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Ancdumos H. u up. E13-2010-32
Hosele Mukponukcenbusle 1 BHHHBIE (hoToguonsl (MIID)
CO CBEPXBBICOKOM IIOTHOCTBIO MUKCENeH

B GoNbIIMHCTBE CUMHTHUIALMOHHBIX IETEKTOPOB, K K IIP BWIO, B K 4ecTBe (POTONETEKTOPOB HC-
nonb3yercs poToaneKTpoHHbl yMHOXUTENb (PDY). B H crodiiee Bpemd (OTOAMOIbI H XOAAT IIHPOKOE
npuMeHenue. TeeproTenbHble (HOTONETEKTOPHI MO3BONSAIOT p OOT Th B CHJIBHBIX M THUTHBIX MOJSX, KOTO-
pble 4 CTO IPUCYTCTBYIOT B YCT HOBK X, H IIPUMep, HEKOTOpPBIE K JIOPUMETPBI P OOT 10T BOJIM3M M THUTOB,
koMOuHKpoB HHBIA [1DT- 1 MPT-Tomorp ¢ u ap. DdekruBHocts peructp wud ¢oton (DPD) doromu-
OJIOB MOXKET JIOCTHUT Th 3H YCHHH B HECKOIBKO P 3 Oonbiie, yeM y PDY. K Tomy ke oHH 0011 I 10T BHICOKO#
JKECTKOCTBIO, KOMII KTHBI U UMEIOT OTHOCHTE/IBHO HU3KOe p Oodee H HpsiKeHHe. B mocnenHne HECKOIBbKO
net p 3p GOT Hbl U H Y JIM HCIOIB30B ThC MUKPOIMKCENbHbIE J1 BUHHBbIE (poTomuonsl (MJID). MIIDI
codeT 10T GONBIIMHCTBO MPEUMYINECTB MOMYIPOBOTHUKOBBIX (POTONETEKTOPOB I UMEIOT BBICOKHI KOd(h(hH-
LIMEHT YCUJICHNUs, KOTOpBIi O30k K @DY. OIH KO OHM UMEIOT U HEKOTOpbIE HEAOCT TKH, OAMH U3 HUX —
Orp HUYEHHBIM JUH MUYECKHIl U I 30H, COOTBETCTBYIOIIMI YHCITy MuKceneil. HoBble rmyOHHHBIE MUKpO-
K H JpHble MJID ¢ GONMbLION IUIOTHOCTBIO MUKCENEH, MPOU3BOAUMBIC KOMI HHell «Zecotek», 4 CTHYHO
JIMINIEHBI I HHOTO HeoCT TK . B H crosimeil p 60Te MpencT BIEHBI X P KTEPHCTUKH OTUX (POTOAETEKTOPOB
B Cp BHEHHMHU C X p KrepucTuk Mu DDY. IIpusesieHsl pe3yabT Thl U3MEPEHUN KOo(hpUIMEHT YCUIeHus,
DP®, nepekpecTHbIX H BOHOK, c4eT (hoTOHOB. ONMC Hbl NPUMEHEHUs: TEeCThl H Iy4K X Y CTHIl ABYX
p 3HbIx DM-K nopumerpoB Tun «II mueik» s akcnepumentoB COMPASS (LHEPH) u NICA-MPD
(OUAN) co cuuthie HueM MII®D]I. TIok 3 H BO3MOXHOCTh HCIOIb30B Husd MJID]] B TIDT.
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Novel Micropixel Avalanche Photodiodes (MAPD)
with Superhigh Pixel Density

In many detectors based on scintillators the photomultiplier tubes (PMTs) are used as photodetectors.
At present photodiodes are finding wide application. Solid state photodetectors allow operation in strong
magnetic fields that are often present in applications, e.g., some calorimeters operating near magnets,
combined PET and MRT, etc. The photon detection efficiency (PDE) of photodiodes may reach values
a few times higher than that of PMTs. Also, they are rigid, compact and have relatively low operating
voltage. In the last few years Micropixel Avalanche PhotoDiodes (MAPDs) have been developed and
started to be used. The MAPD combines a lot of advantages of semiconductor photodetectors and has a
high gain, which is close to that of the PMT. Yet, they have some disadvantages, and one of them is a
limited dynamic range that corresponds to a total number of pixels. The novel deep microwell MAPD
with high pixel density produced by Zecotek Company partially avoids this disadvantage. In this paper
characteristics of these photodetectors are presented in comparison with the PMT characteristics. The
results refer to measurements of the gain, PDE, cross-talks, photon counting and applications: beam test
results of two different «Shashlyk» EM calorimeters for COMPASS (CERN) and NICA-MPD (JINR)
with the MAPD readout and a possibility of using the MAPD in PET.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear Problems, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2010




The deep microwell MAPD devices have a common p—n junction on the
n-type silicon substrate and a clear sensitive surface as a standard APD. Here both
the matrix of the avalanche regions and the individual passive quenching elements
are placed inside the silicon substrate [1]. The independent avalanche regions
(vertical channels) with individual microwells for charge trapping/collection are
created at a depth of about 3—5 pum using a special distribution of the inner
electric field. Charge collection in individual microwells provides the local self-
quenching of avalanche processes in the MAPD. This design allows production
of devices with extremely high pixel densities without the Photon Detection
Efficiency (PDE) loss.

The first versions of the deep microwell MAPD produced by Zecotek Com-
pany [2] were MAPD-3A/B with the pixel gain 2-10%/1-10%, PDE about 10% in
the green region and density of pixels 15 000/40 000 mm~?2 with the total active
area of 3 X 3 mm.

