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Abstract

BGO is expected to be plausible devices for soft gamma-ray detectors, because of
a high detection efficiency for soft gamma-rays. Here we report on the good per-
formance of BGO readout with PIN-photodiode or avalanche photodiode as a soft
gamma-ray detector. We confirmed that the signal output of BGO becomes compa-
rable to that of GSO when it is readout with photodiodes due to better matching
between emission wavelength of BGO and quantum efficiency of photodiode. The
energy resolution of 6.2% and 3.4% for 662 keV and 1836 keV, respectively, gamma-
rays at -30 °C' is obtained with the combination of the 5 x 5 x 5 mm? cube BGO
and the Hamamatsu avalanche photodiode (APD) S8664-55. In this combination,
the lowest detectable energy is found to be ~10 keV. These performances are bet-
ter than that obtained with Photomultiplier tube (PMT), and our results increase
many possible applications of BGO readout with photodiodes as soft gamma-ray
detectors.
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1 Introduction

Bismuth Germanate BiyGe3zO15 (BGO) crystal scintillator has been taken at-
tention in terms of its high stopping power for soft gamma-rays (table 1).
Therefore, BGO enables us to construct a detector with lower weight, which
are essential for the developments of gamma-ray detector in space. Non-
deliquescence and good light-output linearity of BGO are also advantageous.
However, its scintillation light yield is known to be only ~10-15% of Nal. Al-
ternatively, GdySiO5 (Ce) (GSO) scintillators which has a higher light yield,
40% of Nal [1], are often used as a main sensor since GSO has somewhat a
smaller effective atomic number than BGO but higher than low-Z popular
crystals such as Nal or Csl. BGO has been primarily used as an active shield,
because a large volume of a single BGO crystal is available. For example, a
phoswich counter consisting of GSO and BGO are applied in the astrophysical
soft gamma-ray detector onboard the Astro-E2 satellite [2][3].

For soft gamma-ray detection, BGO is usually readout by the photo-multiplier
tube (PMT) because of its low light yield. The peak wavelength of BGO scin-
tillation light is around 480 nm, and it does not match well the PMT sensitive
peak around 400 nm. PMT has a low quantum efficiency of at most 20-25%
even at the peak sensitivity, and thus a large portion of BGO scintillation
light is thought to be lost. On the other hand, Silicon PIN Photodiode (PD)
has a high quantum efficiency of ~80% above > 400 nm, but a small signal
output of PD combined with scintillators limited the application due to low
signal-to-noise (S/N) ratio. The combination of CsI+PD is known to be a good
combination because longer wavelength and higher light yield of Csl scintilla-
tion helps to generate high signal output and improve S/N ratio of PD signal.
The low signal-to-noise ratio of photodiodes is thought to be compensated by
avalanche photodiodes (APD), where the signal is amplified by avalanche with
a gain of 10-100. However, for a long time, a small entrance window and a
large dark-current of APD have hindered the readout of scintillators for soft
gamma-rays.

Recently, improved silicon-process technology enables us to use PD and APD
with low noise and large size for soft gamma-ray detectors combined with scin-
tillators. For example, Kamae et al. [1] showed that the GSO readout with PD
gives energy resolution comparable to or better than the Nal(T1). Good per-
formance of large-area avalanche photodiodes is also reported by Moszyniski et
al. (e.g. [4]) and Tkagawa et al. [5] for APDs produced by Advanced Photonix,
Inc. (API) and Hamamatsu Photonics (HPK), respectively. Moszyriski et al.
[6] reported a good energy resolution of 5.8% at 662 keV for BGO readout
with APD at about 100 K. This is mainly due to 3 times larger light output
of BGO than that at room temperature.



Following these results, BGO scintillator readout with photodiodes becomes a
possible excellent detector of soft gamma-rays at a mildly cooled environment,
such as cosmic gamma-ray detectors onboard the satellite. Below a gamma-ray
energy of 500 keV, CdTe and CdZnTe semi-conductor devices have become
a good candidate of detectors because of its superior energy resolution (e.g.
[7]), while BGO is still necessary for detection of higher-energy gamma-rays
or active shield. Previous studies on the BGO scintillator reported that the
number of photoelectrons in the PMT and PD is 980 MeV~! and 47505300
MeV ™!, respectively, at the room temperature [8]. These values are very small
compared with 3840 MeV~! and 37000 MeV~! of Csl. The energy resolution
of BGO in Moszynski et al. [10] is 10.2% and 7.8% at 662 keV for the readout
with PMT and APD, respectively. However, PMT energy resolution of 10.2%
is too bad for the size of $9 x 9 in mm; even a large size BGO for the Astro-
E2 Hard X-ray detector with a size of ~ 60 x 60 x 60 mm gives an energy
resolution of ~10% at 662 keV (HXD team internal report). Therefore, their
BGO crystal may be of low quality. It should be noticed that, at the lower
temperature, dark current of photodiodes becomes lower and BGO light yield
increases, while that of Csl decreases. This indicates that a combination of
BGO and photodiodes at the lower temperature is expected to show a much
better performance. Here, we report the excellent performance of BGO readout
with PD and APD as a soft gamma-ray detector at —30°C.

