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Abstract: We developed several kinds of trial radiation-hardened MPPC models by changing structures; tar-
geting future space applications for gamma-ray detectors.We produced two sample packages with 15µ-type
1×1 mm2 MPPC elements for every 9 prototypes and then irradiated 150MeV protons up to 10- and 100 krad
for respective samples. We also used 15-, 25-, 50- and 100-µm-type MPPCs with the current design as controls.
We evaluated the radiation tolerance mainly by increasing ratio of post-irradiation dark currents. Consequently
we found that all trial models achieved significantly improved radiation tolerance peaking at a factor of 7−8 in
the best case. We also present differences among control samples due to the various pixel sizes.
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1 Introduction
A Multi Pixel Photon Counter (MPPC), also known as a
SiPM, is a semiconductor photon-counting device consist-
ing of a two-dimensional array of fine avalanche photodi-
odes (APDs)[1]. Since these APDs are operated in Geiger
mode, their gain is comparable to that of PMTs up to
105−−6 which leads to the clear separation capability of
single photoelectrons. With advantageous characteristics
such as high gain, compactness and low power consump-
tion, MPPCs are expected to be applicable to a relatively
wide field of experimental physics.

Excellent performance has been demonstrated as
gamma-ray detectors comprising large-area monolithic
MPPC-arrays developed by Hamamatsu[2] and inorganic
scintillator arrays in medical imaging[3] or a Compton
gamma camera for environmental monitoring[4]. The
same technique may also apply to instruments for cosmic
gamma-ray observations. However, such MPPC applica-
tions are currently hindered due to the inability to establish
significant radiation tolerance of MPPCs to date.

APDs meanwhile, key MPPC components as described
above, were successfully established as photo detec-
tors with sufficient radiation tolerance in a Compact
Muon Solenoid experiment at the CERN Large Hadron
Collider[5]. Moreover the first APDs in orbit were fitted
on a pico-satellite Cute 1.7+APD II, which continues to
monitor the distribution of low-energy protons and elec-
trons trapped in low-Earth orbit[6] over four years. Sub-
sequently, APDs are applied to the Hard X-ray Imager[7]
and Soft Gamma-ray Detector[8] onboard the next X-ray
satelliteASTRO-H, as photo sensors for readout of active
shields made of BGO scintillators. Kataoka et al. (2012)
investigated the expected effects on APDs forASTRO-H
caused by radiation damage in low-Earth orbit in depth [9].
Based on irradiation tests on both protons and gamma rays,
two dark current components, namely surface and bulk cur-
rents, could be distinguished. High-energy protons caused
displacement damage in bulk materials, while gamma-ray
radiation increased the surface current. Since bulk current

Figure 1: Radiation-hardened MPPC trial models.

is amplified by the internal gain of an APD, it was shown
that protons play a vital role in radiation damage in orbit.
A particularly important conclusion was that degradation,
or the increase in energy threshold, was estimated to peak
at a factor of 1.6 during the mission.

In this context, we can expect that MPPCs would hope-
fully achieve radiation hardness similar to APDs. This
work is the first step toward developing such MPPCs and
we report on the results of our experiments on proton irra-
diation of MPPCs developed for this study.

2 Materials and methods
2.1 Samples
We prepared 24 Hamamatsu MPPCs of 1× 1 mm2

(12 types, 2 for each) containing trial models for this study
and current products as controls. All the MPPCs were em-
bedded in ceramic packages as well as commercial mod-
els such as the S10362-11 series (Figure 1). We listed the
characteristics for each type in Table 1 with their tentative
names to be identified. STD25, STD50 and STD100 are
the “standard” models currently available, consisting of 25,
50 and 100µm Geiger mode APDs, respectively. Using
these samples, we aimed to investigate differences in radi-
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label design aperture pitch size
STD25 standard small 25µm
STD50 standard small 50µm
STD100 standard small 100µm
WA standard small 15µm
WB standard large 15µm
WC standard+low AP (bare) large 15µm
WD rad-hard+low AP small 15µm
WE rad-hard+low AP (bare) small 15µm
WF rad-hard+low AP (bare) small 15µm
WG rad-hard+low AP (bare) small 15µm
WH rad-hard+low AP (bare) small 15µm
WI rad-hard+low AP (bare) small 15µm

