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ABSTRACT: Scheduled for launch in 2014, Astro-H is the sixth JapaneseX-ray astronomy satellite
mission. More than 60 silicon avalanche photodiodes (Si-APDs; hereafter APDs) will be used to
read out BGO scintillators, which are implemented to generate a veto signal to reduce background
contamination for the hard X-ray imager (HXI) and a soft gamma-ray detector (SGD). To date,
however, APDs have rarely been used in space experiments. Moreover, strict environmental tests
are necessary to guarantee APD performance for missions expected to extend beyond five years.
The radiation hardness of APDs, as for most semiconductors,is particularly crucial, since radi-
ation in the space environment is severe. In this paper, we present the results of radiation tests
conducted on reverse-type APDs (provided by Hamamatsu Photonics) irradiated by gamma rays
(60Co) and 150 MeV protons. We show that, even under the same 100 Gy dose, high energy protons
can cause displacement (bulk) damage in the depletion region and possibly change the activation
energy, whereas gamma-ray irradiation is less prone to cause damage, because ionization damage
dominates only the surface region. We also present quantitative guidance on how to estimate APD
noise deterioration over a range of temperatures and radiation doses. As a practical example, we
discuss the expected degradation of the BGO energy threshold for the generation of veto signals,
following several years of Astro-H operation in Low Earth Orbit (LEO), and directly compare it to
experimental results obtained using a small BGO crystal.
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1 Introduction

The avalanche photodiode (APD; [1]) is a compact, high-performance light sensor, which is in-
creasingly being applied in various fields of experimental physics (e.g., [2]). Reverse-type (or
buried junction) APDs are particularly advantageous in detecting weak scintillation light signals
with excellent noise performance, thanks to their narrow high-field multiplying region close to the
front end [3–5]. In ground experiments, more than 140,000 reverse-type APDs (5x5 mm in size)
were fully implemented to read out PbWO4 scintillators on the calorimeter for the Compact Muon
Solenoid (CMS) experiment at CERN’s Large Hadron Collider (LHC) [6–9]. Despite the very
harsh APD operating conditions, namely a very high magneticfield environment and high levels of
radiation, the reverse-type APDs produced by Hamamatsu worked well, and earned a prestigious
CERN Crystal Award in 2003. These APDs are also attractive inother fields, especially nuclear
medicine. The advantages of pixel miniaturization pave theway for APD applications in dense
position-sensitive detectors, and so APD-based PET scanners for future applications in nuclear
medicine are feasible [10–18].

APDs also have a range of applications in LIght Detection AndRanging (LIDAR), and optical
communications [19, 20]. Likewise, there are plans to use APDs on astrophysical satellites such as
Astro-H [21] and ATHENA/IXO [22], since APDs are much more compact than traditional photo-
multipliers (PMTs), and operate at a relatively low bias voltage and with low power consumption.
Although the gain characteristics of APDs are quite temperature-dependent, various temperature-
compensation systems have been proposed and successfully demonstrated (e.g., [23]). To validate
the initial use of APDs to detect radiation in a space experiment, we developed the pico-satellite
Cute-1.7+APD II (10×15×20 cm3 in size; 5 kg in mass) that was successfully launched in April
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2008 [24]. Three years on, the mission continues to provide data on the distribution of low energy
particles (both electrons and protons) trapped in Low EarthOrbit (LEO), including the South At-
lantic Anomaly (SAA) as well as auroral bands, with a minimumdetectable energy of 9.2 keV [25].

Two instruments on-board the Astro-H satellite — the hard X-ray imager (HXI; [26]) and soft
gamma-ray detector (SGD; [27]) — will carry more than 60 APDs for highly sensitive observations
in LEO. The reverse-type APDs will be used to read out scintillation light from the BGO “active
shield” around the main detectors, which comprise Si-Pad, DSSD (Double Sided Silicon Detector),
and CdTe detectors. The active shield generates veto signals for efficient background rejection. To
maximize background rejection, it is crucial to minimize the energy threshold of the BGO shield
with a dedicated analog circuit [4, 28]. However, APD damage caused by radiation, in terms of in-
creased dark (or leakage) current and degraded quantum efficiency (QE), may significantly impair
the overall noise performance of the detector.

