The left 
ones have all faces rough, and the right ones polished (only the 3 mm3 pixel was tested for this case). (b) Sketch showing diffuse and specular reflections.

Table 2 
BGO scintillators used in this work, size and surface finish specifications are 
provided.

BGO pixel area (mm2) BGO pixel length (mm) Surface finish

3 × 3 3 Polished
3 × 3 3 Chemically etched
3 × 3 5 Chemically etched
3 × 3 10 Chemically etched
3 × 3 15 Chemically etched

Fig. 3. (a) Photograph of the FBK’s evaluation board. (b) Photograph of our 
custom design board which was specifically designed for timing measurements 
with BGO scintillators.
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fell within the full-width-tenth-maximum (FWTM) of the 511 keV en
ergy peak were considered and, both leading-edge discrimination and 
baseline offset correction were used to estimate the time stamp in the 
digitized waveforms as explained in Refs. [51,52].

Finally, since BGO’s coincidence time spectrum doesn’t follow a 
Gaussian-like distribution due the contribution of both scintillation 
(slow) and Cherenkov (fast) temporal components, to properly exploit 
the Cherenkov yield, the most relevant methods as described in the 
literature were included during data analysis [17], namely: (i) Rise time 
calculation by setting the lower threshold below one light photon 
equivalent level [20]; (ii) Time delay correction based on the different 
rise times [17,20]; and (iii) Classification correction by splitting the 

events into 5 × 5 regions based on their rise time. Then, each one of the 
25 event categories were fitted using a double Gaussian function, and 
the time bias for each one was corrected using the centroid of the fast 
component of the distribution [32]. The corrected coincidence time 
spectrum was then fitted again using the same double gaussian function 
which provides the CTR based on only Cherenkov or only Scintillation 
events, as well as the convolution of both (total CTR value). Error bars 
were estimated as the fitting error. Finally, the Cherenkov to overall 
ratio was also estimated with the double gaussian fit applied to the 
corrected CTR spectra. As shown in equation (2) of reference [32] the 
implemented double gaussian function includes the term rFast which 
represents the abundance of Cherenkov photons.

3. Results

3.1. Rough vs polished BGO: NUV-HD and VUV-HD FBK SiPMs

This section presents the results obtained for all different crystals, 
when combining VUV-HD and NUV-HD SiPMs with both readout 
boards. 

a) 3 × 3 × 3 mm3 rough and polished BGO þ VUV-HD/NUV-HD þ
FBK board

Fig. 4, reports the CTR values achieved for the rough and polished 3 
× 3 × 3 mm3 BGO crystals pairs coupled to (a) the VUV-HD and (b) 
NUV-HD FBK SiPMs (plugged to FBK’s evaluation board), as a function 
of the SiPM bias voltage. In the plots, the solid lines represent the raw 
measured CTR -without applying the corrections mentioned in Section 
2.4-, while the dashed lines represent the CTR values achieved after 
correction. It is worth highlighting that the corrected values include 
both the Scintillation and Cherenkov contributions thus, no data was 
discarded.

Corrected CTR values of 466.9 ± 9.4 ps and 355.7 ± 8.2 ps FWHM 
were achieved for the polished and rough 3 × 3 × 3 mm3 BGO crystals 
when coupled to the VUV-HD SiPMs, respectively. When using the NUV- 

Table 3 
Set-up configurations evaluated in this work.

SiPM model PCB board Bias Voltage, VBias 

(V)
Scintillator length 
(mm3)

FBK VUV-HD FBK board 37.0–38.0 – 39.0 3 × 3 × 3 Polished
3 × 3 × 3 Rough
3 × 3 × 5 Rough
3 × 3 × 10 Rough
3 × 3 × 15 Rough

Custom 
board

37.0–38.0 – 39.0 3 × 3 × 3 Rough
3 × 3 × 5 Rough
3 × 3 × 10 Rough
3 × 3 × 15 Rough

FBK NUV-HD FBK board 37.0–38.0 – 39.0 3 × 3 × 3 Polished
3 × 3 × 3 Rough
3 × 3 × 5 Rough
3 × 3 × 10 Rough
3 × 3 × 15 Rough

