IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Expected radiation damage of reverse-type APDs for the Astro-H mission

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

2012 JINST 7 P06001
(http://iopscience.iop.org/1748-0221/7/06/P06001)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 133.9.188.78
The article was downloaded on 02/06/2012 at 07:18

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/1748-0221/7/06
http://iopscience.iop.org/1748-0221
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

’ inst PuUBLISHED BY |OP PUBLISHING FOR SISSA MEDIALAB

RECEIVED: April 16, 2012
AccCEPTED May 7, 2012
PuBLISHED: June 1, 2012

Expected radiation damage of reverse-type APDs for
the Astro-H mission

J. Kataoka,®! T. Saito,2 M. Yoshino,2 H. Mizoma,? T. Nakamori,2 Y. Yatsu,P?
Y. Ishikawa,® Y. Matsunaga,® H. Tajima,? M. Kokubun® and P.G. Edwardsf
aResearch Institute for Science and Engineering, Wasedaehity,
3-4-1, Okubo, Shinjuku, Tokyo 169-8555, Japan
bTokyo Institute of Technology, 2-12-1 Ookayama, Megurkydd 52-8551, Japan
€Solid State Division, Hamamatsu Photonics K.K., Hamam&hizuoka, Japan
dSolar Terrestrial Environment Laboratory, Nagoya UnivigrsNagoya, Aichi, 464-8601, Japan
€Institute for Space and Astroautical Science/JAXA,
3-1-1 Fuchinobe, Sagamihara, Kanagawa, 229-8510, Japan
f Australia Telescope National Facility, CSIRO Astronomgl &pace Science, Epping NSW 1710, Australia

E-mail: kataoka. jun@waseda. jp

ABSTRACT. Scheduled for launch in 2014, Astro-H is the sixth JapaXessy astronomy satellite
mission. More than 60 silicon avalanche photodiodes (Sp#Fhereafter APDs) will be used to
read out BGO scintillators, which are implemented to geteesaveto signal to reduce background
contamination for the hard X-ray imager (HXI) and a soft gasnray detector (SGD). To date,
however, APDs have rarely been used in space experimentseoVir, strict environmental tests
are necessary to guarantee APD performance for missiorectxpto extend beyond five years.
The radiation hardness of APDs, as for most semiconducd®isarticularly crucial, since radi-
ation in the space environment is severe. In this paper, wsept the results of radiation tests
conducted on reverse-type APDs (provided by HamamatsiwoRies) irradiated by gamma rays
(6°Co) and 150 MeV protons. We show that, even under the samey@0<&, high energy protons
can cause displacement (bulk) damage in the depletionrregid possibly change the activation
energy, whereas gamma-ray irradiation is less prone teea@amage, because ionization damage
dominates only the surface region. We also present quiweiguidance on how to estimate APD
noise deterioration over a range of temperatures and rawlidoses. As a practical example, we
discuss the expected degradation of the BGO energy theéthrothe generation of veto signals,
following several years of Astro-H operation in Low Earthb@(LEO), and directly compare it to
experimental results obtained using a small BGO crystal.

KEYWORDS. Space instrumentation; Gamma detectors; Photon desefttot)V, visible and IR
photons (solid-state) (PIN diodes, APDs, Si-PMTs, G-APDE€Ds, EBCCDs, EMCCDs etc);
X-ray detectors and telescopes
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1 Introduction

The avalanche photodiode (APLL]) is a compact, high-performance light sensor, which is in-
creasingly being applied in various fields of experimentaysics (e.g., Z]). Reverse-type (or
buried junction) APDs are particularly advantageous ireckiig weak scintillation light signals
with excellent noise performance, thanks to their narraghHield multiplying region close to the
front end B-5]. In ground experiments, more than 140,000 reverse-typPsABx5 mm in size)
were fully implemented to read out PbVyGcintillators on the calorimeter for the Compact Muon
Solenoid (CMS) experiment at CERN’s Large Hadron CollidadC) [6-9]. Despite the very
harsh APD operating conditions, namely a very high magtiietid environment and high levels of
radiation, the reverse-type APDs produced by Hamamatskedowell, and earned a prestigious
CERN Crystal Award in 2003. These APDs are also attractivether fields, especially nuclear
medicine. The advantages of pixel miniaturization paveviiag for APD applications in dense
position-sensitive detectors, and so APD-based PET starfioefuture applications in nuclear
medicine are feasiblelP-18].

