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Bismuth germanate oxide (BGO) scintillators can be re-introduced in time-of-flight positron
emission tomography (TOF-PET) by exploiting the Cherenkov luminescence emitted as a
result from 511 keV interactions. Accessing the timing information from the relatively few
emitted Cherenkov photons is now possible due to the recent improvements in enhanced
near-ultraviolet high-density (NUV-HD) silicon photomultiplier (SiPM) technology, fast and
low noise readout electronics, and the development of efficient data post-processing
methods. In this work, we aim to develop a scalable detector element able to achieve
excellent coincidence time resolution (CTR) required for TOF-PET using BGO scintillator
elements of various lengths. The proposed detector element is optically coupled to 3.14 ×
3.14 mm2 NUV-sensitive SiPMs mounted on a custom design circuit board. In particular,
we have evaluated the CTR performance of BGO crystal elements of dimensions 3 × 3 ×
3mm3, 3 × 3 × 5mm3, 3 × 3 × 10mm3, and 3 × 3 × 15mm3, with chemically etched
surfaces and wrapped in Teflon tape. To achieve excellent CTR performance, we apply
state-of-the-art post-processing methods during data analysis. Best values of 156 ± 6 ps,
188 ± 5 ps, 228 ± 8 ps, and 297 ± 8 ps CTR FWHM have been achieved for the 3, 5, 10,
and 15mm length BGO crystals, respectively. These values improve to 105 ± 6 ps, 127 ±
8 ps, 133 ± 4 ps, and 189 ± 8 ps CTR FWHM, when only considering the Cherenkov
component of the timing signal, which is extracted by considering the events with the
fastest rise time (20% of the total data). The accurate classification of the events based on
their rise time is possible; thanks to the implementation of a dual threshold approach that
sets the lower threshold below one light photon equivalent level and the upper one above
the signal amplitude of a single photon avalanche diode (SPAD).

Keywords: positron emission tomography, time of flight, BGO scintillator, silicon photomultiplier, readout electronic,
coincidence time resolution (CTR), end readout

1INTRODUCTION

Bismuth germanate oxide (Bi4Ge3O12), commonly referred as BGO, was the scintillator of choice
during the first few decades of mass commercial production of PET scanners until the late 1990s [1].
BGO scintillators are of interest in PET due to its short 511 keV photon attenuation length (1.1 cm),
its high-effective atomic number (Zeff = 74), and density (ρ = 7.13 g/cm3) [2]. Moreover, BGO
crystals are rather easy to grow which reduces manufacturing costs, especially when compared to
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lutetium-based fast scintillators such as cerium-doped lutetium
oxy-orthosilicate [Lu2SiO5(Ce) or LSO(Ce)] and lutetium-
yttrium oxy-orthosilicate [Lu1.8Y0.2SiO5(Ce) or LYSO(Ce)].
These properties make BGO scintillators good candidates for
building PET systems requiring a high volume of scintillation
material such as total body PET scanners [3].

However, BGO scintillators exhibit a low overall scintillation
light yield of 10 photons/keV and long decay times ~45.8 ns (8
%)–365 ns (92%) ns in comparison to the 32 photons/keV and
<40 ns for lutetium-based scintillators [4, 5]. These poor
parameters comparatively discouraged investigators, and BGO-
based PET scanners were replaced by the lutetium-based detector
design to enable TOF-PET and improved energy resolution to
advance achievable noise-equivalent count rate and hence image
quality [6]. A potential approach to boost the CTR of BGO for
TOF-PET may be to exploit the small population of promptly
emitted light photons that are generated much faster than the
scintillator’s dominant luminescence yield as a result of 511 keV
photon interactions [7]. An example of these prompt signatures is
Cherenkov light [7, 8], produced when an electron in the crystal
lattice is ejected with enough kinetic energy to travel faster than
the speed of light in scintillating media [9]. Its detection is of
interest for TOF-PET based on BGO, since relative to
luminescence processes that have tens-to-hundreds of
nanoseconds (ns) intrinsic decay time constants (e.g., 300 ns
for BGO); this process is essentially instantaneous [9].
Therefore, this promptly emitted form of light can be used to
derive an estimate for 511 keV photon interaction time with
lower temporal variance than achievable with the overall
luminescence yield, thus improving coincidence time
resolution [4].

Among the interesting Cherenkov emitter candidates to
explore, BGO is one of them; due to its high index of
refraction, the 511 keV photoelectrons produce more
Cherenkov light than lutetium-based scintillators (~20 above
BGO’s self-absorption band and ~9 above LSO’s self-
absorption band [10], and its ~300 nm absorption band also
allows it to be more transmissive to UV light [11]). An important
milestone achieved to exploit Cherenkov light detection was the
recent improvement of the photodetector technology such as
silicon photomultipliers (SiPMs) with good photon detection
efficiency (PDE) in the near-ultraviolet and low single photon
time resolution (SPTR) values combined with fast, low noise
readout electronics [12–14]. However, optimizing CTR from
detectors that exploit the small population of prompt
signatures to estimate the photon arrival time also requires
special data post-processing methods.

