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Performance comparison of dual-ended readout depth-encoding
PET detectors based on BGO and LYSO crystals

Junwei Du, Gerard Arifio-Estrada, Xiaowei Bai, Simon R Cherry
Department of Biomedical Engineering, University of California at Davis, One Shields Avenue,
Davis, CA 95616, United States of America

Abstract

The performance of dual-ended readout depth-encoding positron emission tomography (PET)
detectors based on bismuth germanate (BGO) coupled to silicon photomultipliers (SiPM) arrays
was measured for the first time and compared to lutetium-yttrium oxyorthosilicate (LY SO)-based
detectors using the same readout. The BGO and LY SO crystal arrays all had a crystal pitch of 2.2
mm and were coupled to 8 x 8 SiPM arrays with a matching pitch of 2.2 mm, using a one-to-one
coupling configuration. Three types of crystals with Toray reflector were used: polished LY SO,
polished BGO, and unpolished BGO, and for two different crystal thicknesses of 20 mm and 30
mm. All the crystal elements in the BGO arrays were clearly resolved in the flood histogram.
Better flood histograms were obtained using the LYSO arrays for a selected crystal thickness,
and better flood histograms were obtained using the 20 mm thick crystal arrays for a selected
crystal type. The average crystal level energy resolution and timing resolution for 20 mm polished
LYSO, polished BGO and unpolished BGO crystals at their optimal SiPM bias voltage were 18.6
+1.3%and 1.19 + 0.20 ns, 17.8 £ 0.8% and 4.43 + 0.47 ns, and 18.0 £ 1.0% and 4.68 + 1.0 ns,
respectively. Depth-of-interaction (DOI) resolution of the 20 mm polished LY SO array was 2.31
+0.17 mm and for the 20 mm unpolished BGO array was 3.53 = 0.25 mm. However, polished
BGO arrays with Toray reflector did not provide DOI information. Our key conclusion is that
dual-ended readout depth-encoding 20 mm thick unpolished BGO detectors are good candidates
for low-activity PET systems with small field-of-view and low timing performance requirements,
such as preclinical or compact organ-dedicated PET systems, with the advantage over LY SO of
having no background radiation and significantly lower cost.

Keywords
PET; DOI; BGO; LYSO

1. Introduction

Lutetium oxyorthosilicate (LSO), lutetium yttrium oxyorthosilicate (LYSO) and bismuth
germanate (BGO) are the three most popular scintillators used in positron emission
tomography (PET). LSO and LYSO have similar properties, and are today the preferred
choice in state-of-the-art clinical time-of-flight (TOF) PET and pre-clinical PET scanners
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due to their high light output and fast decay time (Gundacker et al 2016, Yamamoto et

al 2016, Cherry et al 2018, Akamatsu et al 2019, Conti and Bendriem 2019, Gsell et al
2020). Compared to L(Y)SO, BGO has lower light yield and slower decay time (table 1)
(Ramirez et al 2005, de Marcillac et al 2003, Du et al 2009). However, BGO has higher
effective atomic number (Zq¢) (table 1), and 35 times lower intrinsic radiation than L(Y)SO
making it practically a background-free material (de Marcillac et al 2003, Zhang et al 2010),
and has substantially lower production cost. The higher effective atomic number leads to a
greater photoelectric cross section and increased detection efficiency of 511 keV photons,
which helps to reduce inter-crystal scatter (Shao et al 1996), especially for crystal arrays
with small crystal pitch size. Further, BGO-based PET scanners are expected to show better
performance than L(Y)SO-based scanners in ultra-low activity studies, such as cell-tracking
studies, where low radiation background is very important (Bao and Chatziioannou 2010,
Freedenberg et al 2014, Ouyang et al 2016).