This study was performed to quantitatively evaluate the APDsensor damage when exposed to
radiation up to 100 Gy, over the temperature range−20◦C to +20◦C. The results are applicable to
the Astro-H mission, although some instruments and thermaldesigns are still being investigated or
optimized. Here, we present the results of various tests conducted on APD flight sensors for Astro-
H that were irradiated with gamma rays (60Co) and high energy protons (150 MeV) for total doses
of 100 Gy. We believe this approach is simple, straightforward, and easily applicable to APDs used
in particle accelerator facilities and other space missions in the near future.

2 Radiation test of APD

2.1 Reverse-type APD for Astro-H

The reverse-type APDs described in this paper, S11673-01(X), were developed based on the S8664
series (Hamamatsu) technology, but specifically customized for use in the Astro-H HXI/SGD. In
particular, we adopted a silicone elastomer encapsulant inplace of the standard, hard optical epoxy
window. The optical entrance window material had to be changed after the hard epoxy optical win-
dow suffered cracking and delamination from BGO scintillator surfaces during qualification ther-
mal cycling (between +45◦C and−35◦C; 20◦C/hr, 1hr dwell, 20 cycles), resulting in a substantial
degradation of the light output signals from the APDs [28]. We also made a minor change to the
ceramic case to reduce internal background interference, by adopting a Potassium-free package.
Moreover, the anode and cathode were double-wired for redundancy and the anode and cathode
grid optimally positioned to prevent electrical dischargein space.

This APD sensor is incorporated into a thin aluminum electromagnetic (EM) shield 200µm
thick. Figure 1(a) shows a picture of the APD (with and without the EM shield) and one of the
BGO crystals used to form an active shield for the Astro-H SGD. The current thermal design of the
Astro-H HXI/SGD predicts APD operation at around−15◦C. Table 1 lists the design parameters,
dark noise and gain characteristic of the two APD devices used in the beam tests described in this
paper (either60Co or proton). Figure 1(b) gives a schematic view of the internal structure of the
Hamamatsu reverse-type APDs. The basic performance and characteristics of reverse-type APDs
(Hamamatsu S8664 series) are also documented in detail elsewhere [3–5].
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Table 1. Parameters of the Hamamatsu reverse-type APD for Astro-H.

FM9 FM10

Surface Area 10×10 mm2 10×10 mm2

Window Si-resin Si-resin

Dark current (M=50, 25◦C) Id 14 nA 17 nA

Break-down voltage:Vbrk (25◦C) 451 V 452 V

Operation bias:VM=50 406 V 406 V

Capacitance:Cdet 270 pF 270 pF

Figure 1. Top: (a) A picture of the reverse-type APD (10×10 mm2) developed for the Astro-H mission,
and a sample BGO scintillator for the active shield of the SGD. The BGO surface to which APD is glued is
indicated by the blue arrow.Bottom: (b) Internal structure of reverse-type APDs produced by Hamamatsu
(S8664 series).
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2.2 60Co irradiation

It is generally thought that60Co gamma radiation causes ionization damage in the surface region
of the device. Displacement damage caused by gamma rays, however, occurs indirectly due to
Compton electrons (with a 1.2 MeV maximum energy), but only on a very small scale compared to
protons (e.g., [29–31]). Si recoil energies can generate a maximum of one or two displaced atoms
per scattered electron [32].

All irradiation was performed at the Tokyo Institute of Technology in Tokyo, Japan. For this
experiment, we used the FM10 APD sensor listed in table 1. Thetotal dose was 100 Gy with a dose
rate of∼0.05 Gy/s. The dose uncertainty for the irradiation was estimated to be less than 5%. The
APDs were irradiated in the dark with no electrical connections, but similar results were obtained
when operating equivalent APDs at a nominal high gain value at 400 V. It should also be noted
that following irradiation, dark current declines over time, due to the well-known annealing effect.
However, this decrease occurs over several weeks, a period much longer than that of the irradi-
ation. The time elapsed between60Co gamma-ray irradiation and post-irradiation measurements
was about 24 hr.

