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ABSTRACT

The light yield and decay constant of BGO were measured at both dry ice and liquid nitrogen temperatures using two SiPMs directly
coupled to a 6 x 6 x 6 cm? cubic BGO crystal. With the measured light yield (5.240.3 PE/keV at dry ice temperature and 10.5+0.4
PE/keV at liquid nitrogen temperature) and decay constants, potential applications of BGO in ToF-PET and SPECT were discussed.
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1. INTRODUCTION

The Bismuth Germanate (BiyGesO12, BGO in short) scintillating crystal boasts a few properties that make it great for radiation
detection in general. First, it is not hygroscopic, not fragile, hence is easy to handle. Second, it can be obtained at a reasonable
price and is among the cost-effective solutions for many applications. Third, the high density (7.13 g/cm?®) and the effective
atomic number (74) of BGO make it very effective in absorbing vy-ray radiation [1], such as the 511 keV ~-ray utilized in
positron emission tomography (PET) [2-4], the 141 keV ~-ray utilized in single photon emission computerized tomography
(SPECT) [5], or Compton-scattered y-rays from more sensitive detectors, such as high-purity germanium detectors [6, 7].
Finally, BGO also finds its applications in fundamental science research. The high atomic number of Bi leads to its high
cross-sections for neutrinos and dark matter particles coherent scatterings, which is a desirable property in detecting these rare
physics phenomena [8].

However, the intrinsic light yield (Y)) of BGO is not particularly high, only about 15-20% of that of Nal(TI). It is also a
relatively slow scintillator, the decay time (7gecay) is about 300 ns at room temperature. 4/ Y/ Tdecay 18 @ commonly used figure-
of-merit (FOM) to assess how well a scintillator can provide time information in modern PET that utilizes the time-of-flight
(ToF) technique to improve image resolution [2]. According to this FOM, Lutetium Oxyorthosilicate (Lu2SiO5:Ce, LSO in
short) and Lutetium-Yttrium Oxyorthosilicate (LYSO) are about 10 times better than BGO in the application of ToF-PET [2],
as they possess about three times higher light yields and about 10 times shorter decay times. However, L(Y)SO suffers from
intrinsic radiation and is much more costly than BGO. If there is some way to modify the light yield and decay time of BGO,
we may find a niche for BGO in medical imaging applications.

It has been observed that the light yield of BGO increases as the temperature goes down [9, 10]. At liquid nitrogen
temperature, its light yield is about five times higher than that at room temperature (left in Fig. [I). Unfortunately, its decay
time also increases as the temperature goes down [10]. At liquid nitrogen temperature, the larger decay constant is about thirty
times longer than that at room temperature (right in Fig. [I). It is hence of interest to find a temperature in between, where the
light yield is already significantly higher than that at room temperature, but the decay time has not yet become too long. The
dry ice temperature, 194.7 K, which is convenient to obtain, seems to be a reasonable choice, where the light yield is already
3 times higher than that at room temperature while the decay constant is only twice higher than that at room temperature.
Properties at 77 K are still worth probing as the light yield doesn’t change much anymore below 77 K and it is easy to get to
this temperature using liquid nitrogen. With a cryo-cooler, other temperatures can also be used. But practically, a cryo-cooler
is much more expensive than liquid nitrogen and dry ice.

Cherenkov emission is much faster than scintillation. There is an increasing interest in the ToF-PET community to utilize
it for better timing resolution (See Ref. [3] and references therein). A photo-electron created by a 511 keV gamma-ray in
BGO can create on average ~ 20 Cherenkov photons in the range of 305-750 nm in about 20 picoseconds (ps), about twice
more and faster than that of LSO [3]. If one uses the Cherenkov emission in BGO for timing information and scintillation for
energy information, the prolonged decay time of BGO after cooling becomes less a concern.