Good depth-of-interaction (DOI) information for both annihilation photons is essential in
PET scanners to achieve uniform high spatial resolution across the whole field-of-view
(FOV) (Shao et al 2014, St James et al 2014). Compared to other depth-encoding methods,
such as multilayer crystals (Ito et al 2010, Gonzalez et al 2016b, Watanabe et al 2017,
Akamatsu et al 2019), custom reflector designs (Zhang et al 2016, Son et al 2017, Kuang et
al 2018, Pizzichemi et al 2019) and use of the scintillation light spread in monolithic crystals
(Gonzélez et al 2016a, Muller et al 2019), dual-ended readout using photodetectors coupled
to both ends of the crystal array can provide excellent DOI information and very high spatial
resolution at the same time (Du et al 2018, 2019b). Dual-ended readout PET detectors

based on L(Y)SO arrays with different surface treatments and different reflectors have been
extensively studied both using silicon photomultiplier (SiPM) and avalanche photodiode
(APD) as photodetectors (Ren et al 2014, Yang et al 2019). Small-animal PET scanners
with L(YY)SO-based dual-ended readout detectors have shown the spatial resolution across
the FOV can be significantly improved by using the DOI information (Shao et al 2014, Yang
et al 2016). However, to the best of our knowledge, the performance of dual-ended readout
detectors based on BGO arrays has not been yet studied.

In this paper, the performance of dual-ended readout BGO-based PET detectors using SiPM
arrays was compared to LYSO-based detectors with the same readout in terms of flood
histogram quality, energy resolution, timing resolution and DOI resolution.

Detector and readout electronics

Dual-ended readout detector

Figure 1 shows the LYSO and BGO arrays used in this study. Details of the crystal arrays are
provided in table 2. All the polished surfaces of the crystals were machine polished by the
manufacturers. All the crystal arrays were arranged in an 8 x 8 element configuration with

a pitch size of 2.2 mm, and thicknesses of 20 mm and 30 mm. Toray E60 (Toray Industries,
Inc. Japan) with a thickness of 50 um was used as the inter crystal reflector, and optical glue
OP-30 (Dymax Corporation, USA) with a thickness of 5 um was used to glue the reflector to
the crystals.

Phys Med Biol. Author manuscript; available in PMC 2022 February 03.
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S13361-2050-08 SiPM arrays (Hamamatsu Photonics K.K., Japan) were used as the
photodetectors (figure 2 (left)). The S13361-2050-08 SiPM array consisted of an 8 x 8
SiPM configuration with a pitch size of 2.2 mm. Each SiPM pixel had an active area of
2 x 2 mm? and was fabricated using 50 pm microcells. The same four SiPM arrays were
used for all the measurements. To keep the relative positions of the SiPM arrays and the
scintillator arrays fixed in relation to each other, 3D printed holders were used, as shown
in figure 2 (right). Optical grease BC-630 (Saint-Gobain Crystals, USA) was used as the
optical coupling material between the SiPM arrays and the crystal arrays.

Readout electronics

A block schematic of the readout electronics for flood histogram and timing measurements
is shown in figure 3. For each detector module, the 128 SiPM signals were amplified

individually and then reduced to eight position signals (xT, X7, Y{, YT and X3, x73,
Y¥, Y7) and one timing signal (from the sum of all the 128 amplified signals) using

custom-designed amplifier boards (Du et al 2019a). The 16 position signals of the two
detector modules were sent to a 16-channel shaping amplifier N568B (CAEN, Italy) and
digitized using a 32-channel digitizer DT5740D (CAEN) at a speed of 62.5 megasamples
per second (MSPS). The timing signals of the two detector modules were coupled to
constant fraction discriminators (CFDs) model ORTEC 584 (ORTEC, USA) to generate the
timing triggers. Each timing trigger was split into two branches, one branch was connected
to a time-to-amplitude converter (TAC) (ORTEC 584) for timing resolution measurement
and the other was connected to a coincidence module Model Phillips 768 (Phillips Scientific,
USA) to select coincidence events on-line. The output of the TAC was also digitized by the
DT 5740D digitizer, and the output of the coincidence module was used as a trigger for the
digitizer. The output of the digitizer was sent to a computer for further processing.

