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ABSTRACT. In this paper we present a study of the neutrons-inducedadarin Silicon Photo-
Multipliers. Twenty-six devices, produced by AdvanSiD,riamatsu and SensL, have been irra-
diated at the Geel Electron LINear Accelerator (GELINA) iel§ium with a nearly white neutron
beam. The total 1 MeV equivalent integrated dose was<@L.0° neq/c?. Photodetector perfor-
mances have been measured during the whole irradiationdparid a gradual worsening of the
detector properties, such as dark current and charge apkas been observed.

An extensive comparison of the performances of all the dedéwices will be presented.

KEYwORDS Radiation damage to detector materials (solid state);tdPhdetectors for UV,
visible and IR photons (solid-state) (PIN diodes, APDsPS®ITs, G-APDs, CCDs, EBCCDs,
EMCCDs etc)
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1 Introduction

A Silicon Photo-Multiplier (henceforth called SiPM) is ava semiconductor photo-detector com-
posed by a matrix of hundreds of pixels operating a few vditsva the breakdown voltage (Geiger-
Mode Avalanche Photo-Diode). Distinctive features of stegfhnology are: single photon detec-
tion capability, high gain(~ 10°) and good time resolutiof< 1 ns) [1]. In addition SiPMs are
small sized, insensitive to magnetic fields and relativédgap. For these reasons SiPMs are in-
creasingly used in all those fields that require an efficidnitgns detection (i.e. Astrophysics,
Nuclear Medicine, High Energy Physics, ...).

SiPMs still have a few drawbacks though: a rather high daigenand a strong sensitivity to
radiation, especially neutrons. The former issue is befltyessed and in the latest years the man-
ufacturers reduced it considerably. The latter is still paroissue for the use of SiPMs, especially
in high energy physics experiments, where a very high riadiagxposure is expected.

Different studies have shown a correlation between the deif&cts in the silicon structure due
to the radiation damage and the deterioration of the pheteetor performance®,[3]. Hadrons
and high energy leptons are able to produce point defectetssvcluster-related defects in the
active volume of the photo-detector. In particular neusrtvaveling within the silicon lattice induce
many displacements of silicon atoms that at the end of the foain a disordered agglomeration
of atoms called clustedf6]. From the macroscopic point of view, some of these defettas
charge carriers generator centers, producing an incréasglonoise.

In high energy physics experiments neutrons are producetdip-nuclear reactions of X and
y rays with the surrounding medi&][ The energy spectrum of the emitted neutrons is broadened
from thermal energies up to a few MeV. Therefore, measutiegperformance degradation on a
neutron beam that can reproduce the energy spectrum of thienecloud is of primary interest
for the development of future particle physics detectors.
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Figure 1. Neutrons spectrum at the GELINA facility at 10m from the waBerillium moderator.

2 The GELINA facility

The irradiation test has been performed at the Geel Eledtiblear Accelerator (GELINA),
at the Institute for Reference Materials and MeasuremdRSIN) in Geel (BE). A 100 MeV
pulsed electron beam impinges on a rotating target comgdmselanium (90%) and Molibdenum
(10%) [8]; the decelerated electrons produce high energy photanbreimsstrhalung, which, in
turn, have photonuclear reactiofig n) with the Uranium nuclei inducing neutron emission. The
produced neutrons are then moderated in a Berillium-Watgt generating the energy spectrum
shown in figurel.

The outgoing moderated beam extents from 20 meV to 2 MeV fieata Maxwellian peak
at 40meV and a= 1/E energy tail. The GELINA facility has 12 test lines (calledigfit path”)
with experimental rooms at different distances from thetrogs sourceq]. Our irradiation test
has been carried out at a distance of 10 m from the Uraniurettardnere the beam diameter was
about 5cm. During the test the average electron current Wag\3producing a neutron flux of
about 7x 10° n/cn¥/s.