Custom 
board

37.0–38.0 – 39.0 3 × 3 × 3 Rough
3 × 3 × 5 Rough
3 × 3 × 10 Rough
3 × 3 × 15 Rough

Broadcom® 
AFBR-S4N33C013 
SiPMs

Custom 
Board

36.5–37.0 – 37.5 3 × 3 × 3 Rough
3 × 3 × 5 Rough
3 × 3 × 10 Rough
3 × 3 × 15 Rough

Fig. 4. CTR value measured for the 3 × 3 × 3 mm3 rough and polished BGO crystals coupled to (a) the VUV-HD SiPMs and (b) the NUV-HD SiPMs. (c) Photopeak 
relative gain measured for the 3 × 3 × 3 mm3 rough and polished BGO crystals. In the plots the solid lines represent the CTR values when no data postprocessing 
(corrections) were applied while the dashed ones show the CTR values after applying corrections.
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HD SiPMs, these values improved to 355.7 ± 2.0 ps and 300.9 ± 1.2 ps 
FWHM, respectively. Thus, best corrected CTR values were achieved for 
the rough BGO combined with the NUV-HD technology. Regarding the 
Cherenkov to overall luminescence ratio in the rough BGO crystals, it 
was estimated to be 29.3 % and 38.2 % for the VUV-HD and NUV-HD 
combinations, respectively.

Fig. 4(c) shows the photopeak relative gain for each biasing voltage 
and SiPM-scintillator configuration. As expected, the gain increased as a 
function of the SiPM Bias Voltage, and the NUV-HD SIPMs reported 
slightly higher gains. On average, the rough BGO crystals showed an 
increased in the relative photopeak gain of 38 % and 67 % with respect 
to the polished ones for the VUV-HD and NUV-HD SiPMs, respectively. 
Based on these results, rough BGO scintillators were selected for the next 
experiments. 

b) 3 × 3 ×3, 5, 10 and 15 mm3 Rough BGO þ VUV-HD/NUV-HD þ
FBK board

The left and right plots in Fig. 5 depict the CTR values before (solid 

lines) and after (dashed lines) applying the corrections outlined in 
Section 2.4, for the VUV-HD and NUV-HD SiPMs (both plugged to FBK’s 
evaluation board) data, respectively. From to bottom, the CTR values 
achieved for the different BGO crystal lengths of 3, 5, 10 and 15 mm are 
shown.

Best corrected CTR values of 309.1 ± 9.1, 474.2 ± 10.1, 523.0 ± 9.1, 
and 697.8 ± 10.3 ps FWHM were achieved for the VUV-HD SiPMs and of 
302.7 ± 9.3, 435.2 ± 11.4, 444.3 ± 8.9 and 542.8 ± 10.4 ps FWHM for 
the NUV-HD SiPMs for the 3 × 3, × 3, × 5, × 10, and × 15 mm3 rough 
BGO crystals, respectively. Hence, using the NUV-HD devices instead of 
the VUV-HD ones provides CTR improvements of 2 %, 8 %, 15 % and 22 
% for the 3, 5, 10, and 15 mm long rough BGO crystal pixels, respec
tively. Regarding the Cherenkov to overall luminescence ratio values of 
29.3 %, 21.6 %, 20.4 % and 18.4 % were estimated for the 3, 5, 10 and 
15 mm long crystals when coupled to the NUV-HD SiPMs.

Fig. 6 (a) and (b) report for each rough BGO crystal length, the 
photopeak relative gain as a function of the SiPMs Bias Voltage, 
measured for the VUV-HD and NUV-HD SiPMs plugged to the FBK 
board, respectively. On average, an increased relative photopeak gain of 

Fig. 5. CTR values before (solid lines) and after (dashed lines) applying corrections for the VUV-HD (left) and NUV-HD (right) SiPMs data, when using FBK’s readout 
board. The CTR values achieved for the different BGO lengths of 3, 5, 10 and 15 mm are shown from top to bottom.
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Fig. 6. Photopeak relative gain measured for the (a) VUV-HD and (b) NUV-HD SiPMs plugged to the FBK evaluation board, as a function of the SiPMs Bias Voltage for 
each rough BGO crystal length.