2 BGO crystals and photodiodes

BGO crystals used here was supplied by Crismatec Company. The specification
of deliver is in such a way that the light output readout with PMT is 10-15%
of Nal at the room temperature, and light transmission length is as long as
350-400 cm at 450 nm. Such a good light transparency is important to use
BGO as a long-plate active shield, for example, as in the Astro-E2 Hard X-ray
detector (HXD). We here tested a small-size BGO cube of 5 x 5 X 5 mm?, in
order to evaluate the performance of BGO and photodiode combination. For
comparison, we also measured Csl and GSO of the same size as the BGO cube.

For PD, we employed the Hamamatsu SPL-PD-type A (5 x 5 mm? area) which
we asked to make experimentally to extend the light sensitivity toward the
shorter wavelength for the blue-light of GSO scintillation [1]. In addition, we
tested the Hamamatsu S8664-55 (5 x 5 mm? area) for APD. The detailed prop-
erties of S8664-55 are reported by Ikagawa et al. [5], and a body capacitance
and a dark current are improved by the buried-junction structure. Entrance
window of both photodiodes is coated for protection. We checked the body-
capacitance and leakage current of our PD and APD at the room temperature
as shown in figure 1. The full depletion voltage is around 20 V and 300-350
V for PD and APD, respectively. Considering this voltage together with the



noise performance, we hereafter set the bias voltage to 40 V for PD and 290
V for APD, where the body capacitance is 11.6 pF for PD and 99.2 pF for
APD. The reason to choose the above bias voltage of APD is described in §5.
The leakage current of both APD and PD becomes smaller by two orders of
magnitude at —30°C', and thus negligible for the noise performance.

In figure 2, the setup diagrams are shown. Measurements were performed at
—30°C so that we could ignore the noise associated with the leakage current.
The gain of APD is ~26 at 290 V and —30°C'. Since the Csl light yield de-
creases with the temperature, we performed the measurements of Csl at the
room temperature. We tested several layers of white Teflon tape, BaSO,4 pow-
der painted with the glue, and multilayer-polymer mirror VM 2000, as the
light reflector of BGO, and chose VM 2000 because of its highest reflectivity.
Then, scintillators were wrapped with VM 2000, and coupled to the entrance
window of photodiodes directly with the silicone optical grease OKEN 6262A.
The bias voltage was supplied via the 50 M2 load resistor. Hole signals from
the P electrode of these photodiodes were input to the AC-coupling low-noise
charge sensitive amplifier (ClearPulse CP 580H), and fed into the ADC (Lab-
oratory Equipment Co. AD 2201A) via the shaping amplifier (Ortec 570). The
equivalent noise charge attributed to the body-capacitance of photodiode is
measured to be 100 + 20e~ and 310 + 30e~ for PD and APD, respectively.
When we irradiated the gamma-ray directly to the PD, the energy resolution
of 1.6 keV at 59.5 keV of the 2*! Am source was obtained at —30°C.

3 Energy resolution for gamma-rays

The energy resolution AE/FE of scintillators coupled with the PMT and pho-
todiode is given as

(AE/E)? = (0s)* + 2.3552F /N + (Snoise/N)

where N is a number of photoelectrons in the PMT or electron-hole pairs in
the photodiode, F' is the Fano factor or an excess noise factor attributed to
the fluctuation of avalanche in the APD, ds. is an intrinsic energy resolution
for the scintillator relevant to the properties of the scintillator itself [9], and
dnoise 18 an electric noise [4]. Generally, the first term is dominant for high
energy gamma-rays, the second term is dominant for readout with the PMT,
PD, and APD where F is ~ 1, ~ 0.1, and 2 — 3, respectively, and the last
term mainly determined the energy resolution for the readout with PD.



