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Abstract

Objective. Heterostructured scintillators offer a promising solution to balance the sensitivity and
timing in TOF-PET detectors. These scintillators utilize alternating layers of materials with
complementary properties to optimize performance. However, the layering compromises time
resolution due to light transport issues. This study explores double-sided readout—enabling
improved light collection and Depth-of-Interaction (DOI) information retrieval—to mitigate this
effect and enhance the timing capabilities of heterostructures. Approach. The time resolution and
DOI performances of 3 x 3 x 20 mm? BGO&E]232 heterostructures were assessed in a single and
double-sided readout (SSR and DSR, respectively) configuration using high-frequency electronics.
Main results. Selective analysis of photopeak events yielded a DOI resolution of 6.4 £ 0.04 mm.
Notably, the Coincidence Time Resolution (CTR) improved from 262 =+ 8 ps (SSR) to 174 £ 6 ps
(DSR) when measured in coincidence with a fast reference detector. Additionally, symmetrical
configuration of two identical heterostructures in coincidence was tested, yielding in DSR a CTR of
254 =+ 8 ps for all photopeak events and 107 £ 5 ps for the fastest events. Significance. By using
high-frequency double-sided readout, we could measure DOI resolution and improve the time
resolution of heterostructures of up to 40%. The DOI information resulted intrinsically captured
in the average between the timestamps of the two SiPMs, without requiring any further correction.

1. Introduction

The challenge Time-of-Flight Positron Emission Tomography (TOF-PET) is currently facing is achieving a
CTR below 100 ps while maintaining high sensitivity (Gundacker et al 2013, Cates and Levin 2018,
Pourashraf et al 2021, Mariscal-Castilla et al 2024). Improved Signal-to-Noise Ratio (SNR) enhances image
quality and diagnostic accuracy, but it also acts as a virtual sensitivity amplifier, therefore enabling lower
doses for the same image quality, expanding patient eligibility, and improving workflow (Conti 2011).
Heterostructured scintillators are a possible solution to this trade-off as they consist of the combination
of two or more materials with complementary properties (Lecoq 2014, Turtos et al 2019a, Pagano et al 2022a,
Konstantinou et al 2023), i.e. high stopping power for 511 keV v-ray and (sub-)nanosecond scintillation
kinetics. The underlying principle is referred to as energy sharing: the 511 keV ~y-ray can be fully stopped in
the heavy material while the recoil photoelectron can escape from it and deposit part of its energy in the fast
one. Such events are called shared events. This phenomenon becomes relevant when the thickness of the
heavy material is comparable to the range of the recoil electron resulting from the photoelectric absorption
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of a 511 keV ~y-ray in the material itself (a few hundred micrometers) (Pagano et al 2022a). The more energy
is deposited in the fast material, the more fast photons are produced, improving the overall time resolution
of the detector.

The first proof-of-concept of heterostructures for TOF-PET was presented by Turtos et al (2019a). Here,
the fast plastic scintillator BC422 (Saint-Gobain BC422 data-sheet ) was successfully combined with BGO
and LYSO in small (3 x 3 x 3 mm?®) pixels. This work showed the possibility of discriminating the events
according to the material where the energy is deposited and gave experimental proof that this approach
allows for a CTR improvement compared to the bulk, heavy material used. Further works (Lecoq et al 2022,
Pagano et al 2022a, 2023, Latella et al 2023) investigated in more detail the properties of heterostructures
with BGO or LYSO and plastic scintillators (Saint-Gobain BC422 data-sheet Eljen-technology EJ232
datasheet ). These studies deepened the understanding of heterostructure properties and also tested longer
heterostructure pixels (15-20 mm), reaching the length used in commercial scanners.

Although this technology is not yet a concrete alternative to LYSO (the current state of the art), due to
reasons such as complex manufacturing, it has shown promising results. By choosing a material with a high
photofraction, like BGO, up to half of the volume can be replaced with a fast plastic scintillator while
maintaining a photoelectric probability similar to that of LYSO, and simultaneously improving the temporal
performance of the heavy scintillator (Pagano et al 2022a). Consequently, there is significant interest in
thoroughly exploring the limits of heterostructures and understanding how to address their challenges.