APDs also have a range of applications in LIght Detection Radging (LIDAR), and optical
communications19, 20]. Likewise, there are plans to use APDs on astrophysicallgas 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 biastagé and with low power consumption.
Although the gain characteristics of APDs are quite tentpesadependent, various temperature-
compensation systems have been proposed and successfulynstrated (e.g.2B]). To validate
the initial use of APDs to detect radiation in a space expenimwe developed the pico-satellite
Cute-1.7+APD Il (16<15x20 cn? in size; 5 kg in mass) that was successfully launched in April



2008 R4]. Three years on, the mission continues to provide data@uligtribution of low energy
particles (both electrons and protons) trapped in Low E@rthit (LEO), including the South At-
lantic Anomaly (SAA) as well as auroral bands, with a minimdetectable energy of 9.2 keZ§).

Two instruments on-board the Astro-H satellite — the harchtimager (HXI; R6]) and soft
gamma-ray detector (SGL2T]) — will carry more than 60 APDs for highly sensitive obsedigas
in LEO. The reverse-type APDs will be used to read out stiitin light from the BGO “active
shield” around the main detectors, which comprise Si-P&ED (Double Sided Silicon Detector),
and CdTe detectors. The active shield generates veto sifpragfficient background rejection. To
maximize background rejection, it is crucial to minimize #nergy threshold of the BGO shield
with a dedicated analog circui,[28]. However, APD damage caused by radiation, in terms of in-
creased dark (or leakage) current and degraded quantunerdfid QE), may significantly impair
the overall noise performance of the detector.

This study was performed to quantitatively evaluate the ARBsor damage when exposed to
radiation up to 100 Gy, over the temperature rar@€’C to +20°C. The results are applicable to
the Astro-H mission, although some instruments and thedesigns are still being investigated or
optimized. Here, we present the results of various testduiad on APD flight sensors for Astro-
H that were irradiated with gamma ray®¥Co) and high energy protons (150 MeV) for total doses
of 100 Gy. We believe this approach is simple, straightfedyand easily applicable to APDs used
in particle accelerator facilities and other space missiarthe near future.

2 Radiation test of APD

2.1 Reverse-type APD for Astro-H

The reverse-type APDs described in this paper, S11673)0Wefe developed based on the S8664
series (Hamamatsu) technology, but specifically custamniae use in the Astro-H HXI/SGD. In
particular, we adopted a silicone elastomer encapsulagiaae of the standard, hard optical epoxy
window. The optical entrance window material had to be ckdrajter the hard epoxy optical win-
dow suffered cracking and delamination from BGO scintiliagurfaces during qualification ther-
mal cycling (between +4% and—35°C; 20°C/hr, 1hr dwell, 20 cycles), resulting in a substantial
degradation of the light output signals from the APR8][ We also made a minor change to the
ceramic case to reduce internal background interferencadbpting a Potassium-free package.
Moreover, the anode and cathode were double-wired for iahoy and the anode and cathode
grid optimally positioned to prevent electrical dischangspace.

This APD sensor is incorporated into a thin aluminum elentignetic (EM) shield 20Qm
thick. Figure 1(a) shows a picture of the APD (with and withthe EM shield) and one of the
BGO crystals used to form an active shield for the Astro-H SGie current thermal design of the
Astro-H HXI/SGD predicts APD operation at arourd.5°C. Table 1 lists the design parameters,
dark noise and gain characteristic of the two APD deviced uséhe beam tests described in this
paper (eithef°Co or proton). Figure 1(b) gives a schematic view of the maestructure of the
Hamamatsu reverse-type APDs. The basic performance amndotddstics of reverse-type APDs
(Hamamatsu S8664 series) are also documented in detailreise B-5].



Table 1. Parameters of the Hamamatsu reverse-type APD for Astro-H.