The total integrated dose has been calculated using offéilierations performed by the fa-
cility personnel by means of the signal coming from a boroanter, placed in the proximity of
the neutron source. Few cm of lead were added to reduce thandgimation of the photons pro-
duced in the target; the lead attenuation has been checkiethoth, measurements and simulations
and was included in the total dose calculation. The totagrdted dose has been estimated to be
about 32 x 10*% n/cn? in the entire energy range, corresponding to abaik@.0” neq/cm? 1 MeV
equivalent neutrons.

3 Theexperimental setup

Twenty-six SiPMs have been tested. They are squared dewiteslifferent area and pixel size
produced by: AdvanSiD10], HAMAMATSU [ 11] (called Multi Pixel Photon Counter or MPPC)

1The 1 MeV equivalent dose has been calculated normaliziagrtasured neutron energy spectra with the Non
lonizing Energy Loss (NIEL) curve for Silicon.
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and SensL12]. The SiPMs were housed on eight triangular custom madedelri@ircuit Boards
(as shown in figure), joined together on a supporting aluminum structure. Thetgdetectors
were located at the center of the structure within a radiwbotit 25 cm, which corresponds to the
effective dimension of the beam. In taldlés reported the complete list of the tested SiPMs.

During the test, the SiPMs were biased with a common voltagedch PCB element that con-
tains SIPMs of the same brand, provided by a EHQ 8210x-F pswuply produced by ISEGJ],
plus a fine individual correction, provided by a 12-bits Bagito Analog Converter. For each
SiPM the nominal voltage reported by the manufacturer has lselected. The measurement of
the current was performed by sensing the voltage drop onar2gistor and was carried out by a
16-bit analog input readout module, controlled by a Natidmstruments CompactRIO acquisition
system [4]. The accuracy on the current measurement was abOULA\.

We also measured the SiPMs dark charge spectra, thanks &i@rcmade data acquisition
system developed by the INFN Bologna laboratdr][ This system received a copy of the analog
signal from a subset of 8 SiPMs; the signal was amplified aagesth (with a 70 ns shaping time)
then digitized by an ADC. Photodetectors temperature has beeasured online by means of four
temperature probes placed near the SiPMs site. The beamgtara were also recorded for offline
analysis. In figure a schematic view of the readout system is reported.

4 Dark currentsand |-V characteristic curves

For each device we measured the dark current as a functitwe aftegrated dose during the whole
irradiation process. The increase of SiPMs dark currentpgeted to be linear with respect to the
radiation fluence, as described by efj1J:

AiDark% (G Vet - G- KNIEL) P = (G Vet - G) . (Deq (4.1)

wherea is the dark current damage constant for Silic@the SiPM gain andbeq = Kyjer @
the 1 MeV equivalent neutron fluendé.s = Asipm - dett - FF is the effective volume beingF the
geometric fill factor andles the effective thickness of the active volums] 17]. We have then



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

Brand Code Vpias Area Pixd Size Int. dose Eqg. dose
(Volt)  (mm?) (um) 10°n/cn?  10° Negyene
HAMAMATSU H1-50.02 -71.0 1 50 2.8 5.4
HAMAMATSU H1-10041 -70.6 1 100 2.8 5.4
HAMAMATSU H1-2505 -74.0 1 25 2.8 5.4
SensL S1-50.26 -29.1 1 50 3.2 6.2
SensL S1-10030 -29.1 1 100 3.2 6.2
SensL S1-20.29 -29.1 1 20 3.2 6.2
AdvanSiD Al1-5011 -31.0 1 50 3.2 6.2
AdvanSiD A1-10019 -32.0 1 100 3.2 6.2
AdvanSiD Al—- 2520 -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 H1.3-5007 -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 Al—- 25237 -33.9 1 25 3.2 6.2
AdvanSiD A3-5021 -30.1 9 50 3.2 6.2
AdvanSiD Al1-50.13 -32.0 1 50 3.2 6.2
HAMAMATSU H3-5017R -62.0 9 50 3.2 6.2
HAMAMATSU H3-10016R -61.1 9 100 3.2 6.2
AdvanSiD A1-5039S 39.9 1 50 3.2 6.2
AdvanSiD A1-5040S 39.9 1 50 3.2 6.2
HAMAMATSU H1-50.04 -71.0 1 50 0.39 0.76
HAMAMATSU H1-10000 -70.6 1 100 0.39 0.76
HAMAMATSU H1-2506 -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 integtatose to quantitatively compare the
rate of change of the different devices.