A particularly active area of research in the field concerns material selection, especially for the fast
scintillator, which is closely related to the growing interest in nanomaterials that can potentially offer higher
stopping power and photon time density than the standard plastic scintillator. A few studies have already
demonstrated the applicability of these materials to heterostructures (Turtos et al 2019b, Orfano et al 2023,
Rogers et al 2023, Pagano et al 2024). However, they are not without disadvantages, primarily the
self-absorption (Déckd et al 2022, Pagano et al 2024) which makes it difficult to extract light in case of long
pixels.

While efforts to improve the synthesis of these materials are ongoing, it is also important to keep
studying the intrinsic properties of heterostructures that currently limit their performance, and BGO and
EJ232 are the best candidates for this task due to their scintillation properties (Pagano et al 2023). One such
limitation is the layering of the detector, which worsens light transport and collection, affecting by
consequence its time capabilities as well. A straightforward way to increase the light collection is
double-sided readout, with the added advantage of allowing for depth-of-interaction (DOI) information
retrieval. As the DOI uncertainty severely biases the time of arrival distribution in long crystals, its recovery
can further improve the time resolution. Moreover, at system level, especially for small scanners like the
pre-clinical or organ dedicated scanners, good DOI resolution is important to correct for the parallax error
(Del Guerra et al 2016, Gonzalez-Montoro et al 2022, Sanaat et al 2024).

With this contribution, we show how heterostructures can benefit from double side readout, or more in
general from a configuration that allows for DOI estimation, using 3 x 3 x 20 mm> BGO&E]232
heterostructures and a custom-made high-frequency electronic circuit developed at the Lawrence Berkeley
National laboratory. In section 2, the details about the heterostructure, the photosensors, and the electronics
readout are described. Section 3 explains on the measurements procedure and analysis method, with a focus
on different time estimators that were tested before deciding the most appropriate one. In section 4, the
results are presented, starting with the comparison between single-sided readout (SSR) and double-sided
readout (DSR) (section 4.1), continuing with the DOI resolution (section 4.2) and the DOI effect on timing
(section 4.3), to conclude with the measurements of two heterostructures in coincidence (section 4.4), which
at the best of our knowledge has never been published before and arises interesting considerations. We
discuss the results in section 5 and draw the conclusion of our study in section 6.

2. Materials

2.1. Samples
For this study, two heterostructures pixels made of alternated plates of BGO and EJ232 purchased at Crystal
Photonics, Inc (CPI) company were used. The overall size was 3 x 3 x 20 mm?, while the thickness of the
plates was 250 um for both materials. In our previous work, we showed that BGO&plastic heterostructure
constituted by equal volume of BGO and plastic exhibit a photofraction comparable to that of LYSO (Pagano
et al 2022a). The thickness of the layers was selected as a compromise between achieving a high probability of
energy sharing and the practical considerations of cutting and handling such thin plates.

The 3 x 20 mm? surfaces of both BGO and EJ232 were polished, while the edges were left as-cut. The
heterostructures were wrapped in the enhanced specular reflector (ESR). For SSR measurements, the ESR
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was around both the four lateral surfaces and the opposite face to the SiPM, while in DSR around the lateral
faces only.

2.2. Silicon Photomultipliers (SiPMs)

The heterostructures were coupled with Cargille Meltmount glue (refractive index n = 1.58) to the SiPM(s).
For all the configuration tested, Broadcom NUV-HD SiPM with 3 x 3 mm? active area and 30 zm SPAD size
(AFBR-S4N33C013, Broadcom NUV-HD data-sheet) were used and biased with an over voltage of about

10 V (37 V bias voltage). A subset of measurements (a detailed overview of all the configuration tested is
provided in section 3) was repeated using Broadcom NUV-MT SiPMs with 3.7 x 3.6 mm? active area and
30 pm SPAD size (AFBR-S4N44P014M, Broadcom NUV-MT data-sheet), operated at a bias voltage of 47 V,
corresponding to an over voltage of 15 V.

MT’ is the abbreviation for Metal-filled Trenches, a new technology developed by Fondazione Bruno
Kessler (FBK) and Broadcom to suppress internal cross-talk (Merzi et al 2023). The microcells are
surrounded by metal-filled trenches, hence they are optically isolated among each other. In such a way, the
photons produced by an avalanching microcell are unlikely to travel to the neighboring microcells and
initiate a secondary avalanche. The strong reduction in cross-talk allows higher bias voltages to be applied
and thus higher gain and photon detection efficiency (PDE) to be achieved, ultimately leading to better
timing.

