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bINFN-Ferrara, Ferrara, Italy
cDipartimento di Matematica e Informatica, Università di Ferrara, Ferrara, Italy
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ABSTRACT: In this paper we present a study of the neutrons-induced damage in Silicon Photo-
Multipliers. Twenty-six devices, produced by AdvanSiD, Hamamatsu and SensL, have been irra-
diated at the Geel Electron LINear Accelerator (GELINA) in Belgium with a nearly white neutron
beam. The total 1 MeV equivalent integrated dose was 6.2× 109 neq/cm2. Photodetector perfor-
mances have been measured during the whole irradiation period and a gradual worsening of the
detector properties, such as dark current and charge spectra, has been observed.

An extensive comparison of the performances of all the tested devices will be presented.
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1 Introduction

A Silicon Photo-Multiplier (henceforth called SiPM) is a novel semiconductor photo-detector com-
posed by a matrix of hundreds of pixels operating a few volts above the breakdown voltage (Geiger-
Mode Avalanche Photo-Diode). Distinctive features of suchtechnology are: single photon detec-
tion capability, high gain

(

≈ 106
)

and good time resolution(< 1 ns) [1]. In addition SiPMs are
small sized, insensitive to magnetic fields and relatively cheap. For these reasons SiPMs are in-
creasingly used in all those fields that require an efficient photons detection (i.e. Astrophysics,
Nuclear Medicine, High Energy Physics, . . . ).

SiPMs still have a few drawbacks though: a rather high dark noise and a strong sensitivity to
radiation, especially neutrons. The former issue is being addressed and in the latest years the man-
ufacturers reduced it considerably. The latter is still an open issue for the use of SiPMs, especially
in high energy physics experiments, where a very high radiation exposure is expected.

Different studies have shown a correlation between the bulkdefects in the silicon structure due
to the radiation damage and the deterioration of the photo-detector performances [2, 3]. Hadrons
and high energy leptons are able to produce point defects as well as cluster-related defects in the
active volume of the photo-detector. In particular neutrons traveling within the silicon lattice induce
many displacements of silicon atoms that at the end of the path form a disordered agglomeration
of atoms called cluster [4–6]. From the macroscopic point of view, some of these defects act as
charge carriers generator centers, producing an increase of dark noise.

In high energy physics experiments neutrons are produced byphoto-nuclear reactions of X and
γ rays with the surrounding media [7]. The energy spectrum of the emitted neutrons is broadened
from thermal energies up to a few MeV. Therefore, measuring the performance degradation on a
neutron beam that can reproduce the energy spectrum of the neutron cloud is of primary interest
for the development of future particle physics detectors.

– 1 –



2
0
1
4
 
J
I
N
S
T
 
9
 
P
0
4
0
0
4

Figure 1. Neutrons spectrum at the GELINA facility at 10m from the water-Berillium moderator.

2 The GELINA facility

The irradiation test has been performed at the Geel ElectronLINear Accelerator (GELINA),
at the Institute for Reference Materials and Measurements (IRMM) in Geel (BE). A 100 MeV
pulsed electron beam impinges on a rotating target composedby Uranium (90%) and Molibdenum
(10%) [8]; the decelerated electrons produce high energy photons via bremsstrhalung, which, in
turn, have photonuclear reactions(γ ,n) with the Uranium nuclei inducing neutron emission. The
produced neutrons are then moderated in a Berillium-Water tank generating the energy spectrum
shown in figure1.

The outgoing moderated beam extents from 20 meV to 2 MeV featuring a Maxwellian peak
at 40meV and a≈ 1/E energy tail. The GELINA facility has 12 test lines (called “flight path”)
with experimental rooms at different distances from the neutrons source [9]. Our irradiation test
has been carried out at a distance of 10 m from the Uranium target, where the beam diameter was
about 5 cm. During the test the average electron current was 35µA, producing a neutron flux of
about 7×105 n/cm2/s.