The electronic readout has to mitigate the influence of
electronic noise on achievable timing performance, which is
especially difficult owing to the effective device capacitance
[15, 16] of large area (e.g,. 3 × 3 mm2) SiPMs, in order to
improve single photon response shape and SPTR [14, 17].
Practical solutions based on using low-noise, high-frequency,
high-gain electronics have been already proposed to exploit
the prompt Cherenkov component of the timing signal and
enhance the extraction of the fast Cherenkov component in
the BGO’s signal, such as the so-called bootstrapping

technique, which requires the use of active components [15],
or passive techniques that employ a balun transformer to provide
a fast path for readout that comes with gain as well as beneficial
effects of common mode noise rejection [4]. Following this
approach in combination with large area FBK NUV-HD
SiPMs [18], values of <100 ps FWHM SPTR and <300 ps CTR
for 15 mm long BGO scintillators were reported [4, 19],
demonstrating that specific electronic readout techniques
combined with UV-sensitive SiPMs are a promising approach
for improving CTR with BGO-based detectors. Regarding data
post-processing, the analysis should account for the high
fluctuations in the number of detected Cherenkov photons [5]
as well as for contamination by the slow component of the
scintillation yield. As a result of fluctuations in the number of
detected Cherenkov photons, long tails appear in the 511 keV
photon pair time difference (e.g., the coincidence time difference)
histogram, requiring a modified Gaussian function to properly fit
the data and estimate the CTR [19]. To reduce the magnitude of
these tails and to more precisely determine the 511 keV photon
arrival time, a discrimination between events with high and low
numbers of photons, low being from Cherenkov, and high being
from the slow component of the luminescence, is necessary, as
detailed in [19, 20]. In addition, the timing signal crosses the
leading-edge threshold at different levels depending on the
density of Cherenkov photons detected, causing time walk
effects [20]. While these tails cannot be completely removed,
recent studies have demonstrated the improvement achieved
using those methods; in [20], the authors were able to achieve
261 ps CTR for 3 × 3 × 20 mm3 BGO scintillators in combination
with a high-frequency readout [21], after applying time walk
corrections. Moreover, they show CTR values in the range of
205–302 ps FWHM depending on the Cherenkov yield range.
Other recent studies have also shown promising progress toward
using BGO in TOF-PET detectors but using digital SiPMs instead
of analog ones [22]. In [10], the authors used the Philips DPC-
3200 digital SiPMs [23], which allow them to provide an
individual timestamp from the first detected light photon
(above noise) yielding ~400 ps FWHM CTR for 20 mm length
BGO crystals at room temperature and without applying any
correction. These studies, among other, have demonstrated the
feasibility to develop TOF-capable PET detector modules that
employ a mixture of Cherenkov and slow component
luminescence photons by using existing photosensor
technologies coupled to BGO crystals with lengths that
provide adequate photon detection efficiency for clinical TOF-
PET [24].

Following this trend, we have developed a scalable readout
electronics board that consists of an improved version of the low-
noise, high-frequency, and high-gain circuit presented in [4],
combined using 3.14 × 3.14 mm2 NUV-sensitive Broadcom®
AFBR-S4N33C013 SiPMs [25]. We have evaluated the CTR
performance of BGO crystal elements of dimensions 3 × 3 ×
3 mm3, 3 × 3 × 5 mm3, 3 × 3 × 10 mm3, and 3 × 3 × 15 mm3, with
chemically etched surfaces and wrapped with Teflon tape, both
before and after applying state-of-the-art post-processing
correction methods. Promising CTR performance of 156 ± 6,
188 ± 5, 228 ± 8, and 297 ± 8 ps CTR FWHM have been achieved
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for the 3, 5, 10, and 15 mm length BGO crystals, respectively. We
believe these results will encourage TOF-PET system developers
[26] looking for a low-cost solution while reporting <300 ps CTR.
The novelty of the work presented here is the combination of the
new NUV-sensitive Broadcom® SiPMs with chemically etched
BGO crystals, refined fast-timing readout circuitry, and the
application of rise time correction signal processing methods.
Therefore, this work presents a measurement that provides a
snapshot of performance in a more scalable detector
configuration.

2 MATERIALS AND METHODS

As described below, key elements to exploit the Cherenkov
luminescence contribution for more precise CTR are the
scintillation material, the photosensor technology, the
electronics readout circuit, and signal processing correction
methods.

2.1 Scintillator Material: BGO
The Cherenkov emission is produced following a 511 keV
photoelectric or Compton interaction, over a short time
interval of Ħ 10 ps[27]. As a result of the primary
photoelectric or Compton interactions, electrons are emitted
non-isotropically. Along the path of those energetic electrons,
Cherenkov photons may be emitted with directions determined
by the kinetic energy and momentum of each electron, different
than those of scintillation photons which are emitted isotropically
[28]. The number of Cherenkov photons generated in the
scintillation material upon the 511 keV photon interaction can
be estimated using the Frank–Tamm formula [29] and mainly
depends on the index of refraction and the wavelength of the
scintillator material. Among other Cherenkov emitters, BGO is a
good candidate to exploit the Cherenkov photon population for
TOF-PET applications.

As a result of the process explained previously, the BGO’s
temporal signal present two components, namely a fast decay

component (45–60 ns) that represents only 8–10% of the
emission and corresponds to the emitted Cherenkov photons
[28, 30] and a slow decay component (300–365 ns) that
represents 92–90% of the emission [5]; see Figure 1A. As
shown in Table 1, the dominant component (~92%) of BGO’s
decay time is much larger than that for other commonly used
scintillators in TOF-PET such as LSO; therefore, to achieve a
comparable temporal performance in BGO-based PET scanners,
it is mandatory to exploit the Cherenkov component of the
luminescence (~8%) [30].