The readout of light signals at cryogenic temperatures necessitates the use of cryogenic light sensors. In recent years,
cryogenic-compatible light sensors have emerged, with silicon photomultiplier (SiPM) being one of them. SiPMs offer several
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Figure 1 Scintillation light yield (left) and decay constants (right) of BGO at various temperatures. Taken from
Ref.[10].

advantages over photomultiplier tubes (PMTs), including higher photon detection efficiency (PDE), absence of high voltage
requirements, and reduced bulkiness. One drawback of SiPMs compared to PMTs is that they have a much higher dark count
rate (DCR) than PMTs at room temperature. Fortunately, the rate drops quickly as the temperature goes down. Therefore,
exploring the combination of BGO and SiPM at cryogenic temperatures is a worthwhile endeavor. The proposed combination
also possesses a few advantages over the traditional Nal(T1l) + PMT arrays in a typical SPECT system. First, as BGO is almost
twice denser than Nal(Tl), it can be made twice thinner (about 0.3 cm) than the latter while maintaining the same absorption
efficiency for 141 keV ~-rays. This will dramatically increase the camera’s spatial resolution since less photons can be spread
out to photon sensors far away [11-14]. Second, it possesses all advantages of SiPMs over PMTs as mentioned previously.
The light yield of BGO at room temperature is only about 25% of that of Nal(Tl). However, this may be overcome by the
cryogenic operation of BGO.

This paper reports measurements of light yields and decay constants from a cubic BGO crystal directly coupled with two
SensL SiPMs at both liquid nitrogen and dry ice temperatures. The 59.5 keV y-ray peak from a 24! Am source, the 30.85 keV
X-ray peak, and the 81 keV ~-ray peak from a '*3Ba source were used for the measurements. To the authors’ knowledge,
such an operation has not yet been reported in the literature.

2. Experimental setup

The experimental setup is shown in Fig. The 6 x 6 x 6 mm?® cubic BGO crystal was purchased from https://www.x-zlab.com.
To prevent any light leakage, the side surfaces of the crystal were wrapped with multiple layers of Teflon tape. The Teflon
wrapping also randomizes the reflection direction to avoid trapping a photon in the crystal due to total internal reflection. Side
surfaces of the crystal were unpolished for the same reason. The top and bottom surfaces in direct contact with the SiPMs
were also unpolished. Light loss is likely to happen in such an interface. There is room for improvement. We are in the
process of designing new experiments with various surface conditions to investigate in detail how surface treatment affects the
light collection efficiency. The result will be published in a separate manuscript. Two MicroFJ-SMTPA-60035 SiPMs from
SensL [15] were directly coupled to the top and bottom surfaces of the crystal without optical grease, which may degrade at
cryogenic temperature. A constant bias voltage of 29 V was applied to both sensors. The two sensors were directly soldered
onto two passive boards. Detailed circuit diagrams and PCB layouts can be found in Ref. [16]. To establish optimal optical
contact without the use of optical grease, we secured the PCBs against the crystal’s end surfaces using springs. Two radioactive
sources were used separately. An 24! Am source was positioned by the side of the crystal, as shown in Fig.[2| A '33Ba source
was placed at the bottom of the cryostat, slightly further away from the crystal compared to 24! Am.

Given BGO’s non-hygroscopic nature, setups were assembled in a standard room environment. The SiPM-BGO assembly
was then lowered into a stainless steel chamber through its top opening, as illustrated in the schematic in the middle of
Fig.[2| The chamber had an inner diameter of approximately 10 cm and a length of 50 cm. Both ends of the chamber were
hermetically sealed under vacuum conditions, using two 6-inch ConFlat (CF) flanges. The bottom flange was blank and affixed
to the chamber with a copper gasket in between. For ease of access during multiple operations, the top flange was attached to
the chamber with a fluorocarbon CF gasket. The top flange featured vacuum-welded connections for five BNC, two SHV, one
19-pin electronic feedthrough, and two 1/4-inch VCR connectors.