As we can see in figure 2(a)−(c), 100-Gy gamma irradiation leaves most APD parameters
(e.g., break-down voltage, gain characteristics, QE) unchanged except for the dark current. Here,
the gain and dark current were measured at temperatures of−20, −15, −10 and+20 ◦C, but
QE was only measured at+25◦C. Note that the slope of theM− Id curve (figure 2(b)) isf latter
after the gamma-ray irradiation. Qualitatively, this is well understood if the unmultiplied compo-
nent of the dark current, i.e., the surface current of the APDdevice, increases after gamma-ray
irradiation. Moreover, the ratio of dark current before andafter irradiation is only marginally
temperature-dependent (4.4 at+20◦C, and 5.6 at−20◦C). As we see below, this suggests that the
activation energy in the device doesnot change substantially due to ionization damage caused by
60Co gamma-ray irradiation.

2.3 Proton irradiation

In contrast to gamma-ray irradiation, displacement (bulk)damage is the major radiation effect
observed with protons rather than ionization (surface effect), which may affect bulk device param-
eters [29, 30, 33]. To evaluate the degradation of reverse-type APDs caused by proton irradiation,
we irradiated APDs with 150 MeV protons at the HIMAC (Heavy Ion Medical AcCelerator) high-
energy ion beam facility in Chiba, Japan, as a part of a collaborative research experiment (research
number P258). For this experiment we used the FM9 APD sensor,the properties of which are
listed in table 1. The total dose was 100 Gy with a dose rate of∼0.1 Gy/s. The dose uncertainty
for the irradiation was estimated to be less than 10%. The APDs were irradiated in the dark with
no electrical connections. Again, the gain and dark currentwere measured at temperatures of−20,
−15,−10 and+20 ◦C, but QE was only measured at+25◦C.

As is apparent from figure 3(a), 100-Gy proton irradiation does not change the gain charac-
teristics of the APD, as was the case for gamma irradiation. However, QE degrades substantially
above 600 nm (figure 3(c)), suggesting damage generated relatively deep in the bulk of the detector,
rather than on the device surface. This is consistent with the slope of theM− Id curve (figure 3(b))
becomingsteeperafter proton irradiation, suggesting a substantial increase in bulk current, which
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Figure 2. Characteristics of the reverse-type APD (FM10) before andafter gamma-ray irradiation.Top: (a)
gain vs. bias voltage,middle: (b) dark current vs. gain, andbottom: (c) QE vs. wavelength.Black (dashed
lines) denote data before irradiation.Red(solid lines) denote data after 100-Gy irradiation.

– 5 –



2
0
1
2
 
J
I
N
S
T
 
7
 
P
0
6
0
0
1

Figure 3. Characteristics of the reverse-type APD (FM9) before and after 150 MeV proton irradiation.Top:
(a) gain vs. bias voltage,middle: (b) dark current vs. gain, andbottom: (c) QE vs. wavelength.Black
(dashed lines) denote data before irradiation.Red(solid lines) denote data after 100-Gy irradiation.
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is the multiplied component of the APD dark current. Moreover, the ratio of dark current before and
after irradiation is quite temperature-dependent (54 at+20◦C and 125 at−20◦C). This suggests a
significant change in activation energy due to displacementdamage caused by proton irradiation.

3 Discussion

3.1 Estimation of activation energy in the APD

To quantitatively evaluate the radiation effects caused byeither gamma rays or protons, we initially
distinguish “surface” and “bulk” components in a measured APD dark current before irradiation (0
Gy). The APD dark current is generated both from leakage at the diode surface and from electron-
holes thermally generated within the bulk of the silicon, which are then multiplied in the gain
region. Consequently the total dark current of the APD measured at a certain temperatureT (in K),
is given by

Id(T,M) = Ids(T)+M× Idb(T) (3.1)

whereIds andIdb denote the surface and bulk currents, respectively, andM denotes the APD gain.
The temperature dependence of the APD dark current is generally given by

Ids(T) ∝ T2exp(−εs/kT) (3.2)

Idb(T) ∝ T2exp(−εb/kT) (3.3)

wherek denotes the Boltzmann constant, andεs andεb are the activation energies corresponding
to the surface and bulk components of the dark current [34–36]. Obviously, these values may vary
with the device structure and possibly with the impurity concentration in the APD. For example,εs