To study the influence of exploiting Cherenkov radiation in
the temporal performance of a custom-designed PET detector
element (see Section 2.3), we made use of four different pairs of
BGO crystals. In particular, we have evaluated crystal elements of
3 × 3 × 3 mm3, 3 × 3 × 5 mm3, 3 × 3 × 10 mm3, and 3 × 3 ×
15 mm3 in size, with chemically etched surfaces, wrapped in
Teflon tape. The crystals were coupled to a single 3.14 × 3.14 mm2

SiPM in an end-readout configuration (the 3 × 3 mm2 area was in
contact with the SiPM) by means of optical grease (BC-360, Saint
Gobain [31]).

2.2 Photosensor:
Near-Ultraviolet-Enhanced Silicon
Photomultipliers
The Cherenkov photon emission upon 511 keV photon
interaction in BGO is dominantly in the ultraviolet (UV)
portion of the electromagnetic spectrum, dropping off at
higher wavelengths, specifically between 310 and 850 nm [5].
Therefore, it is convenient to employ photosensor with enhanced
photon detection efficiency (PDE) in the UV range. Previous
works have evaluated the FBK NUV-HD SiPMs [18] in
combination with high-frequency [22], high-gain, and low-
noise readouts [4, 5] and reported CTR values below 300 ps
for long (15–20 mm) BGO crystals. In [20], the authors compared
the performance of different SiPM vendors for Cherenkov
detection, achieving best values when using the UV-
enhanced ones.

FIGURE 1 | (A). BGO’s temporal components, the green line represents the fast decay component (45–60 ns) which corresponds to the emitted Cherenkov
photons, and the orange line represents the slow decay component (300–365 ns) of the scintillation luminescence (original plot extracted from [20]). (B). Photon
detection efficiency for the Broadcom AFBR-S4N33C013 SiPMs [25]. The blue line represents the emission spectra of BGO.

Frontiers in Physics | www.frontiersin.org January 2022 | Volume 10 | Article 8163843

Gonzalez-Montoro et al. BGo-Based TOF-PET

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


For the experiments reported in this work, we have decided to
use the Broadcom® AFBR-S4N33C013 SiPMs [25], since they are
commercially available and can perform ultra-sensitive precision
measurement of single photons in the UV range (PDE >54% at
420 nm). This high performance in the UV range is possible
because of the SiPM protective layer that is made by glass that is
highly transparent down to UV wavelengths which results in a
broad response in the visible light spectrum with high sensitivity
toward blue- and near-UV region of the light spectrum; see
Figure 1B. The active area of the evaluated SiPMs is 3.14 ×
3.14 mm2 with a cell pitch of 30 × 30 μm2, and they achieved a
high packing density by using through-silicon-via (TSV)
technology and a chip-sized package (CSP).

2.3 Electronics Readout Circuit
In addition to the selection of the scintillator and SiPM
technology, exploiting the Cherenkov yield to precisely
estimate the photon time of interaction presents two main
challenges: 1) the CTR is quite sensitive to SPTR of the SiPM
and associated electronic readout used [8], and 2) the optimum
leading-edge threshold should be set below one light photon
equivalent level [32], where the lowest achievable threshold above
the noise floor yields optimum CTR.

To account for this, we have designed a printed circuit board
(PCB) that consists of a passive capacitance compensation circuit
[15]. To provide an optimum timing signal, a balun transformer
Macom MABA-007159 (MACOM [33]) (50Ω impedance and 1:
1 turn ratio) is connected between the cathode and anode of the
SiPM in a balanced-to-unbalanced configuration (which results
in a 2-fold pulse amplitude increase) to two RF amplifiers

(Minicircuits MAR-6 RF amplifiers [34]) in cascade [14]. Both
the selection of the amplifiers and the trimming of their bias
voltage were carefully studied until reaching optimum
performance at 5.5 V. This is a novel key feature of our design
since using low voltage reduces the signal noise level and allows us
to achieve good CTR performance [21] and eases the scaling up of
our detector prototype, thus reducing the required power
consumption. For the energy signal, the SiPM anode was
connected to two AD800 operational amplifiers. Figures 2A,B
show a photograph of our custom-designed board, the Broadcom
SiPM, and the circuit schematics. As it can be seen, two different
output signals, energy and timing, are provided. For data
acquisition, raw waveforms from the detectors were acquired
using a digital oscilloscope (Agilent DSO90254A 2GHz 20
GSa/sec).

2.4 Data Acquisition and Analysis: Physical
Considerations
For data acquisition, two identical detector elements, each
consisting of one 3.14 × 3.14 mm2 SiPM mounted on our
custom-designed board, were used. Coincidence data were
acquired by placing a 22Na source (6 -mm diameter PMMA
encapsulation; 1-mm diameter. radioactive bead; 11.8 μCi
activity) between the two detectors. Using a digital
oscilloscope, waveforms were acquired for each of the
different crystal length pairs (four sets in total). Figure 3A
displays a schematic of the experimental setup. Different SiPM
bias voltages were tested to find the optimal acquisition
condition.

TABLE 1 | Main properties of BGO, LSO, and LaBr3 [28, 30].