The total integrated dose has been calculated using offline calibrations performed by the fa-
cility personnel by means of the signal coming from a boron counter, placed in the proximity of
the neutron source. Few cm of lead were added to reduce the contamination of the photons pro-
duced in the target; the lead attenuation has been checked with both, measurements and simulations
and was included in the total dose calculation. The total integrated dose has been estimated to be
about 3.2×1010 n/cm2 in the entire energy range, corresponding to about 6.2×109 neq/cm2 1 MeV
equivalent neutrons.1

3 The experimental setup

Twenty-six SiPMs have been tested. They are squared deviceswith different area and pixel size
produced by: AdvanSiD [10], HAMAMATSU [ 11] (called Multi Pixel Photon Counter or MPPC)

1The 1 MeV equivalent dose has been calculated normalizing the measured neutron energy spectra with the Non
Ionizing Energy Loss (NIEL) curve for Silicon.

– 2 –
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Figure 2. Picture of the irradiated SiPMs mounted
on the supporting PCB.

Figure 3. Schematic representation of the readout
system.

and SensL [12]. The SiPMs were housed on eight triangular custom made Printed Circuit Boards
(as shown in figure2), joined together on a supporting aluminum structure. The photodetectors
were located at the center of the structure within a radius ofabout 2.5 cm, which corresponds to the
effective dimension of the beam. In table1 is reported the complete list of the tested SiPMs.

During the test, the SiPMs were biased with a common voltage for each PCB element that con-
tains SIPMs of the same brand, provided by a EHQ 8210x-F powersupply produced by ISEG [13],
plus a fine individual correction, provided by a 12-bits Digital to Analog Converter. For each
SiPM the nominal voltage reported by the manufacturer has been selected. The measurement of
the current was performed by sensing the voltage drop on a 2 kΩ resistor and was carried out by a
16-bit analog input readout module, controlled by a National Instruments CompactRIO acquisition
system [14]. The accuracy on the current measurement was about 0.01µA.

We also measured the SiPMs dark charge spectra, thanks to a custom made data acquisition
system developed by the INFN Bologna laboratory [15]. This system received a copy of the analog
signal from a subset of 8 SiPMs; the signal was amplified and shaped (with a 70 ns shaping time)
then digitized by an ADC. Photodetectors temperature has been measured online by means of four
temperature probes placed near the SiPMs site. The beam parameters were also recorded for offline
analysis. In figure3 a schematic view of the readout system is reported.

4 Dark currents and I-V characteristic curves

For each device we measured the dark current as a function of the integrated dose during the whole
irradiation process. The increase of SiPMs dark current is expected to be linear with respect to the
radiation fluence, as described by eq. (4.1):

∆iDark ≈ (α ·Veff ·G ·KNIEL) ·Φ = (α ·Veff ·G) ·Φeq (4.1)

whereα is the dark current damage constant for Silicon,G the SiPM gain andΦeq = KNIEL Φ
the 1 MeV equivalent neutron fluence.Veff = ASiPM ·deff ·FF is the effective volume beingFF the
geometric fill factor anddeff the effective thickness of the active volume [16, 17]. We have then

– 3 –



2
0
1
4
 
J
I
N
S
T
 
9
 
P
0
4
0
0
4

Table 1. Table of irradiated SiPMs. The suffix A stands for AdvanSiD, Hfor Hamamatsu and S for SensL;
the first number defines the active area (1, 1.3 or 3.0 mm), the second (25, 50 or 100µm) defines the pixel
dimension while the last is our serial number. Within the irradiated SiPMs set there are four non-commercial
prototypes labelled with the final letter R for Hamamatsu andS for Advansid. For each SiPM are also
reported the bias voltage, the area, the pixel size, the integrated dose and the 1 MeV neutron equivalent dose.