FM9 FM10
Surface Area 1010 mn?  10x10 mn¥
Window Si-resin Si-resin
Dark current (M=50, 25C) |4 14 nA 17 nA
Break-down voltageWyk (25°C) 451V 452V
Operation biasVy—so 406 V 406 V
CapacitanceCyet 270 pF 270 pH

L Q(D_X_'lﬂmm APD

Si;N,
antireflecting coating

Groove to minimize
Surface leakage current

Figure 1. Top (a) A picture of the reverse-type APD (00 mnt) developed for the Astro-H mission,
and a sample BGO scintillator for the active shield of the SGIe BGO surface to which APD is glued is
indicated by the blue arrovBottom (b) Internal structure of reverse-type APDs produced bynBliaatsu
(58664 series).



2.2 %0Coirradiation

It is generally thought th®®Co gamma radiation causes ionization damage in the surégienr
of the device. Displacement damage caused by gamma raygvlovwoccurs indirectly due to
Compton electrons (with a 1.2 MeV maximum energy), but omyawery small scale compared to
protons (e.g.,39-31]). Sirecoil energies can generate a maximum of one or twgatied atoms
per scattered electroZ].

All irradiation was performed at the Tokyo Institute of Tedtogy in Tokyo, Japan. For this
experiment, we used the FM10 APD sensor listed in table 1.tdtaédose was 100 Gy with a dose
rate of~0.05 Gy/s. The dose uncertainty for the irradiation wasrested to be less than 5%. The
APDs were irradiated in the dark with no electrical conrawi but similar results were obtained
when operating equivalent APDs at a nominal high gain vatué08 V. It should also be noted
that following irradiation, dark current declines over éindue to the well-known annealing effect.
However, this decrease occurs over several weeks, a petot fanger than that of the irradi-
ation. The time elapsed betweB{Co gamma-ray irradiation and post-irradiation measurésnen
was about 24 hr.

As we can see in figure 2(@jc), 100-Gy gamma irradiation leaves most APD parameters
(e.g., break-down voltage, gain characteristics, QE) anghd except for the dark current. Here,
the gain and dark current were measured at temperature2@f —15, —10 and+20 °C, but
QE was only measured at25°C. Note that the slope of thd — 14 curve (figure 2(b)) isflatter
after the gamma-ray irradiation. Qualitatively, this islwmderstood if the unmultiplied compo-
nent of the dark current, i.e., the surface current of the Afellice, increases after gamma-ray
irradiation. Moreover, the ratio of dark current before after irradiation is only marginally
temperature-dependent (4.4420°C, and 5.6 at-20°C). As we see below, this suggests that the
activation energy in the device domet change substantially due to ionization damage caused by
60Co gamma-ray irradiation.

2.3 Proton irradiation

In contrast to gamma-ray irradiation, displacement (badl&nage is the major radiation effect
observed with protons rather than ionization (surfacecgffevhich may affect bulk device param-
eters R9, 30, 33]. To evaluate the degradation of reverse-type APDs caugeudion irradiation,
we irradiated APDs with 150 MeV protons at the HIMAC (Heavy Idedical AcCelerator) high-
energy ion beam facility in Chiba, Japan, as a part of a cotktive research experiment (research
number P258). For this experiment we used the FM9 APD setfs®mproperties of which are
listed in table 1. The total dose was 100 Gy with a dose rate@fL Gy/s. The dose uncertainty
for the irradiation was estimated to be less than 10%. The $\R&re irradiated in the dark with
no electrical connections. Again, the gain and dark cungre measured at temperatures-@0,
—15,—-10 and+20°C, but QE was only measured-aR5°C.

As is apparent from figure 3(a), 100-Gy proton irradiatiorsloot change the gain charac-
teristics of the APD, as was the case for gamma irradiatioowé¥er, QE degrades substantially
above 600 nm (figure 3(c)), suggesting damage generatdiveglaleep in the bulk of the detector,
rather than on the device surface. This is consistent wilskbpe of thevl — I curve (figure 3(b))
becomingstee perafter proton irradiation, suggesting a substantial ineeaa bulk current, which
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is the multiplied component of the APD dark current. Moreottee ratio of dark current before and
after irradiation is quite temperature-dependent (542°C and 125 at-20°C). This suggests a
significant change in activation energy due to displacerdantage caused by proton irradiation.