Material Zeff Refractive index ρ (g/cm3) LY (ph/MeV) Decay time (ns) μ (cm−1) @ 511 keV Wavelength (nm)

BGO 74 2.15 7.13 9,000 45.8 (8 %)–365 (92 %) 0.95 480
LSO 63 1.82 7.4 29000 40 0.86 420
LaBr3 46.9 1.9 5.06 42500 16 0.476 380

FIGURE 2 | (A). Photograph of the custom-designed board implementing the low-noise, high-speed electronics configuration and the BroadcomSiPM. (B). Circuit
schematics.
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The energy spectra for each module were estimated as the
histogram of the maximum amplitude of each acquired energy
waveform. The energy spectra were fitted using a Gaussian
function to determine the photopeak gain as a function of the
different SiPM bias voltages and crystal lengths. For data analysis,
only those events falling within the FWTM of the 511 keV photon
photopeak for both detectors were processed. In addition, a
leading-edge discrimination method was used to estimate time
of interaction from the digitized waveforms and the influence of
baseline offset from dark pulses, and cross talk events were
corrected by averaging over region of the baseline in front of
each pulse [35, 36]. The energy resolution was estimated at an
optimum SiPM voltage as Eres � ΔEFWHM/E � 2.35 × σphot/μphot
for each crystal length. Note that no calibration was applied to the
energy spectra.

Regarding CTR evaluation, in order to derive a more accurate
estimate for 511 keV photon time of interaction, we have followed
the methods proposed in the literature [14, 19, 20]. These
correction methods are applied to the experimental data;
owing to the contribution of both slow and fast temporal
components, BGO’s coincidence time spectrum does not
follow a Gaussian-like distribution as the CTR histogram
shown in Figure 3B, acquired using 3 × 3 × 3 mm3 BGO
crystals, and the plot includes drawings of each component (as
explained in the following) forming the CTR histogram
overlapped, with the measured data. The tails shown in the
distribution arise from events where one or both detectors do
not detect Cherenkov photons, but instead detect photons from
the slow scintillation process. For very short crystals, the
percentage of coincidence events where both detectors detect
at least one Cherenkov photon is ~60%. This is reduced to
30–40% for 15–20 -mm long crystals depending on SiPM and
crystal surface finish [14]. This results in a black profile CTR 1)
distribution in Figure 3B with four components: 2) at least one
Cherenkov photon in both detectors (tight Gaussian distribution,
green profile), 3) no Cherenkov photons in either detector (wide
Gaussian distribution from only luminescence, red profile), 4) at
least one Cherenkov photon in detector M1 (Gaussian
distribution with a long tail on one side, pink profile), and 5)
at least one Cherenkov photon in detector M2 (Gaussian
distribution with a long tail on the other side, purple profile).

The combination of the different coincidence types is also
reflected on the rise time profiles, see Figure 4A. Usually, the
rise time histogram follows a centered Gaussian distribution; in
this case, however, as described in Section 2.1, the BGO’s
luminescence signal has different temporal components,
modifying the histogram. Thus, to exploit the Cherenkov
contribution and achieve good CTR using BGO scintillators,
three methods are included for correcting the coincidence time
spectrum:

1. The rise time calculation by setting the lower threshold below
one light photon equivalent threshold and the upper threshold
above the signal amplitude of a single SPAD, instead of using
the traditional method in which the signal rise time is
estimated as the slope of the exponential fitting applied to
the 10–90% of the signal [4].

2. The time delay correction method based on the different rise
times observed (Fast = Cherenkov; Slow = standard
scintillation). The method is applied as described in [19,
20]: first, the time walk (TW(RTM1, RTM2)) between the
two detector modules, namely M1 and M2 is calculated as
the temporal difference between the timestamps of the two
coincidence detected events and then is plotted versus the
signal rise time (RT), measured using the methodology
described previously. An example for the
TW(RTM1, RTM2) vs. RT scatter plot for detector M1 is
shown in Figure 4B; then, a linear fit is applied to the
distribution, and the fitting coefficients (pi,n) are used for
correcting each individual event (i) as follows:

t̂i � ti − TW(RTM1, RTM2)
� ti − 0.5 · (p0,M1 + p1,M1 · RTM1 + p0,M2 + p1,M2 · RTM2). (1)
3. The classification correction method based on splitting the

events into five regions for each detector based on their rise time.
The events are first sorted based on their rise time and then
classified into five groups containing one of the 20% of the data,
i.e., the fastest 20% events are for region 1, the second fastest 20%
for region 2, and subsequently for the other regions, see
Figure 4A bottom for an example of the different splitting
regions. Different regions other than five regions per detector

FIGURE 3 | (A). Scheme of the experimental setup (based on 3.14 × 3.14 mm2) used to collect coincidence data. (B). Representative sketch of the typical
coincidence time spectrum obtained for BGO scintillators showing all the different contributions (M1 = detector module 1 and M2 = detector module 2).
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could be identified, but this data sampling was selected as the best
trade-off between acquired statistics and correction impact; note
that these regions do not represent the different categories of
coincidence types as identified in the CTR histogram of
Figure 3A, where each region contains indeed both
Cherenkov and scintillation event and, for this reason, each of
the categories (k = 25) is fitted using a double Gaussian as
described in [19]:

kfit � A · rFast
σFast

· exp[ − (x − μ)2
2σ2

Fast

] + A · (1 − rFast)
σSlow

· [exp[
− (x − μ − μasim)2

2σ2
Slow

], (2)

where A is a normalization factor which depends on the acquired
statistics and bin size, rFast represents the abundance of
Cherenkov photons, and μ is the center of the coincidence
time distribution. Note that the term μasim is zero, if the
number of detected Cherenkov photons is the same for both
detector modules. Finally, the time bias for each category was
corrected using the centroid of the fast component of the
distribution as:

t̂
k
l � tki − μk. (3)