≃ 0.70 eV andεb ≃ 0.55 eV are reported for Si-APDs manufactured by Perkin Elmer [37].
To calculateIdb andIds, we can take certain gainsMA andMB (whereMB > MA) from theM-Id

curve (figures 2(b) and 3(b)) measured at a certainT. Note thatMA andMB should be sufficiently
large that the APD device is fully depleted and eq. (3.1) is a good expression of measured data (&

20 for the case of reverse type APDs used in this paper). Hencewe can estimateIds andIdb as

Idb(T) =
Id(T,MB)− Id(T,MA)

MB−MA
(3.4)

Ids(T) = Id(T,MA)−MA× Idb(T) (3.5)

Next, by measuringIdb and Ids at different absolute temperaturesT1 andT2 (whereT2 > T1), we
can evaluate the activation energy as

εs =
kT1T2

T2−T1
log

[(

T1

T2

)2 Ids(T2)

Ids(T1)

]

(3.6)

εb =
kT1T2

T2−T1
log

[(

T1

T2

)2 Idb(T2)

Idb(T1)

]

(3.7)

For example, considering the APD FM10 sensor before irradiation. From figure 2, and
eqs. (3.4) and (3.5), we obtainIds = (3.83±0.32)×10−2 nA, Idb = (2.80±0.05)×10−3 nA at T1

= 253 K (−20◦C), andIds = 2.54±0.18 nA, Idb = (1.61±0.03)×10−1 nA at T2 = 293 K (+20◦C),
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respectively, where the uncertainties here were estimatedby taking various differentMA andMB

that satisfy 20. MA < MB . 100, for the calculation. By comparingIds andIds atT1 andT2, εs and
εb can easily be derived asεs = 0.62±0.03 eV andεb = 0.60±0.03 eV (see, eqs. (3.6) and (3.7)).
Also note that the activation energies derived here are unaffected, within errors, by the exponent 2
in eqs. (3.2) and (3.3). This is because the rapid change of dark current with temperature is mainly
due to the exponential term∝ exp(−ε /kT), rather than the more slowly varying∝ T2 term.

3.2 Effects of radiation damage

The above calculations also apply to APDs after irradiation. For the gamma-ray irradiated FM10
APD, we measured the dark current as shown in figure 2 at various temperatures from−20
to +20◦C. By comparingIds and Idb measured atT1 = 253 K andT2 = 293 K, we obtainεs =
0.58±0.03 eV andεb = 0.56±0.03 eV after the 100-Gy gamma-ray irradiation. These results are
slightly smaller, but marginally consistent with the pre-irradiation values. We also note thatIds

increased by factors of 10.4 and 14.0, measured at +20◦C and−20◦C, respectively, whereasIdb

increased by factors of 2.54 and 3.27 at the same temperatures. The results correlate well with
our expectation that gamma-ray radiation mainly damages the surface region of the device via
ionization.

Similarly, we can evaluate the damage caused by proton irradiation by referring to FM9 data.
By comparingIds andIdb measured atT1 = 253 K andT2 = 293 K, we obtainεs = 0.46±0.03 eV and
εb = 0.48±0.03 eV, respectively, after irradiation. The results confirm a significant change of acti-
vation energy, as briefly commented in section 2.3. Moreover, Ids increased by factors of 18.6 and
48.8 as measured at +20◦C and−20◦C, respectively, whereasIdb increased by factors of 65.7 and
149 at the same temperature. Again, this is consistent with the general expectation of protons caus-
ing greater damage and resulting in an increase in the bulk current, rather than the surface current.

3.3 Expected degradation of the BGO threshold for Astro-H

In the Astro-H mission, the total radiation dose is expectedto be 50 to 100 Gy (depending on the
shielding structure and actual electron/proton flux) over the nominal five-year mission, based on
the latest LEO plan of an altitude of∼550 km and an inclination of 31◦. We predict about 5%
of the total dose will be attributable to high energy protons; namely a total of 3 to 5 Gy. Using
the experimental data given in the previous sections, we attempted to predict the degradation of
the BGO energy threshold (i.e., convolution of total noise increase due to APD degradation and
electronic noise) at arbitrary temperatureT and radiation doseD. The following equations estimate
the electronic noise of the APD system (in units of electrons, FWHM; e.g., [38]).

