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Abstract

In this paper, the performance of two dual-ended readout PET detectors based on 15 × 15 BGO 

arrays were compared. The crystal elements of one BGO array have polished lateral surfaces, 

while the crystal elements of the other BGO array have unpolished lateral surfaces. The two ends 

of the BGO elements are polished. The two BGO arrays both have a pitch size of 1.6 mm and 

thickness of 20 mm, and BaSO4 with a thickness of 80 μm was used as the reflector. Hamamatsu 

S14161-0305-08 SiPM arrays were used as photodetectors. All the measurements were performed 

at a bias voltage of 41.0 V and a temperature of 23.5 °C. The flood histograms show that all 

the crystal elements in the two BGO arrays were clearly resolved. The detector based on the 

BGO array with polished lateral surfaces provides an energy resolution of 16.9 ± 1.3%, timing 

resolution of 3.2 ± 0.2 ns, and DOI resolution of 18.4 ± 2.2 mm. In comparison, the detector based 

on the BGO array with unpolished lateral surfaces provides an energy resolution of 17.7 ± 2.0%, 

timing resolution of 3.5 ± 0.3 ns, and DOI resolution of 3.2 ± 0.2 mm.

Index Terms—

PET; DOI; BGO

I. Introduction

Small animal positron emission tomography (PET) has been widely used as a powerful tool 

for preclinical studies to image a wide range of biological processes in vivo since it was first 

developed in the 1990s [1]–[4]. Most of the currently available small animal PET scanners 

are based on lutetium oxyorthosilicate (LSO) or lutetium yttrium oxyorthosilicate (LYSO) 

[4]–[6], due to their high light yield, high stopping power, and fast decay time [7]. However, 

one of the drawbacks of lutetium-based crystals is the background radiation caused by 
17Lu, which limits small animal PET scanners for low-dose applications [8], [9]. Bismuth 

germanate (BGO), which has much lower background radiation, higher stopping power, and 

lower cost than these of lutetium-based crystals [10], is a promising candidate for building 

low-cost total-body small animal PET scanners with long axial field-of-view (FOV).
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Detectors with depth-of-interaction (DOI) information are essential to building small animal 

PET scanners with uniform resolution across the FOV [6], [11], [12]. Different DOI detector 

design methods have been proposed, such as multi-layer crystals [13], [14], crystal arrays 

with specially designed reflectors or crystal geometry [15]–[21], and dual-ended readout 

method [22]–[24]. Compared to other methods, the dual-ended readout detectors can provide 

better performance [25], [26]. Dual-ended readout detectors based on LYSO or LSO crystals 

have been well studied by optimizing the surface treatment, the reflector, and the coupling 

method between the reflector and the crystal [24], [27], [28]. However, until recently, 

dual-ended readout detectors based on BGO crystals and Toray reflector were investigated 

by ourselves using 8 × 8 BGO arrays with a pitch size of 2.2 mm coupled to SiPM arrays 

with the same pitch size [29]. Our results, replicated here briefly, showed that 1) dual-ended 

readout detectors based on polished BGO arrays and Toray reflector did not provide any 

DOI information. In contrast, polished LYSO arrays and Toray reflector do provide good 

DOI resolution, and 2) dual-ended readout detectors based on unpolished BGO arrays and 

Toray reflector provided good DOI information.

To further investigate and optimize BGO based dual-ended readout detectors, in this paper, 

the performance in term of flood histogram, energy resolution, timing resolution, and DOI 

resolution of two dual-ended readout detectors based on barium sulfate (BaSO4) reflector 

and BGO arrays with polished and unpolished lateral surfaces were evaluated and compared. 

For the unpolished surfaces, after the crystals were cut using a saw, no more surfaces 

treatments were done.