The corrected coincidence time spectrum (t̂kl ) was then fitted
using the described double Gaussian function which provided the
CTR based on only Cherenkov or only scintillation photons as
well as the convolution of both (total CTR value). Note that these
corrections reduce the magnitude of the BGO coincidence
distribution’s long tails, but they do not remove them
completely. Thus, the coincidence time spectra will still have
non-Gaussian tails for crystals >5 mm long. The tails cannot be
completely removed until the Cherenkov detection efficiency is
improved.

We applied all three methods to the acquired data during the
post-processing. This step was carried out using the custom

MATLAB code for each on the four tested BGO crystal pairs
(3 × 3 × 3 mm3, 3 × 3 × 5 mm3, 3 × 3 × 10 mm3, and 3 × 3 ×
15 mm3), and the CTR was estimated as the FWHM of the
corrected coincidence time distributions. The reported errors
were estimated as the error provided by the fittings. Note that
none of these three correction approaches reduce counts (i.e., the
sensitivity) by filtering out events.

3 RESULTS

Figure 5A shows an example of the energy histogram for one of
the 3 × 3 × 3 mm3 BGO crystals observed using the digital scope
set in singles mode. Both the first (511 keV) and the second
(1,274 keV) 22Na peaks are clearly resolved. Figure 5B shows
both the energy and timing signals acquired for two coincidence
detectors comprising 3 × 3 × 3 mm3 BGO crystals. Note that due
to the low-noise level of our high-speed custom-designed
electronic readout combined with enhanced UV Broadcom
SiPMs, the acquired timing signals are very clean and fast
which may lead to good CTR and a better discrimination of
the fast and slow luminescence components.

3.1Photopeak Relative Gain
Figure 6A shows the photopeak relative gain as a function of the
evaluated SiPM-biasing voltage for each pair of BGO crystals.
Note that the photopeak relative gain has been estimated as the
ratio between each measured gain and the maximum value
(provided by the 3 × 3 × 3 mm3 BGO crystals at 37,5 V). The
reported values have been calculated as the average of the two
coincidence detector modules (M1 and M2) used to acquire
coincidence data. The standard deviation of the measured
photopeak gain between the two coincidence detector elements
was below 0.07 for all cases.

The energy resolution was calculated at optimum SiPM
voltage being 13 ± 2, 15 ± 3, 17 ± 3, and 19 ± 3% for the 3, 5,

FIGURE 4 | (A). Measured rise time histograms for 3 × 3 × 3 mm3 BGO crystals. The bottom histogram shows an example of the data splitting into five different
regions (each containing 20%of the events),Ri = ith region. (B). Example for the TW(RTM1 ,RTM2) vs. RT scatter plot for M1; the solid red line depicts the linear fitting to the
distribution for estimating the fitting coefficients.
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10, and 15 mm long BGO, respectively. Note that the energy
spectra were not calibrated, but the ratio between the second and
first peaks was 2,2 ± 0,1 (theoretical value 1,274/411–Ħ2.5)
meaning that this is an acceptable estimation.

3.2 CTR Performance
Figure 6B shows the single-photon spectra measured using 3 ×
3 × 3 mm3 BGO crystals coupled to our high-speed, low-noise
custom-designed board. As a result, four peaks were clearly

FIGURE 5 | (A). Energy histogram acquired using the digital scope in singles mode using one of the 3 × 3 × 3 mm3 BGO crystals. (B). Energy and timing signals
acquired for two coincidence detector elements comprising 3 × 3 × 3 mm3 BGO crystals.

FIGURE 6 | (A). Photopeak relative gain as a function of the evaluated SiPM-biasing voltage for each of the four pairs of BGO crystals. (B). Measured single-photon
spectra for 3 × 3 × 3 mm3 BGO crystals coupled to our high-speed, low-noise custom-designed board. The histogram of x- and y-axis represents the time (30 ns scale)
and signal level (55 mV scale), respectively.

FIGURE 7 | (A, B). FWHM (solid lines) and FWTM (dashed lines) CTR values achieved as a function of the SiPM bias voltage for each of the different evaluated BGO
crystal pairs before and after applying the corrections, respectively.
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distinguished suggesting that good temporal resolution may be
achieved.

Figures 7A,B depict the CTR FWHM (solid lines) and full-
width-tenth-maximum (FWTM) (dashed lines) values achieved
as a function of the SiPM bias voltage for each of the different
evaluated BGO crystal pairs before and after applying the
corrections outlined in Section 2.4, respectively.