3.1 Readout with PMT

First of all, we measured the energy resolution of scintillators by coupling to
the PMT, in order to compare them with those obtained with photodiodes.
The Hamamatsu R1847 is used for this measurement. Scintillators were at-
tached on the PMT window with the silicone oil KE108. Since BGO, GSO,
and Csl have a ~ 1us decay component in the scintillation, the shaping time
of < 1pus significantly loses the signal. Then, the shaping time is chosen to be
2us, since the shaping time of > 2us does not give a better resolution. In figure
3, the pulse-height spectra of 662 keV from the '3"Cs source were displayed.
The relative peak pulse-height and energy resolution at 662 keV are found to
be 1, 1.24 £ 0.02, 1.71 £+ 0.03, and 7.0 + 0.1%, 6.7 + 0.1%, and 6.1 + 0.1%
for BGO, GSO, and CslI, respectively. These values indicate that our sample
of scintillators exhibit a very good performance; the good energy resolution
of 7.0% for BGO+PMT is not yet available in any paper, and 6.7% of GSO
is comparable to that in Kamae et al. [1]. In figure 4, the energy resolution
obtained with various radio-isotopes is plotted against the input gamma-ray
energy E. The dependence of 1/y/E is clearly seen for all the scintillators,
indicating that the energy resolution is mainly determined by the poisson
statistics of photoelectrons generated in the PMT.

4 Readout with PD

Next we measured the performance of scintillators readout with PIN photodi-
odes. In this experiment, we evaluated not only the energy resolution but also
the number of electron-hole pairs.

At first, we investigated the energy resolution against the shaping time, since
not only collection of scintillation signals and but also a filter of noise are
dependent on the shaping time 7. In figure 5, we plotted the pulse height
and energy resolution against 7. Shorter 7 gives lower pulse height and worse
energy resolution, and they are nearly constant at 7 > 3us. This is due to the
loss of scintillation signals at shorter 7. The loss is the most significant for
Csl, and the least for GSO, following their scintillation decay time. Another
reason is that, in the case that the capacitance noise is dominant as in this
measurement, the noise becomes larger at shorter 7. In the following, we set 7
to 3us. In figure 6, the pulse-height spectra of 662 keV were shown. The relative
peak pulse-height becomes 1, 0.99 + 0.01, and 3.5 + 0.3 for BGO, GSO, and
Csl, indicating that the light collection ratio of BGO to GSO becomes 1.25
times as large as that readout with the PMT. This confirmed the prediction
described in §1; PMT may lose a significant amount of scintillation light of
BGO in the photo-electric conversion, and therefore the light yield of BGO is



not so low as ever known, but comparable to that of GSO at —30°C.

The energy resolution is plotted in figure 7, as a function of incident gamma-
ray energy. The relations at the lower energy follows E~!, and their slope
becomes milder toward the higher energy, indicating that the noise deter-
mines the energy resolution for lower energy gamma-ray, while light photon
statistics does for higher energy gamma-ray. However, the slope above 1 MeV
is somewhat flatter than the relation of £~%5. This flattening is prominent for
Csl, and this is a well-known trend due to the intrinsic energy resolution dg. of
Csl (e.g. [8]). On the other hand, the energy resolution of CsI becomes similar
to BGO and GSO around 1500 keV regardless that it is much better at the
lower energy. This is according to the good light-output linearity and low dg.
of BGO and GSO. Therefore, for MeV gamma-rays, the scintillator BGO and
GSO will be more useful than Csl because the energy resolution is not so bad
than Csl and the stopping power is much higher.

Measuring the pulse-height spectra when low energy gamma-rays such as 31
keV of 3Ba and 59.5 keV of 2! Am are absorbed by the PD, we confirmed
that the peak pulse-height of PD is 28.8 4+ 0.10 times as large as that of
BGO+PD signals for the same incident gamma-ray energy. This indicates
that the electric noise of 1.6 keV (Si), obtained for gamma-rays detected by
PD directly, corresponds to the energy resolution of

6 Eoise = 7.0 (E/662keV) ™" %

for BGO+PD (the last term of the equation in §2), and the number of electron-
hole pairs produced in the BGO+PD is (9.8 £0.2) x 10% and (5.8 £0.2) x 103
pairs MeV~! at -30° and 20°, respectively. The latter number of pairs is in good
agreement with the previous works [11]. Then, the poisson noise of electron-
hole pairs (the second term of the equation in §2) is estimated to be 0 Episson =
0.92 (E/662keV) "%, where we assume the Fano factor of 0.1. In figure 7, we

plot the predicted energy resolution of 6F = \/ 0E2 ise + 0E2 ison a8 a dashed
line. However, the results indicate that some unknown factors including the
0sc make the energy resolution worse than the above relation at >700 keV.
When we include the constant term of intrinsic energy resolution ds. to fit
the experimental result, we obtain d. = 3.56 = 0.23% which is thought to be
one in the high energy limit. For the lower gamma-rays, the electric noise of
pre-amplifier determined the energy resolution, and thus reducing the electric

noise is essential.