Once all the cables were securely positioned within the chamber, the top flange was sealed. The chamber was subse-
quently evacuated using a Pfeiffer Vacuum HiCube 80 Eco pump to reach a vacuum level of approximately 1.0 x 10~* mbar.
Subsequently, it was pressurized with dry nitrogen gas to approximately 1.8 Kgf/cm? and then carefully placed into an open
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LNy dewar. The dewar was subsequently filled with either LN or dry ice to cool both the chamber and its contents.

A few Heraeus C 220 platinum resistance temperature sensors were employed to monitor the cooling process effectively.
These sensors were affixed to the side surface of the crystal, the bottom flange, and the top flange to obtain the temperature
profile of the long chamber. For data acquisition from the sensors, we utilized a Raspberry Pi 2 computer running custom
software [17]. The cooling process took about half an hour due to the small size of the crystal. Most measurements, however,
were conducted after approximately two hours of waiting to ensure the system reached thermal equilibrium. Notably, the
temperature of the crystal remained consistent before and after each measurement.

The passive boards were powered by a RIGOL DP821A DC power supply [18]. A voltage of 29 V was applied to the
SiPMs. According to their manuals, the photon detection efficiency (PDE) at this voltage is ~ 50% for MicroFJ-SMTPA-
60035 at 420 nm and room temperature. Signals were further amplified using a Phillips Scientific Quad Bipolar Amplifier
Model 771, featuring four channels, each with a gain of ten. By chaining two channels together, a maximum gain of 10x10
was employed. The amplified pulses were subsequently routed into a CAEN DT5720 waveform digitizer, with a 250 MHz
sampling rate, a dynamic range of 2 V, and a 12-bit resolution. Data recording was carried out using WaveDump [19], a free
software tool provided by CAEN. The recorded binary data files were later converted to CERN ROOT files for analysis [20].

3. Single photo-electron response

Single photo-electron (SPE) responses of individual channels were investigated by analyzing waveform data triggered by dark
counts. To filter out noisy events while still capturing the majority of SPE pulses, a threshold of 20 ADC counts was set.
Prior to the rising edge of the pulse that triggered the digitizer, some pre-traces (100 samples) were preserved to calculate the
baseline value of a waveform. This baseline value was subsequently subtracted from each sample of the waveform. The left
plot in Fig. 3] shows a random single PE waveform overlaid with the averaged SPE waveform. The averaged SPE waveform
was generated by adding 1000 SPE pulses together and then dividing the resulting summed waveform by 1000. Random
electronic noise was canceled out in the averaged SPE waveform and a stable baseline was revealed. The integration window,
[250, 600] ns, was determined based on the averaged SPE waveform.

The right plot in Fig. [3] shows the distribution of integrated pulse areas. Individual photo-electron (PE) peaks are clearly
distinguishable. The ninth peak was fitted using a Gaussian function to obtain its mean value. The same operations were
performed for all other peaks. The mean of an SPE, meanpg, is defined as the Gaussian mean divided by the number of PEs,
n. For instance, the meangpg, calculated using the ninth peak is 26971/9 = 2996 ADC counts-ns. The discrepancy of meangpg
from different peaks is within 3%. The same measurement was repeated multiple times before and after an energy calibration
measurement. The discrepancy of meangpg in multiple measurements was within 6%. which was taken as the uncertainty of
meanspg.

To summarize, meansgpg obtained from the top SiPM in the dry ice temperature runs was 2996 ADC counts-ns, and 2972
ADC counts-ns for the bottom SiPM. In general, the breakdown voltage, Vi,q, of a SiPM decreases as the temperature goes
down. As we kept the same bias voltage, Vii,s, for all measurements, the over voltage, Viver = Viias — Vbd, Was higher at lower
temperatures. This led to an increased gains of both SiPMs at liquid nitrogen temperature. Meansgpg from the top SiPM in
the liquid nitrogen temperature runs increased to 3716 ADC counts-ns, and for the bottom SiPM, it increased to 3713 ADC
counts-ns.
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Figure 3 Left: A random single photon-electron (SPE) waveform and the averaged SPE waveform meaasured with the top
SiPM at 195 K. Right: SPE distribution in logarithm scale with a Gaussian fitted to the last peak. Note: SPE responses from
other temperatures and the other SiPM are very similar.