Brand Code Vbias Area Pixel Size Int. dose Eq. dose
(Volt) (mm2) (µm) 1010 n/cm2 109 neq/cm2

HAMAMATSU H1−50 02 -71.0 1 50 2.8 5.4
HAMAMATSU H1−100 41 -70.6 1 100 2.8 5.4
HAMAMATSU H1−25 05 -74.0 1 25 2.8 5.4

SensL S1−50 26 -29.1 1 50 3.2 6.2
SensL S1−100 30 -29.1 1 100 3.2 6.2
SensL S1−20 29 -29.1 1 20 3.2 6.2

AdvanSiD A1−50 11 -31.0 1 50 3.2 6.2
AdvanSiD A1−100 19 -32.0 1 100 3.2 6.2
AdvanSiD A1−25 20 -32.0 1 25 3.2 6.2

HAMAMATSU H3−50 10 -72.5 9 50 3.2 6.2
HAMAMATSU H3−50 08 -72.5 9 50 2.8 6.2
HAMAMATSU H1.3−50 07 -71.2 1.69 50 3.2 6.2

SensL S1−35 34 -29.5 1 35 3.2 6.2
SensL S1−50 27 -29.5 1 50 3.2 6.2
SensL S3−35 32 -29.1 9 35 3.2 6.2

AdvanSiD A1−25 37 -33.9 1 25 3.2 6.2
AdvanSiD A3−50 21 -30.1 9 50 3.2 6.2
AdvanSiD A1−50 13 -32.0 1 50 3.2 6.2

HAMAMATSU H3−50 17R -62.0 9 50 3.2 6.2
HAMAMATSU H3−100 16R -61.1 9 100 3.2 6.2

AdvanSiD A1−50 39S 39.9 1 50 3.2 6.2
AdvanSiD A1−50 40S 39.9 1 50 3.2 6.2

HAMAMATSU H1−50 04 -71.0 1 50 0.39 0.76
HAMAMATSU H1−100 00 -70.6 1 100 0.39 0.76
HAMAMATSU H1−25 06 -74.0 1 25 0.39 0.76

HAMAMATSU H3−50 09 -72.5 9 50 0.39 0.76

performed a linear fit of the dark current versus the integrated dose to quantitatively compare the
rate of change of the different devices.

We measured also the characteristic curve, dark current versus bias voltage (I-V curve), at
different integrated dose. Figure4 shows, for three 1×1 mm2 devices, the I-V curves at the begin-
ning of the irradiation test, at the end, and after four months of recovery at room temperature. A
self-annealing of the SiPMs is clearly visible.

The dark current of a Silicon Photomultiplier depends on thetemperature [19], we have then
recorded the temperature of the devices during the whole test period, to perform a correction during

– 4 –
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Figure 4. Characteristic curves for three SiPMs 1×1 mm2 produced by AdvanSiD, HAMAMATSU and
SensL.

the offline data analysis. The average temperature has been of 25.5◦C. In order to study the effect
of temperature on the SiPMs dark current we have measured thetemperature for a night without
irradiation. The effect is specific for each SiPM (manufacturers, area ecc.) but on the average it
is around a 10% of variation in the dark current for a∆T of 2◦C. Given the small variation (2◦C
maximum between day and night), the effect has been found to be negligible for the trend of the
dark current with respect to the integrated dose.2

5 Comparative analysis

The possibility to perform simultaneous measurements on different SiPMs, in the same experi-
mental conditions, allows a direct and very interesting comparison among devices with different
geometries and of different producers. Here is the list of comparisons that will be presented in this
section:

• Area 1×1 mm2 and different pixel size;

• Area 1×1 mm2 and different brand;

• Area 3×3 mm2, pixel size 50µm and different brand;

• Standard MPPC vs Radiation Hard MPPC.