Fig. 7. CTR values before (solid lines) and after (dashed lines) applying the corrections for the VUV-HD (left) and NUV-HD (right) SiPMs data, respectively, when 
using our custom readout board. The CTR values achieved for the different BGO lengths of 3, 5, 10 and 15 mm are shown from top to bottom.

A. Gonzalez-Montoro et al.                                                                                                                                                                                                                   Nuclear Engineering and Technology 57 (2025) 103310 

7 



approximately 42 % was achieved when using the NUV-HD SiPMs 
instead of the VUV-HD ones. As expected, the gain increases as a func
tion of the SiPM bias voltage, and, the smaller the scintillator cross 
section, the higher gains. Also, the photopeak relative gain decreases as 
a function of the crystal length due to a worse light collection efficiency 
and losses due to the reflections of the light inside the crystal [46]. 

c) 3 × 3 ×3, 5, 10 and 15 mm3 Rough BGO þ VUV-HD/NUV-HD þ
Custom board

Fig. 7 provides the CTR results measured when plugging the FBK 
SiPMs to our custom readout board which was specifically designed for 
exploiting the Cherenkov contribution to the CTR histogram [32]. As a 
function of the SiPM Bias Voltage, the left and right panels in Fig. 7
report the raw non-corrected (solid lines) and corrected (dashed lines) 
CTR values for the VUV-HD and NUV-HD SiPMs data, respectively. From 
top to bottom, the CTR values achieved for the different BGO lengths of 
3, 5, 10 and 15 mm are shown.

Best corrected CTR values of 183.9 ± 10.3, 219.4 ± 10.8, 294.9 ±
8.6, and 490.2 ± 14.1 ps FWHM and of 182.5 ± 10.0, 198.4 ± 11.2, 
247.2 ± 10.4 and 397.1 ± 12.4 ps FWHM were reported for the 3 × 3 ×
3, 5, 10, and 15 mm3 rough BGO when coupled to the VUV-HD and the 
NUV-HD SiPMs, respectively. The NUV-HD devices provide CTR im
provements of 1 %, 9 %, 16 % and 19 % over the VUV-HD ones, for the 3, 
5, 10, and 15 mm long rough BGO pixels, respectively. Regarding the 
Cherenkov to overall luminescence ratio values of 38.2 %, 35.4 %, 34.4 
% and 25.1 % were estimated for the 3, 5, 10 and 15 mm long crystals 
coupled to the NUV-HD SiPMs.

The measured photopeak relative gain for the VUV-HD and NUV-HD 
SiPMs plugged to our custom board are shown as a function of the SiPMs 
Bias Voltage in Fig. 8 (a) and (b) respectively, for each rough BGO 
crystal length. On average an increased relative photopeak gain of 
approximately 51 % was achieved with the NUV-HD SiPMs. 

d) VUV-HD/NUV-HD SiPMs, summary

Table 4 summarizes the best achieved corrected CTR values for both 
the VUV-HD and NUV-HD SiPMs and for each rough BGO crystal length. 
The reported results include the values measured using the FBK board 
and our custom board. Best CTR performance was achieved for the 
configuration using rough BGO + NUV-HD SiPMs + Custom readout 
board.

Similarly, Table 5 reports the photopeak relative gain measured at 
38V for the configurations described in Table 4. As expected, the NUV- 
HD SiPMs combined with the custom readout board yields the highest 
gains.

3.2. Rough BGO + Broadcom® AFBR-S4N33C013 SiPMs + custom 
readout

In the following, only the custom readout board was used (with the 
Broadcom® SiPMs) since it reported better CTR performance than the 
FBK. 

a) 3 × 3 × 3, 5, 10 and 15 mm3 Rough BGO + Broadcom® SiPMs +
Custom board

Fig. 9 (a) depicts the average CTR values achieved, as a function of 
the SiPM Bias voltage, for each one of the different BGO pairs when 
coupled to Broadcom® AFBR-S4N33C013 SiPMs. Results are provided 
before (solid lines) and after (dashed lines) applying the corrections 
outlined in Section 2.4. After correction, best CTR values of 155.7 ± 7.1, 
187.9 ± 9.0, 229.7 ± 9.0 and 297.9 ± 9.1 for the 3, 5, 10, and 15 mm 

Fig. 8. (a) Photopeak relative gain measured as a function of the SiPMs Bias Voltage for the VUV-HD and (b) NUV-HD SiPMs plugged to the custom board, for each 
rough BGO crystal length.