5 Readout with APD

Since we confirmed that the BGO readout with the PIN photodiode is effective
at higher energy of gamma-rays, we next test the BGO+APD combination.
Since we find that BGO is better than GSO for the photodiode readout,
hereafter we check BGO and Csl. In figure 8, we show the pulse-height spectra
of BGO and CslI for 662 keV gamma-ray when we read the scintillators with the
APD. The spectra are remarkable; the escape line of Bi-K is clearly separated
from the photo-peak in the BGO spectrum. It can be seen that the ratio of
the photopeak count against the Compton tail for BGO is larger that that for
Csl. The energy resolution is 6.2 + 0.1% and 5.8 + 0.1% for BGO and CsI. In
table 2, we summurize the energy resolution of BGO, GSO, Csl readout with
PMT, PD, APD for the 662 keV gamma-ray. The value of 6.2% is better than
that of the BGO+PMT, and comparable to that of CsI+PMT. In figure 9, we
compare the energy resolution of BGO readout with PMT, PD, and APD. It
can be seen that the BGO+APD is the best below 2000 keV.

We also shows the BGO+APD spectrum for the 57Co source in figure 10. The
low energy gamma-ray line of 14 keV is clearly seen, and the noise level is
below 10 keV. In figure 11, the energy resolution obtained for various radio
isotopes is plotted against the incident gamma-ray energy. The slope is around
0.5 at a wide range of 10-2000 keV, and thus apparently it seems that the
poisson noise is dominant. Moszyniski et al. [12] claimed that the excess noise
factor F' is 2-3 for their API APD, and lkawaga et al. [5] obtained F' = 2.0
for the APD S8664-55. Therefore, we input F' = 2 for the formula of poisson
noise and obtained dFEpgisson = 4.13 (E/662keV)70'5%, which is better by a
factor of 1.5 than the measured values over all the energy. When fitting the
graph with the formula in §3 with F' to be free, F' becomes 4.70 + 0.20 and
dsc 1s constrained to be < 0.4%. Such a large value of F' is not reasonable
for the APD avalanche [13]. Following the reference [14], we calculated the
intrinsic energy resolution s, by subtracting the contribution of ¢ E,gisson and
0 Fpoise from the measured value for PD4+BGO and APD+BGO, and showed
it as a function of the gamma-ray energy in figure 11 right. The PD+BGO
gives somewhat large values of ds., but as a whole follows the same relation as
APD+BGO. The calculated intrinsic energy resolution dg. strongly depends
on the gamma-ray energy, and 4.7 + 0.5% at 662 keV for the APD+BGO is
close to 3.0 £+ 1.2% of Moszyniski et al. [8].

In summary, the energy resolution of BGO+APD is comparable to that of
CsI+PMT at >500 keV, and limited by the some unknown mechanisms in-
cluding intrinsic energy resolution of BGO.

Next, we investigated the dependence of gain on the temperature and bias
voltage. The temperature dependence was measured at the bias of 290 V, and



the bias dependence was measured at -30°. In figure 12, we show the results. It
can be seen that the gain exponentially decreases as the temperature goes up,
and increases with a larger slope as higher bias is supplied. The energy resolu-
tion is constant around 210-310 V. Since the threshold is inversely propotional
to the gain, we chose the bias voltage of 290 V. Above the 290 V, the energy
resolution becomes worse, and the slope of gain-bias relation becomes steeper,
and thus the avalanche fluctuation becomes large.