4. Energy calibration

The energy calibration was performed using X -rays and y-rays from the ?4* Am and the '?3Ba radioactive sources individually.
The digitizer was triggered when the heights of pulses from both SiPMs were more than 100 ADC counts (~2 to 3 PEs). Pulses
induced by radiation from the source were well above the threshold. The coincident trigger rate was around 240 Hz at dry ice
temperature.

Several waveform selection criteria were applied. First, the room mean square (RMS) of the first 100 baseline samples
was calculated for each waveform. If it was more than 3.5 ADC counts, that waveform was rejected. Second, waveforms that
went beyond the digitizer’s dynamic range (region (1) in Fig. ) were rejected. Third, waveforms that had pre-pulses above
the threshold (region (2) in fig. @) was removed. Only waveforms triggered within [1450, 1460] ns were selected.

S

Height [ADC counts]

)
rp.!_ e by W

2000 4000 6000 8000 10000 12000 14000
Time [4 ns]

L1
16000

ST

Figure 4 One hundred random waveforms from the top SiPM at dry ice temperature.

At dry ice temperature, integration in [1400, 6000] ns was performed for waveforms passing all criteria. The integration
has a unit of ADC counts-ns. The resulting energy spectra of 2! Am and '**Ba are presented in Fig.[5] It seems from Fig.[4]
that tails of some pulses go beyond 6000 ns into region (3). However, the averaged waveform calculated using the 81 keV
peak (right most peak in Fig.[5) shown in the left plot in Fig.[6]in Section[6]justifies the range of integration. At liquid nitrogen
temperature, light pulses were significantly prolonged as shown in the right plot in Fig.[f] The corresponding integration range
is [1400, 12000] ns.

5. Light yield

The integrated pulse areas, A, of the selected waveforms follow the Gaussian distribution as shown in Fig.[5] In the left plot, a
Gaussian was fitted to the 59.5 keV peak from 24! Am. In the right plot, a straight line was used to characterize the background,
while two combined Gaussian functions were used to fit the 30.85 keV and 81 keV peaks from '33Ba. The fitting results were
summarized in Table [T
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Figure 5 Energy spectra of 24! Am (left) and '>Ba (right) observed from the top SiPM at dry ice temperature. Gaussian
fitting were performed for three peaks (from left to right: 59.5 keV from 24! Am, 30.85 and 81 keV from 133Ba).

The fitted means of A corresponding to the 30.85 keV, 59.5 keV and 81 keV peaks in the 24! Am and '®3Ba spectra in the
unit of ADC counts-ns were converted to the number of PE using the following formula:
_ Mean (A) [ADC counts - ns]

number of PEs = , (D
meanspg

and the light yield was calculated using the data in Table and the following formula:

number of PEs

— DUmPer of 228 2
Energy [keVee] @

light yield [PE/keVe]

Combining the results from both the top and the bottom SiPM, a light yield of 5.2 + 0.3 PE/keV,. at 81 keV was observed

at dry ice temperature, and 10.5 £+ 0.4 PE/keV.. was observed at liquid nitrogen temperature. Yields measured at different

energy points are consistent with each other within the uncertainty. However, there is a hint that the yield decreases slightly

as the energy goes down. If this is true, it could be explained by either the observed non-linear energy response of BGO [21,

22], or the fact that lower energy photons cannot penetrate deep into the crystal, they produce scintillation light much closer

to the rough surface of the crystal, and the produced scintillation light has higher chance to be trapped or absorbed by surface
defects.

Table 1 Light yield obtained at dry ice temperature from the top SiPM.

Type of  Source Energy  Mean (A) Sigma FWHM Lightyield Uncertainty

radiation [keV] [ADC-ns] [ADC:ns] % [PE/keVe] [PE/keVee]l
v-ray  Ba-133 30.85 208629 42539 48 2.3 + 0.1
y-ray Am-241 59.5 428144 61405 34 2.4 + 0.1
~v-ray  Ba-133 81 608311 81708 32 2.5 +0.2

Table 2 Light yield obtained at dry ice temperature from the bottom SiPM.