3 Discussion

3.1 Estimation of activation energy in the APD

To quantitatively evaluate the radiation effects causeditiyer gamma rays or protons, we initially
distinguish “surface” and “bulk” components in a measuré&DAdark current before irradiation (O
Gy). The APD dark current is generated both from leakageeatlibde surface and from electron-
holes thermally generated within the bulk of the silicon,iehhare then multiplied in the gain
region. Consequently the total dark current of the APD messat a certain temperatufe(in K),
is given by

la(T,M) = las(T) + M x Igp(T) (3.1)

wherelys andlgp denote the surface and bulk currents, respectivelyMuagnotes the APD gain.
The temperature dependence of the APD dark current is dngraen by

lgs(T) O T2exp(—&s/KT) (3.2)
lap(T) O T2exp(—&,/kT) (3.3)

wherek denotes the Boltzmann constant, agénd g, are the activation energies corresponding
to the surface and bulk components of the dark cur@#t36]. Obviously, these values may vary
with the device structure and possibly with the impurity cemtration in the APD. For examplg,

~ 0.70eV ande, ~ 0.55 eV are reported for Si-APDs manufactured by Perkin E[314.

To calculatdyp andlgys, we can take certain gaimés andMg (whereMg > Mp) from theM-Iq4
curve (figures 2(b) and 3(b)) measured at a cerfailNote thatMa andMg should be sufficiently
large that the APD device is fully depleted and eq. (3.1) is@dgexpression of measured data (
20 for the case of reverse type APDs used in this paper). Hea@an estimatis andlyp as

ay(T) = STHe ol T B 34

Ids(T) = Id(T7 MA) — MA X |db(T) (3.5)

Next, by measurindg, andlgys at different absolute temperaturésand T, (whereT, > T;), we
can evaluate the activation energy as

€5 = % Iog{(%)z ::zgiﬂ (3.6)

For example, considering the APD FM10 sensor before irtmdia From figure 2, and
egs. (3.4) and (3.5), we obtalgs = (3.83+0.32)x102 nA, lgp = (2.80+0.05)x10 3nA at T,
= 253K (—20°C), andlgs = 2.54+-0.18 nA, Igp = (1.61£0.03)x10 1 nA at T, = 293K (+20C),



respectively, where the uncertainties here were estimatadking various differenM and Mg
that satisfy 20< Ma < Mg < 100, for the calculation. By comparirigs andlgsat T, andT,, &s and

&, can easily be derived ag = 0.62:0.03 eV ands, = 0.60£0.03 eV (see, egs. (3.6) and (3.7)).
Also note that the activation energies derived here arefertafl, within errors, by the exponent 2
in egs. (3.2) and (3.3). This is because the rapid changerbfcdiarent with temperature is mainly
due to the exponential ter exp(—&£/kT), rather than the more slowly varyirg T2 term.

3.2 Effects of radiation damage

The above calculations also apply to APDs after irradiatibar the gamma-ray irradiated FM10
APD, we measured the dark current as shown in figure 2 at \&tiemperatures from-20
to +20°C. By comparinglgs and lgp, measured af; = 253K andT, = 293K, we obtaings =
0.58+0.03 eV andg, = 0.56+0.03 eV after the 100-Gy gamma-ray irradiation. These tesuk
slightly smaller, but marginally consistent with the preadiation values. We also note tHat
increased by factors of 10.4 and 14.0, measured atG-2Md —20°C, respectively, wheredg,
increased by factors of 2.54 and 3.27 at the same tempesatililee results correlate well with
our expectation that gamma-ray radiation mainly damagessthiface region of the device via
ionization.