2.3. Front-end readout

The front-end electronics were designed at the Lawrence Berkeley National Laboratory, based on low noise,
high-frequency (HF) circuits. They consist of a balun transformer (a passive electronic component
converting the unbalanced signal from the SiPM into two balanced outputs with 180° phase difference)
connected between the cathode and anode of the SiPM to two radio-frequency (RF) amplifiers in cascade
(Cates et al 2018). This circuit efficiently amplifies and extracts the high speed, high bandwidth signal from
the SiPM. Because of the large voltage amplification, a second path to separately process the energy
information was designed using standard AD8000 operational amplifier (Gundacker et al 2019).

The present electronics is analogous to the one previously described by Cates et al (2018) and Gundacker
et al (2019), but designed to allow for double-sided readout of the crystal through a single printed circuit
board (PCB). Moreover, the radio-frequencies (RF) amplifiers components here are Minicircuits Mar6-SM+.

The signal outputs were digitized by an 8-channel Tektronix MSO68B-400 oscilloscope, exhibiting a
sampling rate of 12.5GSs™! and bandwidth of 8 GHz.

3. Method

A heterostructure was initially measured in coincidence (20 ns time window) with a reference crystal

(2 x 2 x 10 mm? LSO:Ce:0.2% Ca, 85 ps CTR) first in single-sided readout (SSR) and next in double-sided
readout (DSR), with front irradiation (i.e. irradiating the crystal face opposite to the SiPM), using a **Na
source (see figures 1(a) and (b)).

The measurement in DSR was then repeated in side and collimated irradiation (i.e. irradiating the lateral
face of the crystal and with electronic collimation, see figure 1(c)) to extract DOI information. To ensure the
irradiation of about 2 mm spot along the heterostructure, the 2*Na source was placed 12 cm and 1.5 cm far
from the reference crystal and the heterostructure, respectively. Eleven DOIs were irradiated to evaluate the
DOI resolution of the system and perform the DOI calibration. A spacing of 1 mm was used for the critical
regions, specifically at the edges and the center, while for the other regions a spacing of 2 mm was chosen.
Thus, with the center of the pixel set as 0 mm, the measured DOIs were positioned at: [0, £1, &3, +5, £7,
+8] mm.

Finally, the two heterostructures were measured in coincidence with each other (instead of coincident
with the reference crystal). We will refer to it as symmetric configuration, and it was tested both in SSR and
DSR (figures 1(d) and (e)). The measurements in symmetric configuration, as those of greatest interest for
TOEF-PET performance evaluation, were repeated using the NUV-MT SiPM.

In the DSR measurements, front-side and back-side refer to the 3 x 3 mm? surfaces closest and furthest
away from the radioactive source, respectively. The corresponding SiPMs are referred to as front-SiPM and
back-SiPM. For consistency, the same nomenclature is kept in the DOI configuration, and in the SSR
configuration the readout face is referred to as back-side and the corresponding SiPM as back-SiPM.

All the necessary information for the analysis was directly extrapolated from the waveforms at the
oscilloscope. Both the integrated charge and the amplitude of the energy signal were acquired to reconstruct
the deposited energy in the two materials and perform an events classification as described in our previous
works (Pagano et al 2022a, 2023). In heterostructured scintillators it is indeed possible to distinguish, among
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Figure 1. Top: picture of the experimental setup. Bottom: scheme of all the configuration tested; from left to right: front
irradiation in single side readout (SSR) vs reference crystal, front irradiation in double side readout (DSR) vs reference crystal,
side and collimated irradiation in DSR vs reference crystal, SSR of two heterostructures in coincidence with each other, DSR of
two heterostructures in coincidence with each other.