Area 1× 1 mm2 and different pixel size. Figure5 shows the direct comparison of the dark cur-
rents for nine 1×1 mm2 devices. As expected [22], starting from≈ 108 neq/cm2 is clearly visible a
change in the speed at which the dark current increases with the accumulated dose for all the tested
SiPMs. In general, we noticed the Hamamatsu devices to be sligtly more sensitive to radiation, as
the deterioration starts at about 0.2×108 neq/cm2, and with a higher slope. AdvansiD and SensL,
on this side, were slightly more robust, as the change started at approximately 2×108 neq/cm2. We
should also notice though, that the Hamamatsu initial performances, like dark current (and dark
noise), were about 10 times lower, so the final balance is not well defined.

2It has been checked on a few devices.

– 5 –
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Figure 5. Dark currents versus the integrated dose for SiPMs with areaof 1× 1 mm2 and different pixel
size. The missing points on AdvansiD and SensL are due to someproblems with the DAQ.
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(b) Pixel size: 100µm.

Figure 6. Dark currents versus the integrated dose for SiPMs with areaof 1×1mm2 and different brands.

As far as different geometries (especially pixel size) is concerned, apart from the expected
different values in dark currents, we could not measure any significant difference in the trends of
the radiation damage vs dose.

Area 1× 1 mm2 and different brand. Figure6 shows the normalized dark current versus the
accumulated dose for six SiPMs with the same geometrical dimensions(1×1 mm2, 50µm (6a)
and 100µm (6b)) produced by AdvanSiD, HAMAMATSU and SensL. From figure6awe can see
that the dark current change is slightly lower for the deviceproduced by AdvansiD and higher
for the other two producers. This behavior is confirmed also considering SiPMs with pixel size of
100µm (see figure6b). In table2 the ratio between the final value of the dark current and the initial
one(i f /i0) provides a quantitative idea of what is described above. In addition, from the linear fit
to the normalized dark current with respect to the integrated dose, the angular coefficient can be
calculated (also reported in table2), that well reproduces the scenario represented in the plots.

Area 3× 3 mm2, pixel size 50 µm and different brand. In figure7 the normalized dark current
is reported, as a function of the fluence, for 3×3 mm2 and pixel size of 50µm, for AdvansiD and
Hamamatsu devices. MPPCs are more sensitive to the radiation damage, as we can see also in
table3 where the ratioi f /i0 is reported for the three SiPMs. From the linear fit it can be seen that
also the angular coefficient is higher for the MPPCs.

– 6 –
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Table 2. Ratio i f /i0 and angular coefficient of the linear fit for SiPMs with pixel size of 50µm, 100µm and
area 1×1 mm2.

SiPM if/i0 ang.coeff
[

10−8 µAcm2
]

A1−50 11 17 0.25
H1−50 02 67 1.09
S1−50 26 25 0.39

A1−100 19 10 0.14
H1−100 41 47 0.75
S1−100 30 42 0.54

Table 3. Ratio i f /i0 for SiPMs with pixel size of 50µm and area 3×3mm2.

SiPM if/i0 ang.coeff
[

10−8 µAcm2
]

A3−50 21 12 0.18
H3−50 08 84 1.32
H3−50 10 92 1.36
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Figure 7. Dark currents versus the integrated dose for three SiPMs with an area of 3×3mm2 and a pixel
size of 50µm.

Radiation Hard MPPCs vs Standard MPPCs

Within our sample we had also two non-commercial MPPCs (thatwe will call Radiation Hard)
provided by Hamamatsu. They had an area of 3× 3 mm2 and pixel size of 50µm and 100µm.
It’s interesting to compare the variation of their performances with respect to stardand devices.
Figure8 shows the comparison between two Standard MPPCs (H3−50 08 andH3−50 10) and
the corresponding Radiation Hard (H3−50 17R) device.