Table 4 
Best corrected CTR values for the VUV-HD and NUV-HD SiPMs and for each 
rough BGO crystal length. Results are reported for both the FBK and custom 
boards.

SiPM Board Rough BGO dimension

3 × 3 × 3 
mm3

3 × 3 × 5 
mm3

3 × 3 × 10 
mm3

3 × 3 × 15 
mm3

VUV- 
HD

FBK 309.1 ± 9.1 
ps

474.2 ±
10.1 ps

523.0 ± 9.1 
ps

697.8 ±
10.3 ps

NUV- 
HD

FBK 302.7 ± 9.3 
ps

435.2 ±
11.4 ps

444.3 ± 8.9 
ps

542.8 ±
10.4 ps

VUV- 
HD

Custom 183.9 ±
10.3 ps

219.4 ±
10.8 ps

294.9 ± 8.6 
ps

490.2 ±
14.1 ps

NUV- 
HD

Custom 182.5 ±
10.0 ps

198.4 ±
11.2 ps

247.2 ±
10.4 ps

397.1 ±
12.4 ps

Table 5 
Photopeak relative gain measured for the configurations reporting the best CRT 
values.

SiPM Board Rough BGO dimension

3 × 3 × 3 
mm3

3 × 3 × 5 
mm3

3 × 3 × 10 
mm3

3 × 3 × 15 
mm3

VUV- 
HD

FBK 0.25 0.22 0.20 0.18

NUV- 
HD

FBK 0.46 0.40 0.38 0.29

VUV- 
HD

Custom 0.30 0.26 0.24 0.18

NUV- 
HD

Custom 0.70 0.61 0.50 0.40
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length BGO crystals respectively. In this case, the Cherenkov to overall 
luminescence ratio (after applying the mentioned energy filter thus only 
events that fell within the FWTM of the 511 keV energy peak were 
considered) was estimated to be of 36.4 %, 33.3 %, 31.4 % and 27.5 % 
for the 3, 5, 10 and 15 mm long crystals.

Fig. 9 (b), right shows the photopeak relative position at each biasing 
voltage and for each scintillator length. Highest gains were reported for 
the smallest (3 × 3 × 3 mm3) BGO crystals at 37.5 V.

3.3. Performance comparison: FBK/Broadcom® SiPMs

To provide at a “one glance” comparison of the CTR performance 
achieved by each SiPM model, Fig. 10 summarizes the best CTR FWHM 
values (corrected) measured for each one of the described configura
tions, namely: VUV-HD + FBK board, NUV-HD + FBK board, VUV-HD +
Custom board, NUV-HD + Custom board and, Broadcom® AFBR- 

S4N33C013 + Custom Board, and for each 3 × 3 × (a) 3, (b) 5, (c) 10 and 
(d) 15 mm3 rough BGO pairs length.

Table 6 summarizes the best corrected CTR values reported for the 
VUV-HD, NUV-HD and Broadcom® SiPMs when coupled to the custom 
readout board. Best values are obtained for the configuration using 
rough BGO + Broadcom® AFBR-S4N33C013 SiPMs + Custom readout 
board. Considering only the best two cases, the NUV-HD and Broad
com® AFBR-S4N33C013 SiPMs, an improvement of ∼ 11 % is obtained 
on average when using the Broadcom® SiPMs while the measured 
Cherenkov ratios reported deviations <5 %.