photopeak events, those showing energy sharing between the two materials. Specifically, the all photopeak
events are classified as those with a reconstructed total deposited energy between 440 keV and 665 keV. The
shared photopeak events are selected, among these, as those with reconstructed energy deposited in plastic
greater than 50 keV. The time delay between coincident detectors is recorded using the leading-edge (LED)
time pick-off method, and the CTR is determined from the Full Width at Half Maximum (FWHM) of the
time delay distribution. In the symmetric configuration, where two identical crystals are in coincidence, the
CTR is directly given by the FWHM. When measuring in coincidence with a reference detector, the CTR is
calculated by correcting the measured FWHM for the reference contribution using the formula

CTRye = \/ 2 - FWHM? = — CTRfef. In both cases, the FWHM was evaluated after applying the time walk

meas
correction based on the signal rise time (Kratochwil et al 2020, Pagano et al 2022a). Being the statistical error
on the fit and FWHM evaluation negligible, we assessed a systematic error of 3% on the CTR during the
initial validation stage of our setup and stated this finding.

3.1. Time estimators for CTR

The time delay (dt) in SSR was recorded as the time difference between the timestamps of the back SiPMs on
the two sides. In DSR, the simplest time estimator is the simple average of all the time delay measured (Seifert
and Schaart 2014, Kwon et al 2019, Weindel et al 2023). Equations (1)—(4) summarizes the way the time
delay distribution was obtained for the different configurations, where tief, fhack and ffone refer to the
timestamps of the reference detector, the back and front SiPM of the heterostructure, respectively. The
subscript 1 and 2 refer to the two heterostructures in the symmetrical configuration

AtssR = tref — thack (1)
dtDSR _ (tref - tback) + (tref - tfront) (2)

2
dtSSR,symm = tback,l - tback,Z (3)
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(tback,l - tback,Z) + (tfront,l - tfront,Z)
> .

(4)

dtDSR,symm =

Although the simple average is the simplest estimator one can choose, it is not necessarily the most
accurate. We also tested the covariance combination and two different weighted averages, which we are now
going to explain in more detail.

Because a correlation between the timestamps measured by the back- and front-SiPM could exist, we
evaluated the covariance elements (equation (5)) and the correlation coefficient (equation (6)). In case of
significant correlation, the covariance combination (equation (8)) should be used instead of the simple
average

N
1 “ A
orh = Z (t,i —to) - (1 — ) (5)
1
r=o¢p/ (0¢- op) (6)
2 2
g Ofb O, — 0
f ) b f,b
=V W= —/—mm————————————— 7
" ot +ot—2-05p ! ot +ot—2-05p ?
dtpsr,c =ty - Wp + - Wr. (8)
As time resolution scales as the inverse of the number of detected photons squared root (Sigfridsson
1967, Vinogradov 2018, Gundacker et al 2020, Pagano et al 2022b), a weighted average of the timestamps
using as weighting factors the charge collected by the corresponding SiPMs (IntChy, /¢) was also tested:
ty - IntChy, + t¢ - IntChg
dtpspwi = . )

IntChy, + IntChy

Finally, due to the direction of propagation of the y-ray, the time resolution measured by the front- and
back-SiPM is not the same. In particular, the DOI contribution is higher for the front-SiPM, resulting in a
worse temporal resolution for the latter. The weighted average using the standard deviation (o}, and o) of the
two timestamps as a weighting factor was therefore evaluated:

ty/ot + te/of

o2+ 1jo? (1o

dtpsg w2 =

3.2. DOI resolution
The estimator used for the DOI coordinate was the contrast ¢ between the integrated charge collected by the
back and front SiPM (Salvador et al 2010, Seifert and Schaart 2014):

. IntChy, — IntChy

= . 11
¢ IntChy, + IntChy (11)

For each DOI measurement, the contrast ¢ was computed on event-basis and the resulting distributions
were fitted with a Gaussian function. The mean of the Gaussian was then correlated to the nominal DOI
position, and the resulting calibration curve was used to reconstruct the DOI in millimeters. For each event,
the difference between the nominal and the reconstructed DOI was computed and the FWHM of the
resulting distribution was stated as DOI resolution of our detector unit (Pizzichemi et al 2016). This
procedure was performed both by merging all the data and for each irradiation position individually, in
order to have the overall DOI resolution of the pixel and to study any dependence of the resolution with the
DOI position itself. The reported DOI resolution does not take into account the physical size of the beam
spot (about 2 mm), because, given the results and assuming that both the intrinsic DOI resolution and the
beam spot are Gaussian contributions, the intrinsic DOI resolution is comparable to the measured FWHM
(DOl = \/ FWHM? — (spotsize)?.