II. Materials and Methods

A. Dual-ended readout detectors

Figure 1 shows the two 15 × 15 arrays of 1.52 × 1.52 × 20 mm3 BGOs with polished lateral 

surfaces (Fig. 1 (left)) and unpolished lateral surfaces (Fig. 1 (right), which were named as 

polished BGO array and unpolished BGO array in this paper, respectively. The two ends of 

the BGO elements are polished. The two BGO arrays’ pitch sizes are both 1.6 mm. BaSO4 

with a thickness of 80 μm was used as the inter-crystal reflector. The BGO material was 

grown by Shanghai Institute of Ceramics, Chinese Academy of Sciences (SICCAS), China, 

and the BGO arrays were fabricated by Sichuan Tianle Photonics Co., Ltd., China.

Two Hamamatsu SiPM arrays, S14161-0305-08s (Hamamatsu Photonics K.K., Japan), were 

used as photodetectors, which were coupled to both ends of the BGO arrays to construct 

the dual-ended readout detectors. Each S14161-0305-08 SiPM array has 8 × 8 SiPMs and 

a pitch size of 3.2 mm, and each SiPM pixel has an active area of 3.0 × 3.0 mm2. The 

BGO arrays were coupled to the center of the SiPM arrays using optical grease BC-631 

(Saint-Gobain S.A., France).

B. Readout electronics

The schematic of the readout electronics is shown in Fig. 2. Each detector module with two 

SiPM arrays has 128 SiPMs, and each SiPM has one anode and one cathode. To simplify the 

readout electronics, one common bias voltage was applied to the 128 anodes of SiPMs, and 
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the SiPM signals were extracted from the cathodes of SiPMs. For each SiPM array, the 64 

SiPM signals were amplified individually and then summed according to row and column, 

generating 8 row-signals and 8 column-signals [30], [31]. A position encoding circuit was 

used to encoding the row and column signals, which reduces the 8 row-signals and 8 

column-signals to 4 position signals (X+, X−, Y+, and Y−) [30], [31]. For one dual-ended 

readout detector with two SiPM arrays, it has 8 position signals and one timing signal. The 

timing signal is the sum of the 16 row-signals and the 16 column-signals of the two SiPM 

arrays.

The 8 position signals were digitized using a digitizer CAEN DT5740D (CAEN S.p.A., 

Italy) at a speed of 62.5 mega samples per second (MSPS). The timing signals of the 

dual-ended readout detector and the reference detector were both sent to constant fraction 

discriminators (CFDs, model 584, ORTEC, USA) for time pick-off, which were used as the 

start and stop signals of a time-to-amplitude converter (TAC, model 566, ORTEC, USA), 

respectively. The output of the TAC was also digitized by the digitizer DT5740D.

C. Experimental methods

All the experiments were performed using a 22Na source with an active diameter of 0.25 

mm and an activity of 50 μCi (model MMS06–022, Eckert & Ziegler Isotope Products, 

USA). The 22Na was sealed in an epoxy capsule with a diameter of 25.4 mm and thickness 

of 6.1 mm. The dual-ended readout detector and the position encoding board were located 

in a light-tight enclosure, and the temperature inside the enclosure was maintained to be 

23.5 ± 0.2 °C by blowing cool-dry air into the enclosure using an FTS XR AirJet Sample 

Cooler (model XR 401, SP Industries, Inc., USA). The temperature inside the enclosure 

was monitored using a thermocouple thermometer (model DIGI-SENSE WD-60010–10, 

Cole-Parmer Instrument Company, USA).

The bias voltage applied to the SiPM arrays was 41.0 V to obtain better flood histograms 

[31], and a 350–750 energy window was applied to each crystal to select events.

1) Flood histogram—The flood histogram data and the timing resolution data were 

acquired simultaneously using a reference detector consists of a polished LYSO cylinder 

with a diameter of 20 mm and thickness of 5 mm coupled to a Hamamatsu PMT R13349 

(Hamamatsu Photonics K.K., Japan). The LYSO cylinder was wrapped with 6 layers of 

Teflon to maximum the light output. The distance between the reference detector and the 
22Na source was 3 cm, and the distance between the source and the dual-ended readout 

detector was 15 cm [32], [33]. For each measurement, 20 M events were acquired for further 

processing.