4. Discussion

In this work, we have investigated and compared the CTR perfor
mance of three different SiPM models with enhanced properties in the 
UV regions where Cherenkov photons are mostly emitted. In particular, 

Fig. 9. (a) From top to bottom, CTR values before (solid lines) and after (dashed lines) applying the corrections for the different BGO lengths of 3, 5, 10 and 15 mm 
coupled to the Broadcom® AFBR-S4N33C013 SiPMs and plugged to our custom readout board. (b) Photopeak relative gain measured for the Broadcom® AFBR- 
S4N33C013 SiPMs for each different BGO length.
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we have tested the VUV-HD and NUV-HD SiPMs from FBK, and the 
AFBR-S4N33C013 SiPMs from Broadcom®. These three models have 
similar active areas of ∼ 3× 3 mm2 and PDE(λ,V) values in the range of 
50–55 % at 420 nm. However, the microcell (SPADs) size and configu
ration, breakdown voltage and hardware components are different.

In particular, our study focused on evaluating the CTR that can be 
achieved by properly exploiting the low Cherenkov yield present in BGO 
scintillators and thus, design a TOFPET detector able to provide an 
increased SNR. With this goal, a total of 22 data-sets were acquired by 
combining the three mentioned SiPMs models with two different 
readout boards, and BGO crystals of 3 × 3 mm2 with lengths of 3, 5, 10 
and 15 mm. Additionally, we have studied the influence of the crystal 
surface finish on the Cherenkov light extraction by testing 3 × 3 × 3 

mm3 BGO crystals, first with all faces polished and then, with all faces 
rough.

The 22 data sets were postprocessed using the methods mentioned in 
Section 2.4. These corrections are mandatory to account for the non- 
gaussian shape of BGO’s coincidence time spectrum, since the CTR 
histogram doesn’t follow a Gaussian-like distribution, indeed, it presents 
tails that arise from events where one or both detectors do not detect any 
Cherenkov photons. It has been estimated that, depending on the SiPM 
properties and crystal surface finish, for short scintillators the percent
age of coincidence events where both detectors (in the following 
referred as Det1 and Det2) collect one Cherenkov photon is ~60 % while 
for crystal lengths >15 mm this value reduces to 30–40 % [26]. As a 
result, the CTR distribution has four components: (i) Cherenkov photon 
in both detectors (Cherenkov in Det1 and Det2), (ii) at least one Cher
enkov photon in one detector (Det1) and a scintillation photon in its 
coincidence detector (Det2), (iii) at least one Cherenkov photon in the 
other detector (Det2) and a scintillation photon in its coincidence de
tector (Det1), and (iv) no Cherenkov photons in either detector. Thus, to 
exploit the Cherenkov contribution and achieve good CTR using BGO 
scintillators, the outlined methods are mandatory.

Regarding the crystal surface finish experiments, better results were 
achieved for the rough BGO. Note that these tests were performed using 
the Out1 of the FBK evaluation board (see Section 2.3) which is not 
optimized for timing purposes. However, this was the only readout 
available at the moment of the experiments and is still suitable for 
providing a fair comparison between the two BGO crystal surface finish. 
The better CTR achieved for the rough case compared to the polished 
one, is due to the fact that rough surfaces minimize the light transit time 

Fig. 10. (a) Best CTR values for the 3 × 3 × (a) 3, (b) 5, (c) 10 and (d) 15 mm3 rough BGO pairs. Results are provided for each SiPM + Board configuration. The dark 
bars represent the non-corrected data while the lighter ones depict the corrected CTR values.

Table 6 
Best FWHM CTR values obtained for each different crystal after correcting the 
data for each described configuration.

SiPM Board Rough BGO dimension

3 × 3× 3 
mm3

3 × 3× 5 
mm3

3 × 3 ×
10 mm3

3 × 3 ×
15 mm3

CTR (ps)