3. Experimental methods

3.1

A 925 kBq (25 pCi) 22Na point source with a diameter of 0.25 mm was used in all
experiments and a 350750 keV energy window was applied to each crystal to select
coincidence events. The temperature inside the experimental enclosure was monitored and
kept at 12.6 + 0.2 °C by sending cold, dry air to the box.

Flood histogram

The flood histogram, energy resolution and timing resolution were measured using two
identical detectors for each crystal material, array thickness, and polishing type. The
distance between the two detectors was 150 mm and the 22Na source was located in

the center between the two detectors. Data for the flood histogram measurement, energy
resolution and timing resolution were acquired as a function of SiPM bias voltage. The
range of bias voltages tested ranged between 53.0-58.5 V for the LY SO-based detectors and
54.0 V-58.5 V for the BGO-based detectors. The bias voltage was incremented in steps of
0.5V.

The gamma photon interaction position was calculated using the eight digitized position
signals and equation (1),

Phys Med Biol. Author manuscript; available in PMC 2022 February 03.
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where X;, X; vi, v; (=1, 2) were the four position signals from SiPMs 1 and 2 coupled
to both ends of the same crystal array.

To quantitatively compare the flood histograms obtained under different conditions, the
flood histogram quality was evaluated by a flood histogram metric &, which was described in
detail in (Du et al 2016) and was calculated using equation (2),

1 64 | 64 )
k=ai;ki, ks = @i;m—k) @

where k;j(/=1,...,64) is the flood histogram metric for each crystal across the crystal
array and calculated using the ratio of the distance to the width of the crystal spots in the
flood histogram (Du et al 2016). A was the average value of &;across all the 64 crystals in
the LYSO array and was used to measure the flood histogram quality of the detector. The
standard deviation Agq of all k;was used as the error range of & A larger value of kand a
smaller value of Agq indicate better flood histogram quality (Du et al 2016).

3.2. Energy resolution

The energy deposited by the interacting gamma photons was measured as the sum of all the
eight digitized position signals.

E=X{ +X{+Y +YT+XF + X5 +Y5 +Y;. ®)

Energy resolution values were calculated as the ratio of the full width at half maximum
(FWHM) to the centroid value of the energy spectrum, expressed as a percentage. The
FWHM and centroid values were extracted from Gaussian fits to the 511 keV photopeak of
the energy spectra. Three different energy resolutions were calculated: detector level energy
resolution, crystal level energy resolution, and crystal-depth level energy resolution.

Detector level energy resolution values were calculated using the data obtained from the
flood histograms. A detector-level energy spectrum was generated using events from all
crystals in the crystal array. One detector level energy resolution value was obtained for each
crystal array at each bias voltage.

Crystal level energy resolution values were also calculated using the data obtained from the
flood histograms. However, energy spectra were generated for each crystal after assigning
events to each crystal. At each bias voltage, 64 energy resolution values were obtained for
each crystal array. The average value and the standard deviation value of the 64 energy
resolution values of the detector were used as a measure of the detector crystal level energy
resolution.

Phys Med Biol. Author manuscript; available in PMC 2022 February 03.
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Crystal-depth level energy resolution were calculated using the data obtained from the DOI
resolution measurement and at the optimal bias voltage determined for the flood histogram,
which was 55.0 V and 57.0 V for LYSO-based and BGO-based detectors, respectively.
Energy spectra were generated for each crystal and at each depth, and energy resolution
values were also calculated for each crystal and at each depth. Eight-hundred and ninety-six
and 1792 individual energy resolution values were calculated for detectors based on 20 mm
thick crystal arrays and 30 mm thick crystal arrays, respectively. The average value and

the standard deviation value of all energy resolution values were used as a measure of the
detector-depth-level energy resolution.