∆2
noise = 2.352

[

2
e

(

Ids

M2 + IdbF

)

τ +4kTRs
C2

det

M2

1
τ

]

(3.8)

≃
[

∆2
dark

]

+
[

∆2
CSA

]

(3.9)

wheree denotes the electron charge,F the excess noise factor (we assumeF = 2.0 for the S8664
series APD, as reported in the literature [4]), Cdet the detector capacitance including the signal
cable, Rs the preamplifier series noise resistance, andτ (here, we assumeτ = 1µs; [28]) the
shaping time constant.
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Figure 4. Expected electronic noise degradation as a function of radiation doseD at various operational
temperatures (−20, −15, −10 and +20◦C) assuming the APD read out system for the Astro-H mission.
(top): (a) Gamma rays, (bottom): (b) Protons. The errors of each data point are smaller thanthe symbol size.

The first term of eq. (3.8) represents noise originating fromthe APD dark current (shot noise;
∆2

dark), whereas the second term represents noise due to the preamplifier (parallel and serial noise;
∆2

CSA), which simply depends on the preamplifier’s characteristics and parallel capacitance. From
the parallel and serial noise measured directly on the Astro-H HXI/SGD, we obtain∆CSA = 47
electrons for a shaping time of 1µs [28]. For APD noise, we obtain∆dark = 138 electrons and
19.7 electrons as measured at +20◦C and−20◦C, respectively, for the FM10 before gamma-ray
irradiation. Therefore, we expect most electronic noise tobe attributable to APD dark current at
+20◦C (∆dark≃ 3.0×∆CSA), but parallel and serial noise to dominate at−20◦C (∆CSA≃ 2.4×∆dark)
before irradiation.

We can apparently extend this approach to an arbitrary radiation doseD and temperatureT
simply by replacingIds andIdb in eq. (3.8). For simplicity, we assumed the dark current increased
linearly with the radiation dose. This was supported by our own follow-up experiments, as well
as reports in the literature (e.g., [33]; see section 3.4 for further comments on annealing effects).
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The current thermal design of the Astro-H HXI/SGD predicts APD operation at around−15◦C;
therefore, we hereafter assumedT = 258 K. From the irradiation results of the FM10, we can infer
that APD dark current at arbitrary doseD Gy (due to gamma rays) is expressed as

Ids(D) = Ids,0 +D×∆Ids (3.10)

where∆Ids = (8.60±0.43)×10−3 nA/Gy andIds,0 (= (7.90±0.60)×10−2 nA) denotes the surface
current before irradiation. For the bulk current, we obtain

Idb(D) = Idb,0 +D×∆Idb (3.11)

where∆Idb = (1.20±0.06)×10−4 nA/Gy andIdb,0 (= (4.90±0.09)×10−3 nA) denotes the bulk cur-
rent before irradiation.

Similarly for proton irradiation, we obtain∆Ids = (2.90±0.15)×10−2 nA/Gy and ∆Idb =
(5.20±0.26)×10−3 nA/Gy respectively. Using these dark currents as input parameters in eq. (3.8),
we can easily estimate the total electronic noise for arbitrary doseD. figures 4(a) and (b) give
separate results for gamma rays and protons, as functions ofD at various operating temperatures.
The degradation caused by protons will clearly have a far greater impact than gamma rays on the
noise level. At−15◦C, the electronic noise was originally∆noise = 53 electrons but this will in-
crease to about 71 to 83 electrons when the Astro-H mission ends. This suggests that the BGO
energy threshold, currently estimated at≃100 keV prior to launch [28], may increase by a factor
of 1.3−1.6, and so the impact of this on background rejection power must be carefully considered
prior to launch.

3.4 Verification test

To check the validity of the above theoretical considerations, we measured the energy spectrum
of 137Cs using a small BGO scintillator sample (10×10×10 mm3 in size) coupled with APDs
(FM9 and FM10) before and after irradiation. As shown in figure 5 (top), the noise only increased
slightly for 100-Gy 60Co irradiation, as measured at−15◦C, while the FWHM width of the
reference test pulse increased slightly from 10.7 to 13.2 keV after irradiation, as measured in
BGO-equivalent energy. This 23% degradation in noise performance is almost consistent with
expectations for figure 4 (top), namely,≃ 15%. Similarly for the FM9, the FWHM width of the
reference test pulse increased from 10.6 to 56.7 keV (by a factor of 5.3), again nearly consistent
with our prediction from figure 4 (bottom), namely, a factor of 5.1.