The analysis was performed both for all photopeak events and distinguishing them between only BGO
(energy deposited in EJ232 less than 50 keV) and only shared photopeak events (energy deposited in EJ232
more than 50 keV) separately.

3.3. DOI-based time correction

Previous works (Pizzichemi et al 2019) showed how the DOI information can be used to improve the time
resolution. Therefore, the correlation between the center of the time delay peak with the DOI coordinate
estimator was also studied and the resulting calibration curve was then used to correct the timestamps in
similar way to that used to reconstruct the interaction position. This procedure was done separately for the
timestamps of back and front SiPMs, which were subsequently combined as described in section 3.1.
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Figure 2. Sketch of the path traveled by the detected optical photons in single- and double-sided readout.

4, Results

4.1. Single vs double-ended readout

The first advantage of DSR is the increased light collection. In crystals with high aspect ratio, the first
photons reaching the SiPM are those emitted along the two longitudinal directions. While in SSR the
photons emitted toward the opposite face to the SiPM have high probability to be absorbed, in DSR a large
part of these photons is not reflected back but directly detected, as shown in the sketch in figure 2.

Figure 3 (a) shows the comparison between the integrated charge in SSR and DSR, where one can observe
the shift of the 511 keV photopeak from 4.06 a.u. (SSR) to 5.77 a.u. (DSR).

As the CTR scales as the inverse of the square root of the light output (Sigfridsson 1967), considering the
shift of the photopeak in the integrated charge distribution we expected a CTR improvement of at least 15%
due to this effect. The CTR in SSR for all the photopeak events resulted in 262 £ 8 ps, while selecting only the
shared photopeak events (constituting the 30% of all the photopeak events) 205 + 6 ps were measured. In
DSR, by using the simple average between the timestamps of back and front SiPM (equation (1)), CTR of
174 £ 6 ps and 117 £ 5 ps were obtained for all and only shared photopeak events, respectively. Figures 3(b)
and (c) show the comparison of the time delay distribution between single and double sided readout for all
the photopeak events and for only shared ones, respectively.

The timing improvement when moving from SSR to DSR is therefore 34% for all photopeak events and
42% for only shared photopeak events, which exceeds the one predicted considering only the larger light
output in DSR compared to SSR.

No further improvement was registered when using the other time estimators described in section 3
(equations (8)—(10)). Also, a correlation factor (equation (6)) of 0.006 was found, suggesting that the back
and front timestamp are not correlated.

4.2. DOI resolution

Figure 4 (a) shows for each DOI the correlation between the integrated charge of front and back SiPMs. For
each measured DOJ, the contrast ¢ (equation (11)) was evaluated and the correlation with the nominal DOI
coordinate was studied, as shown in figures 4(b) and (c). Here, one might notice that the contrast measured
for the central DOI (0 mm) is not zero as expected. We assessed that this was caused by a small difference in
the gain of the two SiPMs and that it does not affect the results: by normalizing the charge collected for the
two SiPMs individually, the asymmetry was suppressed and the DOI resolution was the same. The contrast ¢
was found to be linear with the nominal DOI, therefore the calibration curve used to extract the DOI
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Figure 3. Comparison between single-sided readout (SSR) and double-sided readout (DSR) of (a) integrated charge in the two
configurations, (b) time delay distribution of all photopeak events and of (c) only shared photopeak events.

resolution of the pixel was simply given by
DOlcoord =m - c+q, (12)

with m and q being the slope and intercept of the fit curve.

A DOI resolution ranging between 5.86 & 0.04 mm and 7.47 £ 0.04 mm, with a variance of 0.5 mm was
measured for the individual DOI measurements. By merging all the data, a overall DOI resolution of
6.40 £ 0.04 mm FWHM was obtained. These results refer to the all photopeak events while, by distinguishing
between only BGO photopeak events and only shared photopeak events, we got a DOI resolution of
7.0 £0.5 mm and 5.7 £ 0.5 mm, respectively.