3.3. Timing resolution

Data for timing resolution was obtained from the same dataset as the flood histogram
measurements (figure 3). Most of the crystal pairs from the two detectors in coincidence
registered few events, as shown in figure 4, due to the geometry of the system and the

source. Hence, only the crystal pairs of ¢} CZ5 _; were used to evaluate the timing resolution
(7= 1...64 represents the position of the crystal element in the crystal array, and ¢/ and

Cgs _ ; are the crystal elements in detectors A and B, respectively).

Timing resolution was calculated for each selected crystal pair of C,-IC%5 _ i The FWHM of

the Gaussian fit to the timing spectrum was obtained for each pair, and the average value for
all pairs was used as the measure of the timing resolution of the detector.

3.4. DOl resolution

The DOI resolution was measured using one dual-ended readout detector in coincidence
with a reference detector based on a 1 x 16 array of MicroFJ-30035 SiPMs (ON
Semiconductors, USA) and a 0.5 x 20 x 50 mm?2 LY SO slab wrapped with Teflon (Yang

et al 2019). The reference detector together with the 22Na point source were mounted on

a linear stage (model T-LSM100, Zaber Technologies, Canada). The distance of the 22Na
point source to the reference detector was 50 mm, and the distance of the 22Na point source
to dual-ended readout detector was 20 mm (Yang et al 2019).

DOI data were obtained at nine depths (from 2 to 18 mm, in 2 mm intervals) and 14

depths (from 2 mm to 28 mm, in 2 mm intervals) for the 20 mm and 30 mm crystal arrays,
respectively. The bias voltage for the reference detector, LY SO detectors, and BGO detectors
were 28.0 V, 55.0 V and 57.0 V, respectively. The bias voltage for the LYSO and BGO
detectors were set to their optimal values based on the flood histogram measurements.

The DOI information was calculated using

DOl = a2l —£2 1
SRt E T @
E =X +X{+Y+Y7 ®)
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Er=Xi+X,+Y+Y; 6)

where £; (equation 5) and £, (equation 6) were the two energies detected by the two SiPM
arrays coupled to the two ends of the crystal array and ‘a’ and ‘b’ were the fit parameters
used to model the DOI and the ratio of the two energies, respectively. Parameters ‘a’ and ‘b’
were different for each crystal array and crystal element in the same array (Du et al 2018).

The FWHM of the Gaussian fit to the DOI profile of a crystal at one depth was treated as
the DOI resolution of this crystal at this depth. The average DOI resolution value across all
depths for a given crystal was treated as the DOI resolution of this crystal, and the average
DOl resolution value across all depths and all crystals of one detector was treated as the DOI
resolution of the detector.

4. Results

4.1.

Flood histogram

The flood histograms obtained at the optimal bias voltages are shown in figure 5, and the
flood histogram quality for each detector obtained at different bias voltages are shown in
figure 6. Although the flood histograms obtained for the LY SO arrays showed better crystal
location accuracy, those obtained using the BGO arrays were able to clearly resolve all the
pixels in the array. One can see from figure 6, how the flood histogram quality obtained
using the 20 mm BGO crystals was consistently greater than that for 30 mm BGO crystals,
with the polished ones doing better than the unpolished of the same thickness.

Figure 6 (bottom) also shows that the optimal bias voltages for the detector based on the
LYSO arrays and the BGO arrays are different, 55.0 V and 57.0 V, respectively, which was
caused by the different light outputs of the LYSO and BGO crystals.

4.2. Energy resolution

The energy spectra of a corner, edge, and a center crystal in the 20 mm thick LYSO array
and the 20 mm thick unpolished BGO array are shown in figure 7. The average energy
resolution for the 511 keV photopeak across all the crystal elements (crystal level energy
resolution) obtained at different bias voltages is shown in figure 8. For a selected crystal
material, the energy resolution obtained using the 20 mm long crystals was better than that
obtained using the 30 mm long crystals, and the average energy resolution obtained using
the polished BGO arrays was better than these obtained using the unpolished BGO arrays.