Similarly, we can evaluate the damage caused by protonatiad by referring to FM9 data.
By comparinglgs andlgp measured af; = 253 K andT, = 293 K, we obtaires = 0.46+0.03 eV and
&, = 0.48+0.03 eV, respectively, after irradiation. The results aomfa significant change of acti-
vation energy, as briefly commented in section 2.3. Moredyemcreased by factors of 18.6 and
48.8 as measured at +ZD and—20°C, respectively, wheredgy, increased by factors of 65.7 and
149 at the same temperature. Again, this is consistent hdtlgéneral expectation of protons caus-
ing greater damage and resulting in an increase in the butkray 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 expecttede 50 to 100 Gy (depending on the
shielding structure and actual electron/proton flux) oberrominal five-year mission, based on
the latest LEO plan of an altitude ef550 km and an inclination of 31 We predict about 5%
of the total dose will be attributable to high energy protomamely a total of 3 to 5Gy. Using
the experimental data given in the previous sections, veergited to predict the degradation of
the BGO energy threshold (i.e., convolution of total noiseréase due to APD degradation and
electronic noise) at arbitrary temperatdr@nd radiation dosB. The following equations estimate
the electronic noise of the APD system (in units of electy&WHM; e.g., Bg)).

2/1 c3. 1
Afoise = 2.35° [6 (ﬁ + Ide> T 4KTR ;] (3.8)
= [Agark] + [A%84 (3.9

wheree denotes the electron chardgethe excess noise factor (we assuime 2.0 for the S8664
series APD, as reported in the literatud)] Cqet the detector capacitance including the signal
cable, Rs the preamplifier series noise resistance, anghere, we assume = 1us; [28]) the
shaping time constant.
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The first term of eq. (3.8) represents noise originating ftbenAPD dark current (shot noise;
Agark), whereas the second term represents noise due to the pifean(parallel and serial noise;
A%SA), which simply depends on the preamplifier's charactesséind parallel capacitance. From
the parallel and serial noise measured directly on the AstiéXI/SGD, we obtainAcsa = 47
electrons for a shaping time ofiis [28]. For APD noise, we obtaif\g;x = 138 electrons and
19.7 electrons as measured at ¥2@Gnd —20°C, respectively, for the FM10 before gamma-ray
irradiation. Therefore, we expect most electronic noisbaattributable to APD dark current at
+20°C (Agark == 3.0xAcsp), but parallel and serial noise to dominate-&0°C (Acsa~ 2.4xAgark)
before irradiation.

We can apparently extend this approach to an arbitrary tradidoseD and temperaturd
simply by replacindqys andlqgp in eq. (3.8). For simplicity, we assumed the dark currentdased
linearly with the radiation dose. This was supported by aun dollow-up experiments, as well
as reports in the literature (e.g33; see section 3.4 for further comments on annealing effects



The current thermal design of the Astro-H HXI/SGD predict8DAoperation at around 15°C;
therefore, we hereafter assumed 258 K. From the irradiation results of the FM10, we can infer
that APD dark current at arbitrary doBeGy (due to gamma rays) is expressed as

lgs(D) = lgso+ D x Algs (3.10)

whereAlgs = (8.60+0.43)x 103 nA/Gy andlgso (= (7.90£0.60)x 102 nA) denotes the surface
current before irradiation. For the bulk current, we obtain

lab(D) = lano + D x Algp (3.11)

whereAlg, = (1.20£0.06)x 10-4 nA/Gy andlgno (= (4.90£0.09)x 10-2 nA) denotes the bulk cur-
rent before irradiation.

Similarly for proton irradiation, we obtail\gs = (2.90:0.15)x10"2nA/Gy and Algp =
(5.20+0.26)x 102 nA/Gy respectively. Using these dark currents as inputrpaters in eq. (3.8),
we can easily estimate the total electronic noise for alyitdoseD. figures 4(a) and (b) give
separate results for gamma rays and protons, as functiobsab¥/arious operating temperatures.
The degradation caused by protons will clearly have a faatgrampact than gamma rays on the
noise level. At—15°C, the electronic noise was originally,qise = 53 electrons but this will in-
crease to about 71 to 83 electrons when the Astro-H missids. efhis suggests that the BGO
energy threshold, currently estimated~at00 keV prior to launch8], may increase by a factor
of 1.3—1.6, and so the impact of this on background rejection powestine carefully considered
prior to launch.