The gamma photon interaction positions (x, y) were calculated using the following formula:
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− + Y front
+ + Y front

−
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+ + Xrear

− + Y rear
+ + Y rear

− (2)

where Xfront
+ , Xfront

−  , Y front
+ , and Y front

−  were the four position signals of the SiPM array 

couple to the front end of the BGO array (closed to the 22Na source), and Xrear
+ , Xrear

−  , Y rear
+

and Y rear
−  were the four position signals of the SiPM array coupled to the rear end of the 

BGO array (far from the 22Na source). Efront and Erear were the total energies detected by the 

two SiPM arrays coupled to the front and rear ends of the BGO array, respectively.

2) Energy resolution and 511 keV photopeak position—The energy resolution 

was calculated using the data obtained for the flood histograms. The energy spectrum was 

extracted for each crystal after using a crystal look-up table to assign events to each crystal. 

The center of a Gaussian fit to the 511 keV photopeak was used as the 511 keV photopeak 

position. The energy resolution was the ratio of the FWHM of the Gaussian fit to the 511 

keV photopeak position. The average value and the standard deviation value of the energy 

resolution across the BGO array were used as a measure of the energy resolution of the 

detector.

3) Timing resolution—The timing resolution was also calculated for each crystal. The 

FWHM of a Gaussian fit to the timing spectrum was used as the timing resolution of that 

crystal. The average value and the standard deviation value of the timing resolution across 

the BGO array were used as a measure of the timing resolution of the detector. The timing 

resolution of two identical reference detectors was 200 ± 10 ps.

4) DOI resolution—The DOI resolution data were acquired at 9 depths (from 2 mm 

to 18 mm, with 2 mm intervals) using a reference detector consists of a Hamamatsu PMT 

R13349 coupled to a 0.5 × 20 ×20 mm3 polished LYSO slab [22], [23]. The LYSO slab 

was wrapped with 5 layers of Teflon to maximum the light output. The distance between 

the reference detector and the 22Na source, and the distance between the source and the 

dual-ended readout detector were both 10 cm (Fig.3 (top)). At each depth, 2 M events were 

acquired for further processing. The DOI information was calculated using

DOI = aEfront − Erear
Efront + Erear

+ b (3)
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where Efront and Erear (equation 2) were the two energies detected by the two SiPM arrays 

coupled to the front end and rear end of the BGO array, respectively. Parameters ‘a’ and ‘b’ 

were the fit parameters used to model the DOI and the ratio of the two energies, respectively 

[29].

Due to the dual-ended readout detector was irradiated from one side using a reference 

detector (Fig.3 (top)) [33], only part of the crystals in the BGO array was irradiated and 

received sufficient counts for analysis, as shown in Fig. 3 (bottom). The 60 BGO crystals 

shown in the white rectangle were used as representatives to measure the DOI resolution of 

the detector, which was quantified as the FWHM of a Gaussian fit to the DOI distribution.

III. Results

A. Flood histogram

Figure 4 shows the flood histograms of the two detectors. All the crystal elements in the 

two BGO arrays were clearly resolved. The flood histogram qualities, which were calculated 

using the ratio of the distances to widths of the crystals spots [34], are 2.68 ± 0.24, and 2.65 

± 0.35 for detectors based on the polished BGO array (Fig. 4 (left)) and the unpolished BGO 

array (Fig. 4 (right)), respectively.

Figure 5 shows the position profiles of the 7th crystal columns of the two BGO arrays, which 

were obtained from the flood histograms shown in Fig. 4. The peak-to-valley ratios of the 

position profiles were 6.3 ± 1.1 and 5.7 ± 1.2 for detectors based on the polished BGO array 

and the unpolished BGO array, respectively.