4.3. DOI-based time correction

A linear dependence of the time delay peak on the DOI coordinate for the back and front SiPM taken
individually was found (see figure 5). Similarly as before, for each event the contrast ¢ was computed together
with the corrective factor, given by

dtcorr:mt'c"_qn (13)

with m; and g; being the slope and intercept of the fit curves. The correction was then performed by
subtracting to each timestamps the corresponding corrective factor.

Table | summarizes the CTR results in front irradiation in SSR and DSR configuration, without and with
DOI correction. It can be seen the DOI-based time correction does not bring any further improvement
compared to the simple average of the back and front timestamps. This result is consistent with what is
shown in figure 5: the time delay peaks from the two individual SiPMs move linearly with the DOI estimator
¢, in equal but opposite direction, but the simple average shows no dependence on the DOI coordinate. The
simple average alone is therefore enough to suppress the DOI contribution to time resolution.
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for the average of the timestamp.

4.4. Symmetric configuration

The results showed until now refer to heterostructured pixels measured in coincidence with a (fast) reference
crystal. This configuration is widely used to reduce systematics and accurately characterize the sample under
investigation. However, it does not always provide an accurate prediction of the real timing performance of
the detector of interest. The main reason for this lies in the method used to correct the contribution of the
reference detector. By using quadratic subtraction and multiplying by /2, we are assuming the timestamps
to be distributed according to a single Gaussian. This assumption is not valid for heterostructures made of
materials characterized by light emission processes with strongly different timescales. Indeed, each event with
a given ratio of energy deposited in BGO and EJ232, gives rise to a different CTR distribution.
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Table 1. CTR results in SSR and DSR using NUV-HD SiPMs. The results are presented distinguishing between all and only shared
photopeak events. The results in DSR after applying the correction for DOI are also reported (DSR + DOI corr).

Events type SSR (ps) DSR (ps) DSR + DOI corr (ps)
All Photopeak 262+£38 174+ 6 174+6
Shared Photopeak 205+6 117£5 123£5
I het & [ Het | Eret Qo _ne
107 mmm Al Photopeak 107 mmm Al Photopeak
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Figure 6. CTR in single-sided readout (a) and double-sided readout (b) for all photopeak events and only shared photopeak events,
in symmetrical configuration.

Table 2. Comparison of CTR results in SSR and DSR when measuring in coincidence with a reference detector or in symmetric
configuration, using NUV-HD SiPM.

Events type SSR (vs reference) (ps) SSR (symm.) (ps) DSR (vs reference) (ps) DSR (symm.) (ps)
All Photopeak 262+ 38 313+9 174+6 254+38
Shared Photopeak 205+6 195+6 117 £5 138£5

Therefore, we measured also two identical heterostructures in coincidence, both in SSR and DSR.

Figure 6 shows the time delay distribution obtained in the two configurations, distinguishing between all and
only shared photopeak events. The resulting CTR values are shown in table 2, in comparison with those
obtained measuring in coincidence with a reference detector. When considering all photopeak events, the
measured CTR in symmetric configuration is significantly worse. Such CTR degradation is not observed
when selecting photopeak events which are shared photopeak events in both heterostructures simultaneously.

To gain a better understanding of the CTR distribution in heterostructures, photopeak events were
categorized based on the amount of energy deposited in EJ232. Three energy intervals were selected for each
detector: 0-50 keV, 50-250 keV, and 250-500 keV. All possible combinations of these energy intervals in both
detectors were considered (Kratochwil et al 2020). Figure 7 summarizes the CTR measured for all the
potential combinations considered is SSR (left) and DSR (right).

In SSR, the CTR of all photopeak events is 313 + 9 ps and 195 =+ 6 ps for only shared photopeak events.
When considering only the BGO photopeak events on both detector sides, the CTR increases up to
394 £ 11 ps, while if we select only the fastest events (i.e. those with more than 250 keV deposited in EJ232 on
both sides, corresponding only to the 1% of the photopeak events) it improves up to 181 = 6 ps.

Repeating the same exercise for the DSR configuration, 254 & 8 ps CTR was measured for all photopeak
events and 138 = 5 ps for only shared photopeak events (50% of the all photopeak events). In the two extreme
cases, a CTR of 386 & 11 ps was measured for only BGO photopeak events of both sides and of 107 & 5 ps for
the fastest 1% of the events.