Interestingly, the average energy resolution across all crystals (crystal level energy
resolution) obtained using the BGO arrays was slightly better than these obtained using
the LYSO arrays for a given crystal thickness (figure 8).

The energy spectra of a center crystal in the 20 mm thick LY SO array and the 20 mm
thick unpolished BGO array for different DOI depths are shown in figure 9. The 511 keV
photopeak positions obtained at different depths were normalized to the value obtained at
a depth of 10 mm. The average energy resolution across all crystals obtained at different

Phys Med Biol. Author manuscript; available in PMC 2022 February 03.
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depths (crystal-depth level energy resolution), and at the optimal bias voltage for each flood
histogram, are shown in figure 10. At each depth, the average energy resolution across all
crystals for the LYSO arrays was better than those obtained using the BGO arrays. The
average 511 keV photopeak positions across all crystals obtained at different depths are
shown in figure 11. The 511 keV photopeak position of the LY SO arrays showed a much
larger variation across depth than those of the BGO arrays, which agrees with the data in
figure 9 and explains why the crystal level energy resolution for LY SO was relatively poor
when depth information was not used.

4.3. Timing resolution

The timing spectra of a corner, edge, and a center crystal in the 20 mm thick LY SO arrays
and the 20 mm thick unpolished BGO arrays are shown in figure 12. The peak positions

of the timing spectra were crystal dependent. The average timing resolution across all
crystals obtained at different bias voltages are shown in figure 13. Better timing resolution
was obtained at higher bias voltages for all crystals and thicknesses. Slightly better timing
resolution was obtained using the 20 mm BGO crystals compared to the 30 mm BGO
crystals. Polished and unpolished BGO crystals showed very similar performance. The
timing resolution obtained using the LY SO arrays and the BGO arrays at their corresponding
optimal bias voltages for flood histogram were ~1.2 ns and ~5 ns, respectively.

4.4. DOl resolution

The DOI response profiles of one central selected crystal in the 20 mm and 30 mm long
crystal arrays are shown in figures 14 and 15, respectively. The response profiles for the
crystals with different thicknesses are similar. The polished LYSO array and the unpolished
BGO array showed a clear correlation between the DOI response and the DOI position, for
each dataset. The DOI resolution of the 20 mm LY SO array and the 20 mm unpolished BGO
array were 2.31 + 0.17 mm and 3.53 £ 0.25 mm, respectively. The polished BGO arrays

did not provide DOI information. Average DOI resolutions across all the crystals and all the
depths are listed in table 3, and better DOI resolution values were obtained using the LYSO
array for a selected crystal thickness.

5. Discussion and conclusions

In this study, dual-ended readout detectors based on BGO arrays with two thicknesses (20
and 30 mm) were compared to LY SO arrays with the same thicknesses. The performance

of the detectors obtained at the bias voltages that optimized their flood histograms are
summarized in table 4. The inferior performance of BGO-based detectors in terms of flood
quality and timing performance compared to LY SO-based detectors was expected due to the
lower light yield and slower scintillation properties of BGO (table 1) (Ramirez et al 2005,
Du et al 2009). However, all BGO elements were resolved clearly in the crystal array (figure
5) and the energy resolution and 511 keV photopeak positions of the BGO arrays showed
less dependence on DOI of the gamma photons (figures 9-11).

The crystal level energy resolutions were ~20-30%, which are not as good as other detectors
consisting of LYSO and BGO with similar thickness. The inferior energy resolution was

Phys Med Biol. Author manuscript; available in PMC 2022 February 03.
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caused by the dual-ended readout method and the use of the Toray reflector, which
decreased the total light collection efficiency in order to make it change with the interaction
depth (figures 9 and 10). The energy resolution can be improved significantly if it is
depth-corrected (figures 8 and 10, table 4).