B. Energy resolution

The 511 keV photopeak position and the energy resolution for each crystal are shown in 

Figs. 6 and 7, respectively. The 511 keV photopeak position and the energy resolution of 

the edge BGO elements are worse than those of the center BGO elements, respectively, due 

to the scintillation photons escaping the edge crystals could not be collected by the SiPM 

arrays, which is a common phenomenon in PET detectors [17], [22].

The average 511 keV photopeak positions across the BGO arrays are 5530 ± 407 and 5392 ± 

461 ADC channels for the detectors based on the polished BGO array and unpolished BGO 

array, respectively. The average energy resolutions are 16.9 ± 1.3% and 17.7 ± 2.0% for the 

detectors based on the polished BGO array and unpolished BGO array, respectively.

Figure 8 shows the 511 keV photopeak position and the energy resolution obtained at 

different depths, which were obtained using the data for the flood histogram. The 511 keV 

photopeak position of the detector based on the polished BGO array does not change with 

the DOI, while higher values of the 511 keV photopeak position were obtained at depths 

close to the two ends of the unpolished BGO array, which was caused by the loss of part 

of the scintillation photons to enhance DOI resolution before those scintillation photons 

reached the SiPM arrays [33]. The energy resolutions of both detectors obtained at different 

depths were similar (Fig. 8 (bottom)). The average energy resolutions across all depths and 
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crystals are 16.7 ± 1.3% and 16.8 ± 1.9% for the detectors based on the polished BGO array 

and the unpolished BGO array, respectively [33].

C. Timing resolution

Figure 9 shows the timing resolution for each crystal of the two BGO arrays. The average 

timing resolutions across the polished BGO array and the unpolished BGO array are 3.2 ± 

0.2 ns and 3.5 ± 0.3 ns, respectively.

The average timing resolutions across all crystals obtained at different depths are shown in 

Fig. 10. The average timing resolutions of the detectors based on the polished BGO array 

does not change with DOI, while, slightly better timing resolutions were obtained at the two 

ends of the detector based on the unpolished BGO array, which corresponds to the 511 keV 

photopeak position shown in Fig. 8 (top). The average timing resolutions across all crystals 

and all depths for the detectors based on the polished BGO array and the unpolished BGO 

array are 3.2 ± 0.2 ns and 3.4 ± 0.2 ns, respectively [33].

D. DOI resolution

Figure 11 shows the DOI response for each crystal of the two detectors, and figure 12 shows 

the distribution of the DOI resolutions obtained for each crystal and at different depths. The 

average DOI resolutions across the 9 depths and the selected 60 crystals are 18.4 ± 2.2 mm 

and 3.2 ± 0.2 mm for the detectors based on the polished BGO array and the unpolished 

BGO array, respectively.

IV. Discussion and Conclusion

In this study, for the first time, the performances in terms of flood histogram, energy 

resolution, timing resolution, and DOI resolution of dual-ended readout detectors based on 

BGO arrays with different lateral surface treatments and BaSO4 reflector were evaluated and 

compared. The flood histogram, energy resolution, and timing resolution of the polished 

BGO array are slightly better than these of the unpolished BGO array, however, the 

discrepancies are very small. However, a much better DOI resolution was obtained using 

the unpolished BGO array.

The flood histograms (Figs. 4 and 5) show that BGO arrays with a pitch size of 1.6 mm can 

be clearly resolved using SiPM arrays with a pitch size of 3.2 mm. The flood histograms 

also show that BGO arrays with smaller pitch sizes can be resolved. We will investigate 

the performance of detectors based on BGO arrays with a pitch size of ~1.0 mm for 

high-resolution small animal PET applications.