The same measurements, i.e. two identical heterostructures in coincidence both in SSR and DSR, were
repeated using the NUV-MT SiPMs, which are expected to provide better results due to the strong
suppression of internal cross-talk (Merzi et al 2023). The results are shown in table 3, in comparison with the
results previously obtained with the NUV-HD SiPMs.

The CTR improvement in SSR is remarkable especially when considering all photopeak events, i.e. where
there is an important contribution from BGO: from 313 +9 ps (NUV-HD) to 270 + 8 ps (NUV-MT).
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Figure 7. Measured CTR in SSR (a) with NUV-HD SiPM and DSR (b) for all the potential combination of events considered.

Table 3. CTR results in SSR and DSR comparing Broadcom SiPM belonging to NUV-HD and NUV-MT technology, in symmetric
configuration.

CTR (ps) SSR CTR (ps) DSR
Events type NUV-HD NUV-MT NUV-HD NUV-MT
All Photopeak 313+9 270+ 8 254+8 239£8
Shared Photopeak 195+6 181+6 138 £5 136 +£5

Surprisingly, considering the overlap of the error intervals, no improvement was observed in DSR when
switching from NUV-HD to NUV-MT technology: from 254 + 8 ps (NUV-HD) to 239 £ 8 ps (NUV-MT).

5. Discussion and outlook

Double-sided readout allows in first instance for an increased light collection compared to the single-sided
readout configuration. This effect alone already improves the time resolution of the detector, because of the
inverse proportionality relation between time resolution and the square root of the light output (Sigfridsson
1967). The estimated CTR improvement according to the registered light output increase was of 15%.
However, when measuring in DSR and averaging the front and back timestamps, a CTR improvement
between 35% and 40% was achieved compared to SSR. Such improvement occurs because DSR also allows to
mitigate the time bias induced by the different DOIs of the incoming ~y-ray. Due to the attenuation of the
optical photons along the crystal, the back and front SiPM will detect a different amount of photons
depending on the interaction position and this asymmetry allows to retrieve the DOI information.

The time bias due to the DOI uncertainty is larger in layered pixels like heterostuctures compared to bulk
crystal (Pagano et al 2022a). Therefore, it is even more crucial to correct for this bias in heterostructures. A
recent study applying DSR (also using HF electronics) to 20 mm long LYSO fibers reported an improvement
between 10% and 13% (Weindel et al 2023).

From our results, in DSR, the simple average of the two timestamps is enough to compensate for the DOI
effect, without the need of any further correction. More refined time estimators have also been tested, but
they did not lead to further improvement. Among these we tested the covariance combination but a
correlation factor of only 0.006 was found, leading us to conclude that the timestamps measured by the back
and front SiPMs are not correlated. We explained this as an effect of light transport: although the length of
the crystal is fixed and one might expect a clear correlation between the two measured timestamps, photons
are emitted isotropically, can undergo different reflections and the resulting photon time spread causes
correlation to be lost. This effect is further enhanced in heterostructures by the layered structure.

Regarding the DOI capability, for a single heterostructure pixel a resolution of 6.40 £ 0.04 was obtained.
Assuming that the resolution does not get worse once the detector unit is integrated in a full system, it would
allow three regions to be distinguished along the crystal, making parallax error correction possible.

A more in-depth analysis of DOI resolution allowed to establish that this is superior for events depositing
energy also in EJ232. This can be attributed to the higher attenuation of EJ232 compared to BGO, because of
its partial self-absorption generating a greater asymmetry in the amount of detected photons between the
two SiPMs. Such asymmetry is the reason why with bulk crystals a superior DOI resolution is obtained with
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depolished crystals (Trummer et al 2009, Seifert and Schaart 2014, Pizzichemi et al 2016, 2019). This
information could be used for a more accurate parallax error correction in a full integrated system and/or a
more accurate DOI-based time correction in SSR configuration where the light re-circulation and light
sharing method are implemented (Pizzichemi et al 2019).

Despite the important performance advantages that can be achieved with DSR, to date it is not a
cost-effective solution as it requires doubling the readout channels. However, while work is being done to
make this technology more practical (both economically and geometrically), this study provides promising
results on the implementation of a heterostructure array, with readout in a single-sided configuration in
which the light-sharing method is applied to retrieve DOI information (Pizzichemi et al 2019).