Before applying any correction method, best CTR FWHM
values of 163 ± 8, 224 ± 8, 266 ± 9, and 428 ± 8 ps and best CTR
FWTM values of 437 ± 6, 507 ± 10, 731 ± 8, and 1,013 ± 8 ps have
been obtained for 3 × 3 × 3 mm3, 3 × 3 × 5 mm3, 3 × 3 × 10 mm3,
and 3 × 3 × 15 mm3 BGO crystals, respectively. After applying
both the delay and classification methods, these values improved
to 156 ± 6, 188 ± 5, 228 ± 8, and 297 ± 8 ps for CTR FWHM and
398 ± 9, 489 ± 5, 613 ± 9, and 981 ± 11 ps for CTR FWTM for 3 ×
3 × 3 mm3, 3 × 3 × 5 mm3, 3 × 3 × 10 mm3, and 3 × 3 × 15 mm3

BGO crystals, respectively. Quantitatively, this implies CTR
improvements of 3.2, 6.7, 8.1, and 12.6%, respectively. The
ratio of events where both sensors detect at least one
Cherenkov photon was also estimated for each of the BGO
crystal lengths reporting, with the corresponding ratios of 40.4,
37.1, 32.8, and 28.4% for the 3, 5, 10, and 15 mm long crystals,

respectively. Table 2 reports the best CTR values (FWHM and
FWTM) and Cherenkov ratios for each crystal length before and
after corrections. Note that the values presented in Table 2 have
been estimated after merging all the events (Cherenkov +
Scintillation), and thus any coincidence was discarded. In
other words, the fitting considers the convolution of the fast
(Cherenkov) and slow (Scintillation) timing components.

Figure 8 depicts the CTR values achieved when only
considering the fast (Cherenkov) component of the BGO’s
timing signal as a function of the SiPM bias voltage for each
crystal length and after applying the previously described
corrections. Best CTR FWHM values of 105 ± 6, 127 ± 8,
133 ± 4, and 189 ± 8 ps have been reported for 3 × 3 × 3 mm3,
3 × 3 × 5 mm3, 3 × 3 × 10 mm3, and 3 × 3 × 15 mm3 BGO
crystals, respectively. Table 3 summarizes the FWHM CTR
results. Note that the second and third columns report the CRT
values when only considering the fast (Cherenkov
contribution) or slow (Scintillation contribution)
component of the timing signal while the fourth and fifth
columns report the CTR values after merging all the events
(Cherenkov + Scintillation) again, and thus any coincidence
was discarded in these cases.

TABLE 2 | Best FWHM and FWTM CTR values and Cherenkov ratios obtained for each different crystal length before and after corrections.

Crystal dimension (mm3) CTR (ps) CTR (ps) Cherenkov ratio (%) SiPM bias (V)

(Non-corrected) (Corrected)

FWHM FWTM FWHM FWTM

3 × 3 × 3 163 ± 8 437 ± 6 156 ± 6 398 ± 9 40.4 37
3 × 3 × 5 224 ± 8 507 ± 10 188 ± 5 589 ± 5 37.1 37.5
3 × 3 × 10 266 ± 9 731 ± 8 228 ± 8 613 ± 9 32.8 37.5
3 × 3 × 15 428 ± 8 1,013 ± 8 297 ± 8 981 ± 11 28.4 37.5

FIGURE 8 | FWHMCTR values achieved when only considering the fast (Cherenkov) component of the timing signal, as a function of the SiPM bias voltage for each
crystal length after applying both delay and classification corrections.
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4 DISCUSSION

The present article describes a potential scalable solution for
BGO-based TOF-PET detectors. Fast and low noise front-end
electronics minimize the influence of electronic noise on sensor-
timing response and result in the excellent signal-to-noise ratio to
provide an optimum timing signal well above the noise level. This
is the key to discriminate the fast component (Cherenkov) of the
timing signal and exploit the small Cherenkov photon yield. An
advantage of the experimental setup in the present work is the
selected amplifiers and their configuration that allows optimum
performance at lower voltage (5.5 V), thus reducing the signal
noise level. The readout board integrated 3.14 × 3.14 mm2

Broadcom® AFBR-S4N33C013 SiPMs, which have reported
ultra-sensitive precision measurement of single photons in the
UV range (PDE >54% at 420 nm) [25].

For the evaluation of the detector’s ability to discriminate the
Cherenkov contribution, we tested BGO crystal elements of 3 ×
3 × 3 mm3, 3 × 3 × 5 mm3, 3 × 3 × 10 mm3, and 3 × 3 × 15 mm3 in
size, with chemically etched surfaces and wrapped using Teflon
tape. The reason behind using this metric is that 15 -mm long
BGO crystals have ~6% higher photoelectric absorption
probability for 511 keV photons than 20 -mm lutetium-based
crystals; thus, these results are directly relevant to the practical
detector design for high detection efficiency clinical PET systems
at lower cost [37].

During data analysis, the photopeak relative gain was
estimated for each SiPM-biasing voltage and for each BGO
crystal length (Figure 6). The standard deviations between the
photopeak gain for the two modules were below 0.07 confirming
the similar performance of both detectors. As expected, higher
gains were achieved at higher bias voltages. Excellent
discrimination of the single photon response (Figure 4) was
achieved, thanks to the electronic readout design, allowing an
optimum threshold for leading-edge time pickoff well below the
single photon equivalent amplitude and just above baseline noise.
We also implement a dual threshold approach to reduce the
tailing in the coincidence time distribution, as suggested in [20].
This method helps because events that do not detect any
Cherenkov photons in one or both detectors have a skew in
the detection time, generating rise time histograms as the one
shown in Figure 4A. The time pickoff derived only from BGO’s
slow luminescence results in a slightly delayed timestamp. The
rise time correction and classification methods provide some
correction for this delay, which in turn reduces the tails by

effectively pulling in the events that have no Cherenkov
photons in one or both detectors toward the center of the
CTR distribution [19, 20]. This skew correction also improves
CTR as demonstrated. For the longer crystals with lower density
of Cherenkov photons, this correction has a larger impact because
it is correcting for skew in a greater number of coincidence events
that do not have Cherenkov photons.