6 Stability of the APD+BGO system

For practice in the space, the APD+BGO system should be stable in the
pulse-height and energy resolution for a long time. Since the APD device is
novel for scintillation counters, the gain stability for a long time has not been
studied. In order to test the long-term time stability, we performed the two
following estimations. First of all, we tested how stable the APD+BGO is
when the temperature and bias voltage is kept as constant as possible. We
put the APD+BGO in the thermostatic chamber TABAI ESPEC PU-3SP to
keep the temperature constant at -30°C', supplied the bias voltage 290 V to the
APD, and obtained the pulse-height spectrum at an interval of 1 hours over 7
days. The temperature in the chamber was measured by the thermometer, and
confirmed to be stable within 1°C. The Y source was irradiated to the BGO.
In figure 13, we plotted the time history of pulse-height and energy resolution
of the 1836 keV photo-peak. The pulse-height slightly varies, but its amplitude
is not so large; at most 1% over 7 days. The energy resolution is also very
stable within £+0.3% in the absolute value. Of course, the above variation
includes the additional component due to the fluctuation of temperature and
bias voltage, and thus indicates the upper limit of APD avalanche fluctuation.

In the previous section, we obtained that the pulse-height increases by -
2.9%/°C around -30°C' as the temperature decreases, or by +2.9%/V around
290V (gain 26). as the bias voltage increases. These are close to those of
Ikagawa et al. [5] who measured around -20°C. We must realize the gain fluc-
tuation of < 2% to keep the appropriate energy resolution. It is indicated that
the requirement of fluctuation to keep the pulse-height within 2% is 0.7°C
and 0.7V for the temperature and bias voltage, respectively. Such a temper-
ature requirement cannot be realized in the satellite observation, although it
is expected that, at least, the temperature does not vary in a short time for
the detector with a large heat capacity. For the gain variation in a long time,
we can trace the gain history by monitoring the background gamma-ray line
accumulated in several hours. On the other hand, the requirement of bias volt-
age as above can be realized since such a requirement is the same level as for
the PMT, which has ever been used in space.



7 Conclusion and Future Prospect

We studied the system of the BGO readout with APD, and found that it
gives an excellent performance for soft gamma-rays; a good energy resolu-
tion of 6.2% at 662 keV and < 10 keV threshold energy. We also confirmed
the stability of the APD+BGO system gain and energy resolution during one
week. These suggest that the APD+BGO system is a possible good candidate
for space soft gamma-ray detector. Then, further studies must be performed,
such as radiation damage, increase a sensitive area of APD, performances of
APD array, readout of big BGO for the anti-coincidence detector, and so on.
The radiation damage of APD was investigated and it was reported that the
leakage current becomes several times larger after irradiation of neutron of
10" n/cm? [15]. Small change of gain, temperature dependence, and quantum
efficiency were also reported. Kirn et al. (1997) confirmed a 10-20% reduction
of quantum efficiency after irradiation of 5.5 Mrad ®*Co gamma-ray[16]. Gen-
erally, the radiation damage is said to be 200rd per year, and thus the above
irradiation is larger by several orders of magnitude than that in the satellite
orbit.
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Table 1

Comparison of Major Inorganic Scintillators

Scintillator
Effective Atomic Number
Density[ g/cm?)
Peak Wavelength nm[]
Light YieldO Relativel

Scintillation TimeO nsO

Nal:T1 CsI:T1 GSO BGO
50 o4 99 74
3.67 4.51 6.71  7.13
410 565 430 480
100 45 20 12
230 1000 60 300
0.34 0.41 0.674 0.955

Mean Free Path( 511keV : cm~ 10

Table 2

Comparison of Energy Resolution (%) for the 662 keV gamma-ray

PMT

PD

APD

BGO 7.04£0.10 8.33£0.28 6.24+0.07
GSO  6.69£0.06 9.10£0.78

Csl

6.13+0.03 6.24+£0.15 5.85£0.11

== apar fance
—a— Lk Corrant

Owrk Gurrent [nild

G 10 180 P00 260

High Voltage [V]

a0

Capaciiancs [pF)

o

3 10

I 0 35 I 35 40 45 50

High Veltepe [V]

= =1

=
Datl Current [AA]

Fig. 1. Body capacitance and leakage current of APD (left) and PD (right), which
we presented here, against the bias voltage.
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Fig. 11. (Left) Energy resolution (FWHM) of Csl and BGO readout with APD
against the gamma-ray energy. The dashed line represents the prediceted relation
for BGO. (Right) The calculated dg. as a function of the gamma-ray energy for
BGO readout with APD.
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Fig. 12. The left is the temperature dependence of APD gain at -30°"“C, and the
right is the bias depepdence of APD gain (top) and energy resolution (bottom) for
the 662 keV gamma-ray.
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Fig. 13. Time histories of peak channel (left) and energy resolution (right) for the
1836 keV photopeak in the BGO+APD spectra at -30°C over 7 days.
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