VUV-HD Custom 183.9 ±
10.3 ps

219.4 ±
10.8 ps

294.9 ±
8.6 ps

490.2 ±
14.1 ps

NUV-HD Custom 182.5 ±
10.0 ps

198.4 ±
11.2 ps

247.2 ±
10.4 ps

397.1 ±
12.4 ps

AFBR- 
S4N33C013

Custom 155.7 ±
7.1 ps

187.9 ±
9.0 ps

229.7 ±
9.0 ps

297.9 ±
9.1 ps
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in the scintillation crystal before hitting the SiPM [53]. Also, roughened 
surfaces combined with Teflon-tape have demonstrated to provide a 
diffusive reflection of the light which implies a better light output and a 
reduced number of photons being trapped in the crystal as described in 
Refs. [53,54]. Note that these results are in good agreement with the 
ones previously reported in the literature, for example in Ref. [43], the 
authors simulated four BGO crystal thicknesses ranging from 5 to 20 
mm, with three crystal cross-sections (2 × 2, 3 × 3, and 6 × 6 mm2) 
having roughened or polished surfaces. They conclude that, when 
considering thinner materials and larger cross-sections, using rough 
surfaces produces an increase in the number of Cerenkov photons 
detected per gamma event which led to a slightly better detection time 
compared to the polished case. More recently, in Ref. [55] the authors 
demonstrated though an experimental study using a 50 × 50 × 2 mm3 

BGO detector that substituting the polished for rough surfaces leads to 
an overall increase in photon collection efficiency of 34 % (including the 
Cherenkov photon collection efficiency) which results in a reduction of 
the photon detection delays of the first few optical photons and thus, a 
better CTR. As a consequence of our results (that match with previous 
works), we decided using rough BGO crystals for the comparison per
formance of the three SiPM models as a function of the crystal length.

For the SiPM comparison experiments, we tested BGO crystal ele
ments of 3 × 3 × 3, 3 × 3 × 5, 3 × 3 × 10, and 3 × 3 × 15 mm3, with 
rough (chemically etched) surfaces and wrapped using Teflon tape. In all 
these 20 set-ups, to enhance the transmission of light to the photosensor, 
the scintillators were coupled by one of its short sides (3 × 3 mm2) to the 
SiPM using optical grease. For coincidence measurements, two identical 
detector elements were used in each case. Note that, each FBK SiPM +
scintillator configuration was tested using both the FBK evaluation 
board and our custom designed board but, the configurations using the 
Broadcom® AFBR-S4N33C013 SiPMs were only tested using our board. 
Concerning the different response obtained with the electronics boards, 
it should be mentioned that in addition to the digitizer (in our case an 
Agilent DSO90254A 2 GHz 20 GSa/sec oscilloscope), the pre
amplification chain is also affecting the detector performance in terms of 
timing capabilities. Based on the observed performance and the fact that 
we are using a very low-noise (noise Fig. 2.3 dB), high-performance 
(gain of 1.8 dB typ. at 0.1 GHz) oscilloscope, we hypothesize that the 
noise induced by the digitizer is minimal in comparison to the one 
related to the electronic components of the PCBs (FBK’s and custom 
readout) and their capabilities to preserver the rise time of the signals. 
Moreover, to prevent performance discrepancies produced by other el
ements of the acquisition chain during the evaluation of the FBK and 
custom readouts, the same oscilloscope channels, the same cables and 
also the same FBK SiPMs were used in the two boards thus, only the PCB 
and cable-connections were different. Therefore, we envisage that the 
reported differences in timing performance reported by the two readouts 
are mostly related to the electronics chain. Note that in the FBK evalu
ation board the same signal (sent to the preamplifier in DC mode) with 
the same amplification chain was used for both energy and timing 
measurements, this chain incorporates an AD8000 operational amplifier 
and includes a feedback resistance of 1 kΩ together with a 20 Ω 
decoupling resistance [57]. This configuration provides large signals 
(long-tail effect as reported in Ref. [57]) which are mostly produced by 
the signal recovery time due to the single cell capacitance and the 
quenching resistor (this effect can be mitigated using a pole-zero 
cancellation circuitry but in our case was not efficient for the BGO 
scintillators).

In the custom readout, the preamplification scheme of the FBK board 
was also used but only for the energy channel. The timing channel 
(output signal from the SiPM anode) includes an optimized amplifica
tion chain based on two Minicircuits MAR-6 RF Amplifiers in cascade. 
Therefore, while the energy branch is comparable to the FBK’s one (but 
inverted), the optimized timing branch of the custom PCB allows for a 
better preservation of the sharp nature of the temporal signals and thus 
its fast response [32], which yields better timing performance.