We measured also the characteristic curve, dark curresusdrias voltage (I-V curve), at
different integrated dose. Figufeshows, for three & 1 mn¥ devices, the |-V curves at the begin-
ning of the irradiation test, at the end, and after four msrthrecovery at room temperature. A
self-annealing of the SiPMs is clearly visible.

The dark current of a Silicon Photomultiplier depends ontémeperature19], we have then
recorded the temperature of the devices during the whdlpéei®d, to perform a correction during
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Figure 4. Characteristic curves for three SiPMs<Il mn? produced by AdvanSiD, HAMAMATSU and
SensL.

the offline data analysis. The average temperature has H@&B6C. In order to study the effect
of temperature on the SiPMs dark current we have measuregigerature for a night without
irradiation. The effect is specific for each SiPM (manufeets, area ecc.) but on the average it
is around a 10% of variation in the dark current foA®& of 2°C. Given the small variation (Z
maximum between day and night), the effect has been founé teefligible for the trend of the
dark current with respect to the integrated dése.

5 Comparative analysis

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

e Area 1x 1 mn? and different pixel size;

e Area 1x 1 mn? and different brand;

e Area 3x 3mnv, pixel size 5qum and different brand;
e Standard MPPC vs Radiation Hard MPPC.

Area 1 x 1mm? and different pixel size. Figure5 shows the direct comparison of the dark cur-
rents for nine & 1 mn? devices. As expecte@g), starting fromas 10° neq/cn? is clearly visible a
change in the speed at which the dark current increasesheithdcumulated dose for all the tested
SiPMs. In general, we noticed the Hamamatsu devices to ¢pgysinore sensitive to radiation, as
the deterioration starts at abou& 108 neq/cn?, and with a higher slope. AdvansiD and SensL,
on this side, were slightly more robust, as the change stattapproximately  10°neq/cn?. We
should also natice though, that the Hamamatsu initial pevémces, like dark current (and dark
noise), were about 10 times lower, so the final balance is edtdefined.

2|t has been checked on a few devices.
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As far as different geometries (especially pixel size) ina@ned, apart from the expected
different values in dark currents, we could not measure amjificant difference in the trends of
the radiation damage vs dose.

Area 1 x 1mm? and different brand. Figure 6 shows the normalized dark current versus the
accumulated dose for six SiPMs with the same geometricagaions(1 x 1 mn?, 50um (6a)
and 10Qum (6b)) produced by AdvanSiD, HAMAMATSU and SensL. From fig@@we can see
that the dark current change is slightly lower for the deyiceduced by AdvansiD and higher
for the other two producers. This behavior is confirmed atswsitlering SiPMs with pixel size of
100um (see figuréh). In table2 the ratio between the final value of the dark current and tiialin
one(if/ip) provides a quantitative idea of what is described abovedftfitian, from the linear fit

to the normalized dark current with respect to the integratese, the angular coefficient can be
calculated (also reported in tal2g that well reproduces the scenario represented in the.plot

Area 3 x 3mm?, pixel size 50 um and different brand. In figure 7 the normalized dark current
is reported, as a function of the fluence, fox 3 mn¥ and pixel size of 5pum, for AdvansiD and
Hamamatsu devices. MPPCs are more sensitive to the radidéimage, as we can see also in
table3 where the ratia¢ /ig is reported for the three SiPMs. From the linear fit it can Endbat
also the angular coefficient is higher for the MPPCs.



Table 2. Ratioit /ig and angular coefficient of the linear fit for SiPMs with pix&lesof 50um, 100um and
area 1x 1 mn?.

SiPM it/lo ang.coeff
(1078 pAcm?]
Al-5011 17 025
H1-50.02 67 109
S1—-50.26 25 039
Al1-10019 10 014
H1-10041 47 Q75
S1-10030 42 054

Table 3. Ratioit /ig for SiPMs with pixel size of 5m and area % 3mn¥.