Table 1: Summary of the MPPC samples.

ation damage due to pitch sizes. Although WA resembles
the standard models described above, the size of its APDs
are finer as 15µm. Since all other test models comprised
15 µm APDs, WA was a control sample. WB has a larger
aperture than WA, by replacing quenching resistance with
metal resistance, while WC is a recently developed type,
significantly less prone to after pulsing and with a larger
aperture. The remaining samples from WD to WI are trial
models designed for radiation hardness, by changing the
inner silicon wafer structures. Some of the samples were
packed in a window material made of epoxy resin as well
as commercial ones, while others, namely WC, WE, WF,
WG, WH and WI, were not.

2.2 Measurements
Since the main objective of this study was to observe varia-
tions in basic MPPC characteristics after exposure to high-
energy proton beams, we had to know this information
before irradiation. Hereafter all measurements were con-
ducted at 20◦C.

We initially measured the gain characteristics of all sam-
ples as a function of bias voltage. The MPPC was irradi-
ated by a weak light-emitting diode (LED) flash of 465 nm,
while output charges from the MPPC were fed into a fast
amplifier (Phillips 6954) and then recorded by a charge
sensitive ADC (HOSHIN V005) on a VME bus. We es-
timated the charge corresponding to the single photoelec-
tron peak and eventually obtained the gain. In this study
we defined the operation voltage (Vop for each sample to
have gains of 2.0, 2.75, 7.5, and 24×105 for 15, 25, 50 and
100µm types, respectively.

We also obtained light source spectra of for a calibra-
tion made of241Am doped in NaI(Tl) scintillator (OKEN
50P15; hereafter Am-pulsar) as a failsafe method in case
we were unable to identify a single photoelectron peak
after proton irradiation. The relative gains of the MPPCs
could be estimated from the peak positions of the spec-
tra. During this measurement, we optically coupled the
MPPC and Am-pulsar with silicone optical grease (OKEN
6262A), meaning the samples without window materials
could not be taken.

Second, we measured dark currents alongside bias volt-
ages for all samples using a source meter (Keithley 2400).
All data points were recorded 30 seconds after the bias volt-
age had been set. Later, we particularly focused on the dark
current value atVop as a reference.

Finally, the variation in dark counts for per samples was
measured as a function of the pulse height of an output sig-
nal and the MPPCs were operated with corresponding bias
voltageVop. Output signals were fed into the non-updating
discriminator (Technoland N-TM 405) just after the fast
amplifier and the number of the pulses was counted by a
visual scaler (Technoland N-OR 425) along with various
threshold levels.

2.3 Beam test
We irradiated the MPPCs with 150 MeV protons using
the Heavy Ion Medical Accelerator in Chiba (HIMAC) at
the National Institute of Radiological Sciences. Since we
had two MPPCs per type, we divided the samples into
two groups. One group was exposed to a proton beam of
10 krad which corresponded to a typical∼10 year satellite
mission at low-Earth orbit such asSuzaku andASTRO-H.
The other was exposed to a total dose of 100 krad, assum-
ing long-term missions into deeper space or accelerators
in high-energy physics. During the exposure, the MPPCs
were not in operation and remained at the beam line with-
out bias voltages. The injection rates used were 7× 107

and 3×108 protons/spill for 10- and 100 krad exposures,
respectively.

3 Result
3.1 gain
As expected, just after irradiation, we were unable to iden-
tify a single photoelectron peak in LED flash spectra. Ac-
cordingly we performed the back-up method using the Am-
pulsar on STD25, STD50, STD100, WA, WB, and WD
about 500 hours after the 10 krad dose. Comparing the
spectral peak positions obtained before the beam test, we
evaluated the gain variation caused by the dose. Under rel-
atively large systematic errors of∼ 10 %, no significant ef-
fects were found, which was in line with previous studies
[10].