From the point of view of dark current, all three devices havesimilar trends. More interesting
is the behaviour of SiPMs (coupled with Wavelength Shiftingfibers) as scintillator read-out with

– 7 –
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Figure 8. Dark currents versus the integrated dose for two standard MPPCs and one Radiation Hard MPPC.
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Figure 9. Cosmic rays charge spectra before and after the irradiationfor three devices with an area of
3×3 mm2 and a pixel size of 50µm.

cosmics. Figure9 shows the charge spectra from cosmic rays, before (orange) and after (blue) the
irradiation, recorded in the Ferrara Laboratory with a simple setup (a coincidence of scintillators).
It can be seen that the Radiation Hard device (figure9c) shows an initial higher gain that, after the
irradiation, still allow to distinguish the signal, while for the standard devices (figure9a, 9b) this
possibility is considerably reduced.

Given the above results, more studies are currently being performed on several Rad. Hard
devices provided by Hamamatsu.

6 Dark charge spectra

During our test we also measured the dark noise spectra for a representative subset (8 devices)
of the sample. We used a random trigger and collected 105 events for each measurement. The
dark spectra before irradiation are shown in figure10. All spectra show very clearly the pedestal
peak, followed by the single pixel peak and some multiple-pixel peaks. At an irradiation level of
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Figure 10. Dark Charge Spectra before irradiation for three SiPMs of area 1×1 mm2, pixel size 50µm and
different brands.
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Figure 11. Dark Charge Spectra after irradiation with 3.3×108 neq/cm2 for three SiPMs of area 1×1 mm2,
pixel size 50µm and different brands.

3.3×108 neq/cm2, the spectra have noticeably changed, as can be seen from figure11. All devices
show some amount of performance degradation: some still have clearly recognizable structure,
while others have already lost the individual peaks. It is important to notice that, for the devices
where it can still be accurately measured, no substantial variation is observed in the gain. A drift of
the pedestal position, as described already in previous sections, is instead observed for all devices.
Finally, after 2.2×109 neq/cm2, no structure is visible in the spectrum of any device, as canbe seen
in figure 12; it is therefore impossible to measure the position of the pedestal peak and calculate
the gain.

This loss of photon counting capability is mainly due to the increase of the dark noise
and to a significant worsening of the gain uniformity which, in turn, causes a wide broadening
(and overlapping) of the different photoelectron peaks.

7 Conclusions

We have studied neutrons-induced radiation damage on a set of twenty-six Silicon Photo-
Multipliers, from AdvansiD, Hamamatsu, SensL at the GELINAfacility in Belgium. The effects
of an accumulated dose of 3.2×1010n/cm2 (which corresponds to 6.2×109 neq/cm2 1 MeV equiv-
alent neutrons) have been measured online during the irradiation.

In general, as expected, starting from≈ 108 neq/cm2 is clearly visible a large increase of dark
current and a significant loss in single photon counting capability.

– 9 –
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Figure 12. Dark Charge Spectra after irradiation with 2.2×109 neq/cm2 for three SiPMs of area 1×1 mm2,
pixel size 50µm and different brands.

We noticed the Hamamatsu devices to be sligtly more sensitive to radiation, as the deterioration
starts at about 0.2×108 neq/cm2, and with a higher slope. AdvandiD and SensL, on this side, were
slightly more robust, as the change started at approximately 2×108 neq/cm2. We should also notice
though, that the Hamamatsu initial performances, like darkcurrent (and dark noise), were about
10 times lower, so the final balance is not well defined.

As far as different geometries (especially pixel size) are concerned, apart from the expected
different values in dark currents, we could not measure any significant difference in the trends of
the radiation damage vs dose.

As for the so colled Radiation Hard devices (Hamamatsu) we noticed a better behaviour
(w.r.t. standard ones) from the point of view of the signal from cosmics. This was essentially
due to the higher pre-irradiation value of the gain, which allowed the cosmic signal to be still vis-
ible after the irradiation. More studies in this direction are being carried out in collaboration with
Hamamatsu.

Finally, from the point of view of the photon counting capability, we didn’t notice large differ-
ences among the manufacturers, with Hamamatsu performing perhaps slightly better.
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