The coincidence timing resolution of the BGO detectors was ~5 ns, which are similar to
that of the PETbox scanner (Zhang et al 2010), but not as good as the timing resolutions
obtained by other researchers (Szczesniak et al 2013 and Gonzalez et al 2016b), due to

the multiplexing readout method and the dual-ended readout detector design method. Better
timing resolution can be obtained by extracting the timing information from each SiPM
individually, however, the cost of the readout electronics will be increased significantly.
Cherenkov photons also have been proposed to improve the timing resolution of BGO-based
PET detectors (Brunner and Schaart 2017, Kwon et al 2019), however, due to the very

low yield of Cherenkov photons, it is difficult to design multi-channel low-noise readout
electronics to work with practical BGO-based TOF-PET detectors.

An interesting finding is that dual-ended readout detectors based on polished BGO arrays
and Toray reflector did not provide any DOI information. In contrast, our previous studies
(Du et al 2018, 2019a, 2019b), replicated again here, showed that same combination with
LYSO does provide good DOI resolution (figures 14 and 15). That difference could be
potentially explained by a combination of the greater index of refraction of BGO (2.15)
compared to LYSO (1.82) and of the polished surface treatment that makes the photons
bounce inside the crystal several times before reaching the photodetector (Janecek and
Moses 2008), thus losing their correlation with the interaction point of the gamma photon.
The DOI resolution of BGO-based detectors could likely be improved using reflectors
with higher absorption, such as black paint absorber, however, the flood histogram, energy
resolution, and timing resolution would get worse. Further studies would be needed to
confirm these hypotheses and have a better understanding of the effect of surface treatment
and reflector choice on DOI resolution with BGO crystals.

In our studies, the crystals originated from different sources and the crystal arrays were
fabricated by different manufacturers, however, we think this had a negligible effect on the
results shown in this paper. Both LYSO and BGO are mature crystals and similar crystal
polishing methods and array fabrication methods were used.

In conclusion, dual-ended readout detectors based on an unpolished BGO array with Toray
reflector are good candidates for non-TOF pre-clinical PET scanners aimed at low-activity
dynamic studies such as cell tracking (Bao and Chatziioannou 2010, Freedenberg et al 2014,
Ouyang et al 2016). Higher detection efficiency and lower cost when compared to LY SO,
also can make such BGO-based detectors an attractive option for low-cost organ-dedicated
human systems, such as brain imagers for imaging low-affinity neuroreceptor ligands, or
neuroreceptors with low density.
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Figure 1.
Picture of (from left to right) polished LY SO arrays with pixel thickness of 20 mm and 30

mm, polished BGO arrays with pixel thickness of 20 mm and 30 mm, and unpolished BGO
arrays with a thickness of 20 mm and 30 mm. The pitch sizes of the crystal arrays were all
2.2 mm.
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Figure 2.
Pictures of (left) a Hamamatsu 13361-2050-08 SiPM array mounted on a printed circuit

board and (right) a complete dual-ended readout detector assembly.
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Figure 3.

Schematic diagram of the experimental setup with readout electronics for flood histogram
and timing measurements. Detector B was replaced by a reference detector in DOI

measurement.
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Figure 4.
Example of normalized counts obtained for each crystal pair, using the detectors based on

polished BGO array with a thickness of 20 mm and a point source. The crystal pairs along
the diagonal which had significant number of events were used to calculate the coincidence
timing resolution.
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Figure5.
Flood histograms obtained using different crystal arrays.
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Figure®6.

Flood histogram quality versus bias voltage. The error bars are the standard deviation of the

flood quality metric across all crystals.
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Figure 7.

Crystal level energy spectra of three crystals, obtained using (left) LYSO array with a

1500

2000 2500 3000
Energy (ADC channel)

3500

4000

4500 5000

thickness of 20 mm and a bias voltage of 55.0 V, and (right) unpolished BGO array with a
thickness of 20 mm and a bias voltage of 57.0 V. To use the full range of the digitizer, the
gains of the signal were different for detectors based on the LY SO arrays and BGO arrays.
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Figure8.