3.2 dark current
We continuously monitored the voltage dependence of the
dark current for all samples. For instance, we present the
I-V curve of WI in Figure 2 and also show increase ra-
tios relative to the pre-irradiation value. The dose causeda
significant increase in the dark current, even for radiation-
hardened models, as well as a change in the apparent shape
of the curve. A gradual reduction over time was also evi-
dent in all cases. Although the dark current increased at all
the bias voltages, the increase ratio was apparently voltage-
dependent. We extracted the dark current atVop from each
samples and plotted along elapsed time after irradiation
in Figure 3 and 4. Comparing the control (WA), all trial
models showed a lower rate of increase, by a factor of
∼ 8 in the best case, WI (Figs. 3(left), 4(left)). Another
comparison among standard models showed that the finer
the APD element, the weaker it was with respect to pro-
tons(Figs. 3(right),4(right)). For all MPPCs, the dark cur-
rents declined by a power-law asId ∝ t−α , where indices
α among the samples were similar. It remains unclear
whether there is a break in these curves.

3.3 dark count
We measured the dark count rate of 15µm-type samples
around 140 hours after the irradiation, and Figure 5 shows
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Figure 2: Dark current of WI at various bias voltages with the 10- (top left) and 100 krad dose (top right), and increase
ratio relative to the original value with the 10- (bottom left) and 100 krad dose (bottom right).

the WI result with an increase ratio approximately propor-
tional to that of the dark current. The typical count rate at
the 0.5 photoelectron threshold level was several MHz and
more than 10 MHz for 10- and 100 krad dose samples, re-
spectively. We did not obtain precise count rates because
the discriminator began to saturate at such a high count
rates and estimation of dead time was necessary for cor-
rection. With the 100 krad dose, the step-like curve disap-
peared not in others as well as only in WI (Figure 5). The
smooth curve indicates that the MPPCs has completely lost
the capability became completely incapable of single pho-
toelectron separation and the pulse height varies event by
event by more than a few photoelectrons level.

4 Discussion and Conclusions
We have developed several trial models of radiation-
hardened MPPCs for future gamma-ray astronomy space
missions. The radiation tolerance was evaluated by pro-
ton beam irradiation with total doses of 10- and 100 krad
and no significant degradation in gain characteristics was
seen for WD and current models. For all trial models, dark
current increase were successfully suppressed in compari-
son to the current model by a factor of∼ 8. Examined in
greater depth, WC performed relatively well, despite be-
ing the low-afterpulsing model and not radiation-hardened.
All rad-hard models also had low-afterpulsing properties,
which seem crucial for radiation tolerance. Finer pitch MP-
PCs have smaller apertures, since the increased APD el-
ement results in greater surface occupancy of insensitive
areas like quenching resistances. Figs. 3(right) and 4(left)
may indicate such surface circuits are related to radia-
tion tolerance. The dark current of MPPCs can be under-
stood similarly to APDs as in the following three phases.
At lower bias voltages the MPPC still does not work in

Geiger mode, hence a surface current independent of gain
and bias is observed. Subsequently at higher voltages, the
MPPC is in operation meaning the bulk component ampli-
fied by internal gain starts to dominate and shows bias de-
pendency. Finally at the highest voltage region, afterpuls-
ing probability increases exponentially along with the bias.
Figure 2 (bottom) can be accountable if the increase ratios
of the above three components differ. In this scenario, the
surface current is less sensitive to protons than the bulk
current, which matches the previous study on APDs[9] and
we could also anticipate that the afterpulsing probability
was also less sensitive than the bulk component.

To complete this work, we are going to conduct a60Co
gamma-ray irradiation, which will only damage the surface
current. In addition, we must evaluate performance deteri-
orations combined with scintillators as well actual applica-
tions.
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Figure 3: Time evolution of the dark current increase ratio at operation voltages after the 10 krad dose, for the trial models
(Left) and conventional models (Right). Lines indicate power-law fits to the data points.
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Figure 4: The same as Figure 3, but for samples with 100 krad irradiation.
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Figure 5: Dark count rate of WI (Left) for 10 and for 100 krad dose (Right) along with the threshold levels
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