Type of  Source Energy  Mean (A) Sigma FWHM Lightyield Uncertainty

radiation [keV] [ADC-ns] [ADC:-ns] % [PE/keVe.] [PE/keVee]
y-ray Ba-133 30.85 231940 45189 46 2.5 + 0.1
y-ray Am-241 59.5 427219 62083 34 2.4 + 0.1
y-ray Ba-133 81 657506 91739 33 2.7 +0.2

6. Decay constant

The decay constants of BGO at dry ice (195 K) and liquid nitrogen (77 K) temperatures were obtained by fitting exponential
functions to the averaged waveforms in the 81 keV peak. The process of generating an averaged waveform is explained using
the data from the top SiPM at 195 K. First, waveforms that have a pulse area in [550,000, 650,000] ADC counts-ns were
selected (less than 10 around the mean of the 81 keV peak shown in Fig.[5). Second, the selected waveforms were summed.
Third, the summed waveform was divided by the total number of selected waveforms to obtained the averaged waveform,
which is shown in the left plot in Fig.[6] The averaged waveform at liquid nitrogen temperature is shown in the right plot.
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Table 3 Light yield obtained at liquid nitrogen temperature from the top SiPM.

Type of  Source Energy Mean (A) Sigma FWHM Light yield Uncertainty

radiation [keV]  [ADC-ns]  [ADC-ns] % [PE/keVee] [PE/keVee]
y-ray  Ba-133 30.85 477785 131485 65 4.2 +0.2
y-ray  Am-241 59.5 1095347 166360 36 5.0 +03
y-ray  Ba-133 81 1515401 195567 30 5.0 +0.3

Table 4 Light yield obtained at liquid nitrogen temperature from the bottom SiPM.

Type of  Source Energy Mean (A) Sigma FWHM Light yield Uncertainty

radiation [keV] [ADC:-ns] [ADC ns] % [PE/keVe.] [PE/keVee]
y-ray Ba-133 30.85 549115 117970 51 4.8 +03
y-ray Am-241 59.5 1166037 173975 35 5.3 + 0.3
y-ray Ba-133 81 1655799 222286 32 5.5 +0.3

As mentioned in the introduction, the decay time of scintillation emission in BGO increases dramatically as the temperature
goes down. This demands different ranges for analysis at different temperatures. At dry ice temperature, the selected range
for analysis is [1600, 5000] x4 ns, while at liquid nitrogen temperature, the selected range is [1600, 12000] x4 ns. Note that at
dry ice temperature a single exponential decay function can describe the averaged waveform in the analysis range very well,
while at liquid nitrogen temperature a fast and a slow exponential decay must be used to describe the average waveform in the
selected range. The corresponding fitting functions and results are shown in Fig.[6] A single decay constant, 442 x 4 = 1768
ns, was observed at 195 K. A fast decay constant, 748 x 4 = 2992 ns, and a slow decay constant, 2253 x 4 = 9012 ns, were
observed at 77 K. The observed upward trend in the decay constant with the decreasing temperature in BGO is consistent with
the literature [10].

71200 ¥2/ ndf 4532.13/3399 | g E ¥/ ndf 10278.35 /10397
g L N 107657 £0.33 | § - N 0.34 £0.00
5 L T 44189 020 | § 800 Trast 74774 +4.47
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Figure 6 Averaged 81 keV waveforms at dry ice temperature (left) and liquid nitrogen temperature (right).