This work also highlights the complexity of the CTR distribution when measuring two heterostructures
in coincidence because of all the possible combinations of different event types (shared events in only one,
both or none detector arm and how much energy is shared) in the two detectors. With the described events
classification, we were able to obtain 181 ps (SSR) and 107 ps (DSR) for the fastest event class. These values,
even if they refer to 1% of the events, significantly differ from the average CTR obtained when merging all
the events (313 ps in DSR and 254 ps). These results suggest that, in the reconstruction process, a unique
value to describe the CTR of a heterostructure module could not be accurate. As already proposed
(Efthimiou et al 2020, Mohr et al 2022), a multi-kernel approach, accounting for different CTR depending
on the event type, could represent a more appropriate solution. This approach needs further investigation
and the key aspects to be considered include the percentage of the fastest events and the corresponding CTR
required to achieve a meaningful improvement in image quality. The outcomes of this study could also guide
the development of the next generation of heterostructures by setting critical requirements for timing,
sensitivity, and energy-sharing fractions.

Finally, the measurements in symmetric configuration were repeated using the NUV-MT SiPM from
Broadcom, expected to provide even better timing because of the internal cross-talk suppression (Merzi et al
2023), which allows to reach larger gain and PDE. Ultimately, for a 20 mm long heterostructure, when
considering all the photopeak events, CTR of 270 & 8 ps and 239 £ 8 ps where measured in SSR and DSR,
respectively. By selecting only the shared photopeak events, these values improves up to 181 & 6 ps (SSR) and
136 + 5 ps (DSR).

Looking at table 3, one can observe that in DSR configuration no improvement is recorded when
transitioning from NUV-HD to NUV-MT SiPM. This was unexpected due to the larger PDE and more
favorable active area (3.7 x 3.6 mm? for a 3 x 3 mm? pixel cross section) of the MT SiPM. One possible
explanation is that while MT technology suppresses internal crosstalk, external crosstalk is still present and
its contribution is more important in DSR than SSR configuration. Therefore, while MT SiPMs allow
unprecedented over voltages to be achieved without being affected by internal crosstalk, the probability of
external crosstalk increases. In SSR, secondary photons (i.e. photons produced by an avalanching microcell
which are able to escape the SiPM surface) are anyway likely to be absorbed, as they would need to travel
twice the length of the pixel, whereas in DSR the probability of them being detected by the second SiPM
becomes significant. This hypothesis will need further testing and investigation to be confirmed or not, and
new measurements with bulk BGO and EJ232 pixels are already underway.

6. Conclusion

In this work, we measured 3 x 3 x 20 mm?® BGO&EJ232 heterostructure using both single-sided (SSR) and
double-sided (DSR) readout configurations. First, one heterostructures was measured in coincidence against
a fast reference detector, to better investigate the achievable improvement when transitioning from SSR to
DSR and to accurately extract the DOI information. CTR values of 262 + 8 ps (SSR) and 174 & 6 ps (DSR)
were measured when considering all the photopeak events, while 205 + 6 (SSR) and 117 £ 5 ps (DSR) CTR
were obtained for only shared photopeak events.

A DOI resolution of 6.40 £ 0.04 mm was measured for the detector under test. Assuming that similar
resolution is also maintained when integrating this detector into a complete system, three regions could be
distinguished along the crystal (being 20 mm long) and allow parallax error correction. This information was
not used to further improve the timing performances of the heterostructure, as the simple average of the
timestamps resulted enough to compensate for the DOI effect.

When measuring two heterostructures in coincidence, using the state-of-the-art NUV-MT Broadcom
SiPM, CTR values of 239 =+ 8 ps (all photopeak events) and 136 + 5 ps (shared photopeak events) were achieved
in DSR. This configuration also highlighted the complex CTR distribution in heterostructure which can be
used as input in the image reconstruction process based on multi-kernel approach.

Opverall, this study shows the enormous improvement that can be achieved in the timing performance of
heterostructured scintillators with DSR. Although DSR is not an affordable system-level solution to date, it
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provides valuable insights into the performance of the TOF-PET modules made of heterostructures in SSR,
where other techniques can be used to extract DOI information and to correct both timing and parallax error.
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