Average crystal level energy resolution versus bias voltage. The error bars are the standard
deviation value of energy resolution across all crystals.
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Figure.

Energy spectra of a center crystal obtained at different depths for (left) LYSO array with a
thickness of 20 mm and a bias voltage of 55.0 V, and (right) unpolished BGO array with a
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thickness of 20 mm and a bias voltage of 57.0 V. The photopeak positions are normalized to

that obtained at a depth of 10 mm.
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Average crystal-depth level energy resolution versus depth. The error bars are the standard

deviation value of energy resolution across all depths.
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Figure11.

511 keV photopeak position versus depth. The photopeak position was normalized to the
value obtained at the middle of the crystal arrays. The error bars are the standard deviation
of the 511 keV photopeak positions across all crystals.
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Figure 12.
Timing spectra of three crystals, obtained using (left) LYSO array with a thickness of 20 mm

and a bias voltage of 55.0 V, and (right) unpolished BGO array with a thickness of 20 mm
and a bias voltage of 57.0 V.
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Figure 13.

Average timing resolution versus bias voltage. The error bars are the standard deviation
value of timing resolution across all crystals.
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Figure 14.

DOl response profiles of one central crystal in the 20 mm long polished LYSO array (top),
20 mm polished BGO array (bottom left) and 20 mm unpolished BGO array (bottom right).
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Figure 15.

DOl response profiles of one central crystal in the 30 mm long polished LYSO array (top),
30 mm polished BGO array (bottom left) and 30 mm unpolished BGO array (bottom right).
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Table 1.

Properties of LYSO and BGO (from Saint-Gobain 2014, 2017).

LYSO BGO
Effective atomic number (Z) 60 74
Density (g cm™3) 7.1 7.13
Attenuation length for 511 keV (cm) 1.2 1.0
Light yield (photons MeV~1) 8000-10 000 30 000
Decay time (ns) 37-45ns 300
Peak wavelength (nm) 420 480
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Crystal array origins and surface treatments.

Table 2.

Page 27

Surfacetreatmenta

Crystal source

Crystal array manufacturer

Polished LYSO arrays  All crystal surfaces polished.
Polished BGO arrays Al crystal surfaces polished.

Unpolished BGO Four lateral sides of the crystals
arrays unpolished, two ends polished.

Crystal Photonics Inc. Florida, USA

Nikolaev Institute of Inorganic
Chemistry, Novosibirsk, Russia

Shanghai Institute of Ceramics,
Shanghai, China

Crystal Photonics Inc. Florida, USA
Crystal Photonics Inc. Florida, USA

Sichuan Tianle Photonics Co., Ltd,
Sichuan, China

Al the polished surfaces were machine polished.
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Table 3.

DOl resolution for each crystal array.

Crystal array

Crystal thickness

20 mm 30 mm

Polished LYSO array
Polished BGO array
Unpolished BGO array

231+£017mm  2.95+0.32mm
No DOI No DOI
353+0.25mm 4.35+0.39 mm
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Table 4.

Performance summary of three dual-ended readout detectors.

Page 29

Polished LY SO Polished BGO Unpolished BGO
20mm 30mm 20mm 30 mm 20mm 30mm
Optimal bias voltage for flood 55.0 55.0 57.0 57.0 57.0 57.0
histogram (V)
Flood histogram quality 158+14 142+13 6.1+0.6 5005 54+05 40+0.3
Energy resolution (%) Detector 248+0.1 335+0.3 228+0.1 243+0.1 23.1+0.1 27.7+0.1
Crystal 186+13 285+24 178+08 213+0.7 180+10 238+%15
Crystal-depth 115+12 116+1.2 158+09 181+10 157+07 175+09
DOl resolution (mm) 231+0.17 295+0.32 No DOI No DOI 3.53+0.25 4.35+0.39
Timing resolution (ns) 119+0.20 1.20+0.21 443+047 524+096 468+10 537+0.73
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