7. Discussion

Using the measured light yields and decay constants, FOM of BGO for ToF-PET can be calculated. Note that the light yield
defined in Section [5]is the yield of the whole detector system, not the intrinsic yield of the crystal. Since the latter is used to
calculate the FOM in the literature [2], the following equation was used to convert the system yield to the intrinsic yield for
easy comparison:

intrinsic light yield = (system light yield)/(PDE of SiPM)/(light collection efficiency)/(cross talk correction) 3)

According to the SiPM manual from the manufacturer [23], the PDE at 480 nm (peak scintillation wavelengh of BGO)
is about 45%. The light collection efficiency from our Geant4 optical simulation is about 80%. Optical cross talks between
neighboring cells within a SiPM or between two face-to-face SiPMs increases the number of observed photon-electrons ar-
tificially [24-27]. This effect must be corrected. According to Ref. [27], the breakdown voltage of the SiPMs used in this
measurement is about 21 V. Biased at 29 V, both SiPMs were operated with a breakdown voltage of about 8 V. The num-
ber of detected photoelectrons should be doubled due to cross talk [26]. The cross talk correction should hence be around
200%. The intrinsic light yield is then 5.2/45%/80%/200%~7 photons/keV (or 7,000 photons/MeV) at dry ice tempera-
ture, and 10.3/45%/80%/200%~14.5 photons/keV (or 14,500 photons/MeV) at liquid nitrogen temperature. The FOM is



185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

K. Ding, et al.
Contributions to Modern and Applied Physics 1(1), 1-8 © 2024 7

then 4/7000/1768 = 2.0/+/MeV - ns at dry ice temperature, and 1/14500/2992 = 2.2/+/MeV - ns (fast decay constant),
4/14500/9012 = 1.3/+/MeV - ns (slow decay constant) at liquid nitrogen temperature. They are about 10 times smaller than
the typical FOM for LYSO/LSO crystals (27-32 /+/MeV - ns [2]). The light yield of cooled BGO is compatible to that of
LYSO/LSO. However, the significantly prolonged decay constant of cooled BGO cancels out all the benefit from the increased
light yield.

One potential solution is to use the Cherenkov radiation emitted by photo-electrons created by incident v-rays to obtain
ToF and to use the scintillation light for energy information. The Cherenkov radiation in BGO is emitted within 30 ps [3]. The
FOM calculated using this number is 1/14500/0.03 = 695/+/MeV - ns, more than 20 times better than that of LYSO/LSO.
Cherenkov photons are emitted from electrons moving fast than the speed of light in BGO. The differential Cherenkov photon
yield can be calculated based on the Frank-Tamm formula [28],

2
L (.- "
ded\ N2 n2(\)s?

where, z is the electron track length, \ is the wavelength of the emitted photons, both have the unit of meter, @ =~ 1/137

is the fine-structure constant, 5 = v/c, and v is the speed of electron, n is the refraction index of the medium, which is a

function of A. It shows in the formula that the larger the refractive index n is, the more Cherenkov photons can be emitted.

The refractive index of BGO is 2.39 at 310 nm and 2.2 at 420 nm, much higher than LSO, which is 1.83 at 420 nm. The

Cherenkov light yield for 511 keV photons commonly used in a PET is about 20 photons (305-750 nm) for BGO and only 9

photons (390-750 nm) for LSO [3]. Some experimental investigation has shown the possibility to detect Cherenkov light in

BGO [3]. The authors plan to try it with cooled SiPMs and that effort will be covered in a separate publication.

The combination of cooled BGO + SiPM light readout also exhibits some great properties as the Anger Camera for a

SPECT system, such as a light yield that is compatible to that of Nal(TI) and a better spatial resolution, etc. The prolonged

decay time is less a concern in a SPECT system as the time information is not utilized there.

8. Conclusion

The light yield and decay constant of BGO were measured at both dry ice and liquid nitrogen temperatures using two SiPMs
directly coupled to a 6 x 6 x 6 cm? cubic BGO crystal. With the measured light yield (5.240.3 PE/keV at dry ice temperature
and 10.5 4+ 0.4 PE/keV at liquid nitrogen temperature) and decay constants, potential applications of BGO in ToF-PET and
SPECT were discussed. The increased light yield is very beneficial for both applications. The prolonged decay time is less a
concern in SPECT and may be overcome by using Cheronkov radiation instead in a ToF-PET system.
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