Table 6 summarizes the best achieved CTR values (after corrections) 
for each crystal length and SiPM model. As can be seen better results 
were achieved for the configuration using rough BGO crystals +
Broadcom® AFBR-S4N33C013 SiPMs + Custom readout board. On 
average, considering all crystal lengths, improvements of ∼ 11 % and ∼
24 % are obtained when using the Broadcom® SiPMs instead of the 
NUV-HD and VUV-HD ones, respectively. The measured Cherenkov ra
tios reported deviations <5 %. We think that the difference in the results 
is due to the slightly higher PDE(λ,V) of the Broadcom® devices as well 
as the protective layer of these SiPMs which is made by a glass highly 
transparent to UV wavelengths. To confirm this hypothesis, our future 
work includes testing the recently presented high performance metal 
filled (MT) trench NUV-MT devices. These new SiPMs present higher 
sensitivity than the previous ones, which ranges from the NUV to the red 
wavelengths of the light spectrum and report values up to 63 % 
PDE(λ,V) at 420 nm. The MT technology may enable a reduction of 
correlated noise (cross-talk) and of the dark count rate by more than a 
half compared to NUV-HD [56]. It has to be mentioned that, the slightly 
worse performance reported with the VUV-HD SiPMs may be also 
influenced by its smaller active area of 2.6 × 3.0 mm2 compared to the 
3.0 × 3.0 mm2 of the other two SiPMs, since the coupling surface ratio 
has an important impact on the amount of collected light and thus on 
timing performance.

It will also be of interest the investigation of Hamamatsu devices 
since they are one of the most widely used SiPMs and have already 
demonstrated good timing performance when coupled to BGO 
scintillators.

For example, the Hamamatsu series NUV 13360, VUV S13370 and 
S14160 have been already investigated for exploiting the Cherenkov 
contribution within TOF-PET applications.

The NUV S13360 [57,58] and VUV S13370 [59] SiPMs series with an 
active area of 3 × 3 mm2 have reported maximum sensitivity peaks at 
410 nm reaching PDE values of 62 %. Moreover, the last devices (4th 
generation VUV4) from the Hamamatsu VUV S13370 series include a 
quartz window (instead of the traditional epoxy or silicon ones) with a 
refractive index >1.55 which may enhance the collection of Cherenkov 
photons [60].

Similarly, the S14160 and S14161 series [61] with an active area of 3 
× 3 mm2, reported PDE values of 60 % at 410 nm [e] and good timing 
performance. With the S14160, CTR values of 159 and 326 ps FWHM 
have been already reported (exploiting the Cherenkov contribution) 
when coupled to 2 × 2 × 3 and 3x3x20 mm3 BGO pixels, respectively. 
These values are comparable with the ones reported in setups using FBK 
and Broadcom SiPMs as shown in Refs. [17,62]. For instance, in 
Ref. [17], the authors provide a comprehensive study comparing the 
performance of both the S13360 and S14160 SiPM series with other 
devices for total body PET systems. They used BGO crystals with cross 
sections of 1 × 1, 2 × 2 and 3 × 3 mm2 and lengths ranging from 3 to 30 
mm, concluding that, in general terms, SiPMs from Hamamatsu benefit 
from extended PDE at longer wavelengths (i.e., slightly higher PDE 
weighted over the Cherenkov emission) but their SPTR performance is 
slightly worse than the one reported from other vendors such as FBK. 
More recently, the S14161 SiPMs have been also studied for the 
implementation of dual-ended readouts for 20 mm thick BGO scintil
lator matrixes [63].

Based on these works and some others that can be found in the 
literature, the Hamamatsu devices are potential candidates for the 
development of PET scanners aiming to exploit the Cherenkov contri
bution and thus, should be considered as an alternative to the ones 
proposed in this work.

Focusing on our best results, the Broadcom® devices yielded to non- 
corrected CTR values in the range of 160–430 ps for crystals ranging 
from 3 to 15 mm. These values improved to the range of 155–298 after 
correction, thus highlining the importance of properly accounting for 
the different contributions in the BGO’s CTR histogram. As expected the 
CTR performance worsen as a function of the crystal length [32], to 
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account for this it has been already proposed coupling the scintillators 
by one of its long sides to an array of SiPMs [33]. This is the so-called 
side readout approach and, has demonstrated to reduce the transit 
time variance of the photons to the photosensor while enhancing the 
light collection efficiency. The main challenge in this configuration is 
how to properly combine the SiPMs signal without increasing the 
effective capacitance of the device and thus, the electronic noise.