There remains a slight mismatch between our expectations and the measurement results, e.g.,
the measured degradation of noise performance that determines the minimum energy threshold
of the BGO readout is always 5 to 10%worsethan expected than our theoretical considerations.
The effect is minor, but may be partially attributable to a slight degradation (∼10%) of the light
collection efficiency of APDs after irradiation. Indeed, QEdegrades substantially above 600 nm
after 100-Gy proton irradiation (figure 3(c)), but it is questionable whether this effect alone can
fully explain such a mismatch, since the light emission peakof BGO is∼480 nm and the degraded
QE above 600 nm should have little impact. Moreover, QE apparently remained unchanged after
100-Gy gamma ray irradiation (figure 3(c)), although this could be due to certain annealing-related
effects. This is because the QE presented in figures 2(c) and 3(c) was measured several months
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Figure 5. (top) (a) Energy spectrum of137Cs as measured with the FM10 APD coupled to a small BGO
scintillator, before (black; dots) and after (red; line) 100-Gy60Co irradiation. (bottom) (b) Energy spectrum
of 137Cs measured with the FM9 APD coupled to a small BGO scintillator, before (black; dots) and after
(red; line) 100-Gy proton irradiation. The measured scintillator sample is 10×10×10 mm3 in size, and the
temperature was fixed at−15◦C.

after the irradiation tests, whereas the BGO spectrum was measured much sooner (typically∼24
hours after irradiation).

In this context, we should also mention that the actual dose rate in LEO will be≃ (3−6)
×10−7 Gy/s, clearly much smaller than the dose rate used in the experiments in this paper (0.05
and 0.1 Gy/s for gamma-ray and proton irradiations respectively). The expected radiation damage
at such low fluences of protons and electrons is not obvious, since the annealing effect could be
important. The dark current maynot increase linearly with radiation dose, although we assumed
a very simple relation in eq. (3.10). Accordingly, we shouldconsider figures 4 (a) and (b) as
conservative, “worst case” estimates regarding the total dose experienced by APDs in orbit.

Finally, we should also comment on how the performance of theinstruments degrades if
the cooling system for the HXI or the SGD does not function properly. As we see in eqs. (3.2)
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and (3.3), dark current depends strongly on the operating temperature, with an exponential term
∝ exp(−ε /kT). Assumingε ≃ 0.6 eV (see section 3.1), dark current increases by a factor of 1.7
at−10◦C, which however results in the degradation of the BGO energythreshold by only 7% (see
also figures 2−4). Similarly the BGO energy threshold may increase by a factor of 1.4 for APDs
being operated at 0◦C, but further deterioration is expected with the radiationdamage. Careful
temperature control of the APDs in orbit is thus important for both the HXI and SGD instruments
aboard Astro-H mission.

4 Conclusion

This paper presented the results of irradiation tests (of both gamma rays and protons) conducted
on Hamamatsu reverse-type APDs, which are to be carried aboard the Astro-H mission scheduled
for launch in 2014. Based on our theoretical considerations, we successfully distinguished the
surface and bulk components of dark current. We also demonstrated that high energy protons
cause displacement damage in the bulk material, resulting in a significant increase in bulk current
with a change of activation energy, whereas gamma-ray radiation is less damaging as produces
an increased surface current. By comparing data obtained attemperatures between−20◦C and
+20◦C. before and after irradiation, we demonstrated a simple analytical method of estimating the
deterioration of electronic noise for APD readout at an arbitrary temperature and radiation dose.
As a practical example, we showed that the energy threshold of the BGO readout for Astro-H may
increase by a factor of 1.3−1.6 after the expected five-year life of the Astro-H mission.By using
a small BGO crystal and irradiating APDs, we showed that our analysis approach can effectively
explain the overall trend toward increased noise, to withina 10% accuracy level.
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