SiPM it/io ang.coeff
[10-8 pAcm?|
A3-5021 12 018
H3-5008 84 132
H3-50.10 92 136
: I AdvansiD
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Figure 7. Dark currents versus the integrated dose for three SiPMsaritarea of % 3mn? and a pixel
size of 5qum.

Radiation Hard MPPCsvs Standard M PPCs

Within our sample we had also two non-commercial MPPCs (fatwill call Radiation Hard)
provided by Hamamatsu. They had an area af 3mn? and pixel size of 5gm and 10Qum.
It's interesting to compare the variation of their perfomoes with respect to stardand devices.
Figure8 shows the comparison between two Standard MPPI3s«(50.08 andH3 — 50.10) and
the corresponding Radiation Hard § — 50_17R) device.

From the point of view of dark current, all three devices hsingilar trends. More interesting
is the behaviour of SiPMs (coupled with Wavelength Shiftfitigers) as scintillator read-out with
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Figure 9. Cosmic rays charge spectra before and after the irradifbiothree devices with an area of
3 x 3mn? and a pixel size of 5am.

cosmics. Figur® shows the charge spectra from cosmic rays, before (oramgedfter (blue) the
irradiation, recorded in the Ferrara Laboratory with a devgetup (a coincidence of scintillators).
It can be seen that the Radiation Hard device (fifi)eshows an initial higher gain that, after the
irradiation, still allow to distinguish the signal, whilerfthe standard devices (figuéa, 9b) this
possibility is considerably reduced.

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

6 Dark charge spectra

During our test we also measured the dark noise spectra fepragentative subset (8 devices)
of the sample. We used a random trigger and collectédet@nts for each measurement. The
dark spectra before irradiation are shown in figiee All spectra show very clearly the pedestal
peak, followed by the single pixel peak and some multiplelppeaks. At an irradiation level of
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Figure 11. Dark Charge Spectra after irradiation witt8% 108 neq/cm2 for three SiPMs of areat 1 mn?,
pixel size 5qum and different brands.

3.3 x 10 neg/c?, the spectra have noticeably changed, as can be seen framXigwAll devices
show some amount of performance degradation: some sti#t bkarly recognizable structure,
while others have already lost the individual peaks. It ipamant to notice that, for the devices
where it can still be accurately measured, no substanti@ti@n is observed in the gain. A drift of
the pedestal position, as described already in previou®ascis instead observed for all devices.
Finally, after 22 x 10° neq/cn12, no structure is visible in the spectrum of any device, asesseen
in figure 12; it is therefore impossible to measure the position of theéegtal peak and calculate
the gain.

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

7 Conclusions

We have studied neutrons-induced radiation damage on afsktenty-six Silicon Photo-
Multipliers, from AdvansiD, Hamamatsu, SensL at the GELIf#&ility in Belgium. The effects
of an accumulated dose of3< 10'°n/cn? (which corresponds to.Bx 10° neg/cn? 1 MeV equiv-
alent neutrons) have been measured online during theatrewli

In general, as expected, starting frearl0? neq/cm2 is clearly visible a large increase of dark
current and a significant loss in single photon counting b#ipa
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Figure 12. Dark Charge Spectra after irradiation wittl2 10° neq/cm2 for three SiPMs of areat 1 mn?,
pixel size 5qum and different brands.

We noticed the Hamamatsu devices to be sligtly more seesdixadiation, as the deterioration
starts at about.@ x 108 neq/cn12, and with a higher slope. AdvandiD and SensL, on this sideewe
slightly more robust, as the change started at approxignatetL(? neq/cmz. We should also notice
though, that the Hamamatsu initial performances, like dankent (and dark noise), were about
10 times lower, so the final balance is not well defined.

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

As for the so colled Radiation Hard devices (Hamamatsu) ween a better behaviour
(w.r.t. standard ones) from the point of view of the signalnircosmics. This was essentially
due to the higher pre-irradiation value of the gain, whidbve¢d the cosmic signal to be still vis-
ible after the irradiation. More studies in this directia® &#eing carried out in collaboration with
Hamamatsu.

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