The energy resolutions are ~ 17 % for the two detectors. The energy resolution was not 

significantly affected by the DOI (Fig. 8 (bottom)). The obtained energy resolution is similar 

to these of dual-ended readout DOI encoding detectors based on LYSO/LSO arrays and 

Toray/ESR reflector [23], [31], but not as good as these of dual-ended readout DOI encoding 

detectors based on LYSO/LSO arrays and BaSO4 reflector [35].
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The timing resolutions of the two detectors were measured using a PMT based reference 

detector. The timing resolutions were also not significantly affected by the DOI (Fig. 10), 

which are ~3.2 ns and ~3.4 ns for detectors based on the polished BGO array and the 

unpolished BGO array, respectively. The estimated coincidence timing resolutions of two 

identical BGO arrays based detectors are ~ 5 ns, which is similar to other BGO based 

detectors with similar readout and crystal thicknesses [29], [36].

The DOI resolution of the detector based on the unpolished BGO array is 3.2 ± 0.2 mm, 

which is quite good and comparable to these of the dual-ended readout detectors based on 

polished LYSO arrays with a similar thickness [35], [37]. However, the DOI resolution of 

the detector based on the polished BGO array is 18.4 ± 2.2 mm, which is non-useful for 20 

mm thick BGO arrays.

A signal multiplexing readout was used to reduce the 128 SiPM signals to 9 signals (8 for 

position information and 1 for timing information) to simplify the readout electronics. We 

anticipate that better performance, especially better flood histogram and timing resolution, 

can be obtained by reading out each SiPM individually [38]. However, the complexity and 

cost of the readout electronics will be significantly increased.

In conclusion, dual-ended readout detectors based on BGO arrays with unpolished lateral 

surfaces and BaSO4 reflector can provide good flood histogram, energy resolution, timing 

resolution, and DOI resolution. They are good candidates for low-cost small-animal PET 

scanners and organ-dedicated scanners (such as brain PET scanners) aimed for low-activity 

studies [39], [40].
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Fig. 1. 
Photographs of (left) the polished BGO array and (right) the unpolished BGO array.
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Fig. 2. 
Schematic of the readout electronics for flood histogram and timing measurements. During 

the DOI resolution measurement, the dual-ended readout detector was irradiated from one 

side using a reference detector based on Hamamatsu PMT R13349 and a 0.5 × 20 × 20 mm3 

LYSO slab (Fig. 3 (top)).
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Fig. 3. 
(top) diagram of the DOI setup, and (bottom) flood histogram obtained during DOI 

resolution measurements. The 6 × 10 crystals in the white rectangle were used as 

representative crystals to measure the DOI resolution of the detector.
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Fig. 4. 
Flood histograms of the detectors based on (left) the polished BGO array and (right) the 

unpolished BGO array. The yellow arrows indicate the 7th crystal columns used in Fig. 5.

Du Page 14

IEEE Trans Radiat Plasma Med Sci. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Position profiles of the 7th crystal column, which were obtained from the flood histogram 

shown in Fig. 4. The 7th crystal columns were registered from left as indicated by the yellow 

arrows in Fig.4
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Fig. 6. 
The 511 keV photopeak position for each crystal of (left) the polished BGO array and (right) 

the unpolished BGO array. The units of the color bars are in ADC channels.
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Fig. 7. 
The energy resolution for each crystal of (left) the polished BGO array and (right) the 

unpolished BGO array.
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Fig. 8. 
(top) The average 511 keV photopeak position and (bottom) the average energy resolution 

versus depth. Each layer has a thickness of 2.5 mm. The error bars are the standard deviation 

of the 511 keV photopeak position (P.P.) (top figure) or the energy resolution (bottom figure) 

across all crystals. Data for flood histogram was used.
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Fig. 9. 
Timing resolutions for each crystal of (left) the polished BGO array and (right) the 

unpolished BGO array.
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Fig. 10. 
Average timing resolutions versus depth. The error bars are the standard deviation values of 

the timing resolution across the BGO arrays. Data for flood histogram was used.
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Fig. 11. 
DOI response for each of the selected crystals of (top) the polished BGO array and (bottom) 

the unpolished BGO array.
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Fig. 12. 
Distribution of the DOI resolution across the selected 60 crystals and the 9 depths of (top) 

the polished BGO array and (bottom) the unpolished BGO array.
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