Using the experimental setup shown in Figure 3A, we
achieved best CTR FWHM values of 163 ± 8, 224 ± 8, 266 ±
9, and 428 ± 8 ps and best CTR FWTM values of 437 ± 6, 507 ±
10, 731 ± 8, and 1,013 ± 8 ps for 3 × 3 × 3 mm3, 3 × 3 × 5 mm3, 3 ×
3 × 10 mm3, and 3 × 3 × 15 mm3 BGO crystals before applying
any correction (Figure 7A). These values improved to a CTR of
156 ± 6, 188 ± 5, 228 ± 8, and 297 ± 8 ps for FWHM and 398 ± 9,
489 ± 5, 613 ± 9, and 981 ± 11 ps for CTR FWTM, respectively,
after applying the corrections described in Section 2.4
(Figure 7B), which represents an improvement of 3.2, 6.7, 8.1,
and 12.6%. As expected, a degradation of CTR was observed as a
function of the increased crystal length due to possible miss-
alignment and increased light transit time inside the crystal
before reaching the SiPM. The achieved CTR values are
already acceptable to build a Cherenkov-based PET detector
comprising long BGO crystals. However, one clear area for
improvement is increasing the light extraction efficiency for
Cherenkov photons. One way to address this directly is to
leverage the near-complete light collection efficiency available
from the “side-readout” configuration [38]. The side-readout
approach has been demonstrated to reduce the transit time
variance of the light photons to the photosensor while
enhancing the light collection efficiency. We are currently
designing a board to test the side-readout configuration in our
Cherenkov-based detector. In addition, the presented results were
acquired at room temperature with no active cooling, and thermal
regulation is likely required to mitigate the higher uncorrelated
and correlated noise in a scaled, multiplexed detector
configuration.

The applied methodology facilitates data corrections for
511 keV photon time of interaction, as a function of signal rise
time, which partially compensate inherent delays in timing
estimators derived from events with no Cherenkov photons.
When considering only the fast (Cherenkov) component of
the timing signal, best values of 105 ± 6, 127 ± 8, 133 ± 4,
and 189 ± 8 ps for CTR FWHM long BGO crystals have been
achieved for 3 × 3 × 3 mm3, 3 × 3 × 5 mm3, 3 × 3 × 10 mm3, and
3 × 3 × 15 mm3 BGO crystals, respectively, as shown in Figure 8.

TABLE 3 | Best FWHM CTR values obtained for each different crystal length before and after corrections. The second and third columns report the CRT values when only
considering the fast (Cherenkov contribution) or slow (Scintillation contribution) component of the timing signal.

Crystal dimension
(mm3)

Fast CTR
(ps)

Slow CTR
(ps)

CTR (ps) CTR (ps) SiPM bias
(V)

(Cherenkov) (Scintillation) (Corrected) (Non-corrected)

3 × 3 × 3 105 ± 6 229 ± 7 156 ± 6 163 ± 8 37
3 × 3 × 5 127 ± 8 382 ± 8 188 ± 5 224 ± 8 37.5
3 × 3 × 10 133 ± 4 478 ± 6 228 ± 8 266 ± 9 37.5
3 × 3 × 15 189 ± 8 800 ± 9 297 ± 8 428 ± 8 37.5
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Looking at individual event categories may allow estimation of
event position along each system line of response (LOR) with
different precisions corresponding to the different time resolution
values [19]. The standard PET image reconstruction methods
allocate the same TOF kernel resolution to all events. However,
since the rise time information allows classification of events, a
gain in SNR is expected when each category of the events is
allocated to its proper TOF kernel; thus, events having a better
time resolution can provide higher TOF kernel resolution along
the LOR and thus better reconstructed image SNR, while events
with worse time resolution are used in addition to maintain the
high sensitivity of BGO [20]. The work presented in [39] reports a
simulation toolkit that introduces multiple timing spreads on the
coincident events of a full cylindrical BGO–Cherenkov PET
model and an image reconstruction procedure that
incorporates the multi-kernel idea. The results demonstrate a
better contrast-to-noise ratio for the multi-kernel BGO model.

Note that the higher photon detection efficiency of BGO offers
another strong advantage. It can be estimated as the effective
sensitivity gain for BGO’s higher detection efficiency combined
with TOF performance for the different underlying components
of the CTR distribution:

Effective SensitivtyBGO � (TOFgainCherenkov

· FractionalWeightCherenkov)
+ (TOFgainScintillation · (1
− FractionalWeightCherenkov)). (4)

Therefore, a 15-mm long BGO crystal element with 40% of
events having Cherenkov photons in both detectors, with fast
Gaussian (Cherenkov) FWHM of ~250 ps and slow Gaussian
(Scintillation) of ~1 ns FWHM achieves the same effective
sensitivity as a 20 -mm long LSO crystal element with 320 ps
FWHM timing performance. So, even immediate
implementations of BGO can have a significant impact.
Technologies that improve Cherenkov detection efficiency can
also eventually push performance toward the same effective
sensitivity as a 200 -ps LSO scanner, or better.