3.4 \Verification test

To check the validity of the above theoretical consideratjove measured the energy spectrum
of 13/Cs using a small BGO scintillator sample ¢00x10 mn? in size) coupled with APDs
(FM9 and FM10) before and after irradiation. As shown in fegGrtop), the noise only increased
slightly for 100-Gy ®°Co irradiation, as measured atl5°C, while the FWHM width of the
reference test pulse increased slightly from 10.7 to 13\2&ker irradiation, as measured in
BGO-equivalent energy. This 23% degradation in noise perdnce is almost consistent with
expectations for figure 4¢p), namely,~ 15%. Similarly for the FM9, the FWHM width of the
reference test pulse increased from 10.6 to 56.7 keV (bytarfa¢ 5.3), again nearly consistent
with our prediction from figure 4kfotton), namely, a factor of 5.1.

There remains a slight mismatch between our expectaticsh¢h@nmeasurement results, e.g.,
the measured degradation of noise performance that deiesntihe minimum energy threshold
of the BGO readout is always 5 to 10#orsethan expected than our theoretical considerations.
The effect is minor, but may be partially attributable to iglsl degradation{10%) of the light
collection efficiency of APDs after irradiation. Indeed, @Egrades substantially above 600 nm
after 100-Gy proton irradiation (figure 3(c)), but it is qtiesable whether this effect alone can
fully explain such a mismatch, since the light emission pefadBGO is~480 nm and the degraded
QE above 600 nm should have little impact. Moreover, QE appbr remained unchanged after
100-Gy gamma ray irradiation (figure 3(c)), although thisldde due to certain annealing-related
effects. This is because the QE presented in figures 2(c) @dvas measured several months

—10 -
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temperature was fixed at15°C.

after the irradiation tests, whereas the BGO spectrum wasuaned much sooner (typically24
hours after irradiation).

In this context, we should also mention that the actual dase in LEO will be~ (3—6)
%10~/ Gy/s, clearly much smaller than the dose rate used in theriex@ets in this paper (0.05
and 0.1 Gy/s for gamma-ray and proton irradiations resgalg)i The expected radiation damage
at such low fluences of protons and electrons is not obvianse she annealing effect could be
important. The dark current mayot increase linearly with radiation dose, although we assumed
a very simple relation in eq. (3.10). Accordingly, we shoatthsider figures 4 (a) and (b) as
conservative“worst case” estimates regarding the total dose expezitby APDs in orbit.

Finally, we should also comment on how the performance ofitsuments degrades if
the cooling system for the HXI or the SGD does not functionpprty. As we see in egs. (3.2)

—-11 -



and (3.3), dark current depends strongly on the operatimgpéeature, with an exponential term
O exp(—¢/kT). Assuminge ~ 0.6 eV (see section 3.1), dark current increases by a fa€tbr7o
at —10°C, which however results in the degradation of the BGO entimggshold by only 7% (see
also figures 24). Similarly the BGO energy threshold may increase by aofaot 1.4 for APDs
being operated at°C, but further deterioration is expected with the radiatiimage. Careful
temperature control of the APDs in orbit is thus importamttfoth the HXI and SGD instruments
aboard Astro-H mission.

4 Conclusion

This paper presented the results of irradiation tests (tf gamma rays and protons) conducted
on Hamamatsu reverse-type APDs, which are to be carriedélioa Astro-H mission scheduled
for launch in 2014. Based on our theoretical consideratiaves successfully distinguished the
surface and bulk components of dark current. We also demadedtthat high energy protons
cause displacement damage in the bulk material, resultimgsignificant increase in bulk current
with a change of activation energy, whereas gamma-ray tradiés less damaging as produces
an increased surface current. By comparing data obtainéshgieratures between20°C and
+20°C. before and after irradiation, we demonstrated a simpdytical method of estimating the
deterioration of electronic noise for APD readout at anteaby temperature and radiation dose.
As a practical example, we showed that the energy threstidle GO readout for Astro-H may
increase by a factor of 1-31.6 after the expected five-year life of the Astro-H missiBy.using

a small BGO crystal and irradiating APDs, we showed that oafyesis approach can effectively
explain the overall trend toward increased noise, to wighit®% accuracy level.
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