Summarizing, there are promising approaches for extending the 
BGO-PET detector concept to a clinical TOF-PET scanner which are 
further encourage by our work. The presented results compare the ca
pabilities of current SiPM technology with enhanced performance in the 
UV region. As shown, the SiPM models tested are promising devices in 
this regard since allows to efficiently exploit the low Cherenkov yield 
resulting in good CTR values using BGO scintillators of different lengths.

We would like to highlight that, the new advances in scintillators and 
detector technology have encourage the research community to inves
tigate different solutions for BGO-TOF-PET. As an example, in Ref. [64] 
the authors proposed using metascintillators. This consists on composite 
crystal topologies comprising of multiple scintillating and light-guiding 
materials. In particular, they constructed a metapixel based on eight 
pairs of 3 × 3 × 0.25 mm3 BC-422 and 3 × 3 × 0.2 mm3 BGO pixels and 
prove that it is possible to detect the extent of energy sharing by 
comparing the pulse amplitude and achieve good CTR values [64]. 
Similarly, in Ref. [65] the authors constructed a BGO + BC-422 3.8 ×
3.8 × 3 mm3 pixel that yielded a CTR of 95 ps for one third of the events 
depositing 511 keV while the rest of the 511 keV events perform like 
standard BGO crystals with a CTR of 165 ps. Other approaches proposed 
different Cherenkov emitters than BGO such as in Ref. [66] where it is 
proposed using lead fluoride instead of BGO in a Cherenkov-based PET 
scanner. Finally, it is worth mentioning that a parameter to be studied in 
our research is the effect of the coupling material between the SiPMs and 
the crystals. It is difficult finding coupling materials with limited ab
sorption and reflection in the UV region [45]. We would like to replace 
the optical greasy by glycerin or optical silicone.

5. Conclusion

The present work reports and compares the performance of three 
SiPM models with similar active areas and enhanced capabilities in the 
UV region. In particular, we have evaluated the VUV- and NUV-HD 
SiPMs from FBK [22,34] and the NUV AFBR-S4N33C013 from Broad
com® [36] in terms of CTR performance when using scintillator that 
provide a mixture of Cherenkov and scintillation photons. Also, the 
relative gain of the photosensors has been compared since this is related 
to the energy and timing resolutions.

Before focusing on the SiPMs performance, we evaluated the influ
ence of the crystal surface finish (rough and polished sides) on CTR 
performance by using 3 × 3 × 3 mm3 BGO crystals combined with both 
the VUV- and NUV-HD FBK SiPMs coupled to the FBK evaluation PCB 
board (since was the only one available at that moment). Results show 
that rough (chemically etched) surfaces are most suitable for TOF-PET 
since they yielded better CTR and higher gains.

Once the BGO surface finish was settled, the three SiPM models were 
tested using rough BGO scintillators with different sizes of: 3 × 3 × 3, 3 
× 3 × 5, 3 × 3 × 10, and 3 × 3 × 15 mm3. The SiPMs were evaluated 
using our custom designed PCB board that was specifically designed for 
timing measurements [32]. Additionally, the FBK evaluation board was 
used in combination with the FBK SiPMs to ensure that no impedance 
mismatching was produce when using our electronics. The timing per
formance differences observed between the electronic boards are mostly 
produced by the preservation of the signal rise time, which is better in 
the case of the custom readout board.

Best CTR values, which already include all the state-of-the-art data 
postprocessing methods that are commonly used to exploit the Cher
enkov contribution to the CTR, were reported for the Broadcom® AFBR- 
S4N33C013 + Custom Board configuration. These values are similar to 

those measured by the NUV-HD + Custom board configuration which 
shows on average a degradation of about 11 % on CTR performance.

The results presented here demonstrate that currently available 
SiPMs technology with enhanced performance in the UV region are a 
good candidate for designing BGO-based PET detectors with CTR per
formance equivalent to or better than current state-of-the-art in TOF- 
PET [8,9].
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