A new generation of deep microwell MAPDs is represented by the
MAPD-3N. This device has improved characteristics in comparison with the
previous versions. The MAPD-3N pixel gain, average number of fired pixels
for one detected photon due to optical cross-talk [3] and PDE for different light
wavelengths depending on bias voltage are shown in Fig. 1. The MAPD proper-
ties were studied by means of a fast LED using low-intensity light flashes [4].
The PDE was estimated against the standard spectral response of the Hamamatsu
photosensor H6780-04.

To study a possibility of using the MAPD in the positron emission tomog-
raphy (PET), we made a direct comparison of the PMT and MAPD-3N charac-
teristics using the '37Cs source and the Lutetium Fine Silicate (LFS) scintillation
crystal [2]. The v spectra of 37Cs on the LFS scintillation crystal are shown
in Fig.2. One can see that the energy resolution obtained with the MAPD-3N
is comparable with that of the PMT EMI 9814B. For the PET applications, spe-
cial 8 x 8 arrays of MAPDs being developed by Zecotek Company are shown
in Fig. 3.

Another field of application for the MAPD is high energy physics, especially,
EM calorimetry. We are developing prototypes of «Shashlyk» EM modules with
the MAPD readout.



The «Shashlyk» EM calorimeter consists of a stack of alternating layers of
lead and plastic scintillator read out by means of WLS fibers running through the
holes in the scintillator and lead. A few different modules have been tested. In
this paper we report measurements of two modules with different samplings and
readout by different MAPDs.

The first prototype of the EM module intended for the MultiPurpose Detector
(MPD) of the future NICA experiment (JINR) [5] is made from the alternating
layers of 0.275 mm thick lead and 1.5 mm thick scintillator plates with dimensions
11 x 11 cm, which are read out by means of 144 WLS fibers [6] grouped into
9 bundles of 16 fibers each. The module consists of 300 lead/scintillator pairs,
which corresponds to the total length of 55.5 cm, or 15.9 radiation lengths.
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Fig. 1. Pixel gain, PDE and average number of fired pixels versus bias voltage for
MAPD-3N at T'= 15°C



At the end of the module the fiber bundles are glued to the simple cone light
guide, with the other side diameter matching the MAPD sensitive area.

The second prototype of the EM module intended for the projected electro-
magnetic calorimeter ECALO of the COMPASS experiment (CERN) is made from
the alternating layers of 2 mm thick lead with dimensions 12 x 12 cm and nine
4 mm thick scintillator plates with dimensions 4 x 4 cm combined together into a
common plate and optically separated from each other (towers). These plates are
read out by means of 144 WLS fibers grouped into 9 bundles of 16 fibers each.
The module consists of 40 lead/scintillator pairs, which corresponds to the total
length of 25 cm, or 15 radiation lengths.
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Fig. 2. Amplitude spectra obtained with PMT EMI 9814B and MAPD-3N at detection
137Cs ~ quanta a LFS scintillation crystal of size 2 x 2 x 10 mm at T’ = 15°C



Fig. 3. Photo of 8 x 8 MAPD arrays being developed by Zecotek Company [2] for PET
applications
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Fig. 4. Responses and energy resolutions of the NICA module prototype read out by PMT
EMI 9814B and MAPD-3A at T' = 15 °C versus electron beam energy
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Fig. 5. Energy resolution of the ECALO module prototype read out by MAPD-3B at
T = 15°C versus electron beam energy
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Fig. 6. Time resolution of one calorimeter cell of the NICA module prototype read out by
MAPD at T' = 15°C versus the number of collected photoelectrons

At the end of the module the fiber bundles are connected to the Winston
cone light guide [7] glued to the MAPD surface, with the diameter matching the
MAPD sensitive area.

For comparison, the calorimeter cells (bundles) of the NICA module proto-
type were read out by the PMT EMI 9814B and then by the MAPD-3A. The



calorimeter cells (towers) of the ECALO module prototype were read out by the
MAPD-3B.

In the prototypes the MAPDs were fixed on the copper plate placed in a
thermally insulated cooling unit. During the tests the temperature was kept at
15°C by the thermal stabilization system based on the Peltier element. The
signals from the MAPD were amplified by amplifiers with a gain of about 14 and
measured by the QDC V792 (CAEN) for the prototype of the NICA module. For
the prototype of the ECALO module the signals from the MAPD were amplified
by amplifiers with a gain of about 37 and measured by the 1.6V/14-bit 100 MHz
sampling-ADC ADCM16-LCT (JINR) [8].

The main properties of the calorimeter modules were studied at the T9 CERN
PS (NICA) and at the T21 DESY (ECALDO) test-beam facilities. The comparative
results of the studies are presented in Fig.4. One can see that good linearity
and energy resolution comparable with those of the PMT were obtained for the
MAPD readout in the whole energy range. For the prototype of the ECALO
module the required energy resolution (=~ 10%/ \/E) was obtained (see Fig.5).
The term d/E in parametrization of energy resolution arises due to the Coulomb
multi-scattering of electrons on the air in spectrometric tract. Due to its higher
pixel density, the MAPD-3B has obviously better linearity than MAPD-3A. The
time resolution of the NICA module prototype was studied by our group at the
T21 DESY test-beam facility. The signals from the MAPD were amplified by the
same amplifiers but measured by the ADCM16-LCT [8] that allows the acceptable
amplitude and time resolutions. The time resolution of calorimeter was obtained
from a correlation of times registered by the neighboring cells of calorimeter when
signals have approximately the same amplitudes. The experimentally estimated
time resolution of one calorimeter cell of the NICA module prototype is shown
in Fig. 6 [5].
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