The CTR values reported in this work are comparable or better
to those achieved by state-of-the-art commercial TOF-PET
systems [40, 41]. This work thus indicates to be feasible that
BGO-based TOF-PET detector modules could be developed with
the same effective sensitivity compared to the one achieved using
20 -mm long LSO-based detector modules that achieve <350 ps
FWHM CTR, facilitating high performance clinical PET systems
with 4–5-fold lower scintillation material cost. Furthermore,
other advantages associated to BGO scintillators are shorter
511 keV photon attenuation length (BGO = 1.1 cm) than
lutetium-based ones (i.e., LSO = 1.3 cm), thus less volumes of
BGO material are required to stop the same amount of incoming
radiation; BGO’s effective atomic number (Zeff = 74) is higher
than the one for lutetium-based scintillators which increases the
probability of photoelectric interactions instead of Compton
ones. Note that photoelectric interactions are preferred in PET
since they allow for a more accurate positioning of the
annihilation point within the scintillator, and BGO scintillators

do not present intrinsic radiation while lutetium-based
scintillators present the intrinsic radiation of 177Lu, thus the
contributions of other decay products are not present
minimizing possible pile-up or false coincidences.

As a closing remark, we would like to comment on the
proposed detector design scalability. We are currently
upgrading the presented standard end-readout detector
architecture to large side-readout area detector modules which
include six SiPMs. In this side-readout version of our design, the
circuitry electronics will be integrated in a wisely designed high-
speed and compact PCB board. For the accurate determination of
the signal’s rise time, we plan to include an ASIC configured to
generate two timestamps on the leading edge of the pulse. We will
follow a similar approach to the one shown in [42], in which the
authors proposed a readout design for lutetium-based
scintillators that allow to acquire multiple timestamps per
detected event using two ASICs. In our case, the ASICs will be
customized with the lower threshold set below one light photon
equivalent threshold and the upper threshold above the signal
amplitude of a single SPAD.

Moreover, since power consumption is a major concern when
scaling up the electronic design of single detectors to compact
PET modules, our circuitry has been carefully trimmed to ensure
optimal performance of the components at low bias voltage
(amplifier’s bias voltage 5.5 V). Note that low operation
voltage is also the key to minimize the influence of electronic
noise on sensor-timing response and thus to provide an optimum
timing signal well above the noise level which is the key to
discriminate the fast component (Cherenkov) of the timing
signal and exploit the small Cherenkov photon yield. Finally,
regarding the implementation of the correctionmethods based on
non-Gaussian TOF kernels, we plan to apply such algorithms
once the data acquisition has been completed. Acquired data will
be transferred to a PC for the application of the correction
methods which will be followed by image reconstruction. The
inclusion of several TOF kernels in reconstruction was already
demonstrated in [39], so we will follow a similar approach.
However, this is out of the scope of this article and will be
discussed in detail in a future work.

Summarizing, the combination of the aforementioned BGO’s
advantages and the good CTR performance provided by
exploiting the BGO–Cherenkov component allows to achieve
the same sensitivity while employing less volume of scintillation
materials, thus reducing cost and enabling more compact
scanners. These properties make BGO scintillators good
candidates for building PET systems requiring a high volume
of scintillation material such as total body PET scanners.

5 CONCLUSION

We have reported the CTR value for BGO crystal elements of
various lengths with chemically processed surface treatments,
using an optimized, fast, and high-frequency readout electronic
design that minimizes the influence of electronic noise. The board
was evaluated using 3.14 × 3.14 mm2 Broadcom® AFBR-
S4N33C013 SiPMs. These SiPMs present enhanced
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performance in the UV region which is the key for exploiting the
small Cherenkov photon population generated in BGO
scintillators, thus making it feasible for their deployment in
TOF-PET designs. Our data analysis included state-of-the-art
data post-processing methods [20] which allowed us to achieve
best CTR values of 163 ± 8, 224 ± 8, 266 ± 9, and 428 ± 8 ps for
CTR FWHM and 398 ± 9, 489 ± 5, 613 ± 9, and 981 ± 11 ps for
CTR FWTM for 3 × 3 × 3 mm3, 3 × 3 × 5 mm3, 3 × 3 × 10 mm3,
and 3 × 3 × 15 mm3 BGO crystals, respectively. The results
presented here indicate that fast, low-noise front-end electronics
employed as readout for BGO-based PET detectors are suitable
for building BGO-based PET detectors that provide CTR values
equivalent to what is currently achievable in state-of-the-art
TOF-PET systems (214–480 ps FWHM) [40, 41]. To our
knowledge, this is the first work reporting the performance of
chemically etched BGO crystals coupled by means of optical
grease to the new NUV-sensitive Broadcom® SiPMs, which
includes the application of rise time correction methods that
allowed us to achieve improved CTR values in comparison with
other state-of-the-art works. Furthermore, our prototype detector
readout electronics have been trimmed, and the selection of its
amplifiers was carefully studied until reaching optimum
performance at 5.5 V. This low voltage reduces the signal
noise level and is the key to achieve good CTR performance
while also allowing for scaling up the design.
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