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The Belle Il detector at the SuperKEK& e~ collider is the only Super Flavor Factory in the
nearest future. Electromagnetic calorimeter (ECL) is ohthe most important subsystems of
Belle Il. To cope with extremely high luminosity and sevegekground conditions it was de-

cided to upgrade the end cap ECL and utilize pure Csl satith crystals. We report about

development and study of the counter based on the pure Csthtand avalanche photodiodes
(of Hamamatsu S8664 series).
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1. Introduction

Successful asymmetric energye~ B Factories, Belle anBABAR, raised lots of new intrigu-
ing questions in the flavor sector of the Standard Model. Td@firmed the fruitfulness of the
B Factory experimental strategy in the precision tests efStandard Model and search for New
Physics [1].

The Belle Il detector at the SuperKEKB collider, success@aile at KEKB [2, 3], is the only
e"e~ Super Flavor Factory in the nearest future. Itis competitemplementary to the current and
coming energy/intensity frontier experiments [4]. The exed instantaneous luminosity o8
10°° 1/c?/s and the statistics of 50 abrepresent great challenge to both SuperK EKB accelerator
and Belle Il detector [5]. To cope with extremely high lunsity and severe background conditions
it was decided to upgrade the end cap electromagnetic cadtei (ECL) and utilize fast pure Csl
scintillation crystals with the scintillation decay timéabout 30 ns.

Two types of the photosensitive elements, vacuum photogestand silicon avalanche pho-
todiodes (APDs), are considered. The second option with @PMHamamatsu S8664-55 and
S8664-1010) is studied in this paper. Hamamatsu APD is a aotrghotosensor insensitive to
magnetic field. The recommended operating point at the sevaias voltage of about 400 V, pro-
vides the gain of about 50 and dark current of few nanoamgatdéke temperaturé = 25°C).

High equivalent noise charge (ENC) originates from largefion capacitance of APD (100-
300 pF) and necessarily short shaping time (30-50 ns). @akiio account modest light yield of
pure Csl crystal (2008 5000 photons/MeV) we get notable equivalent noise enerdyE(EINn
the studies of the counter based on the Csl(pure) crystd (o6 x 30 cn? size) and one APD
Hamamatsu S8664-1010, the equivalent noise energy wasireda® be ENE- 2 MeV, which
essentially exceeds the acceptable legf.6 MeV) [5].

2. Characteristics of APD, measurement of equivalent noiseharge

The main characteristics of APD, dark current and gain astioms of bias voltage were
measured at different temperatures. Figure 1 shows Harsangt664-1010 APD gairG) vs.
bias voltage Wpias) for the temperatures from 1 up to 43°C in the vicinity of the operating
point Upias= 394 V,G =50, T = 24°C). At the operating point the dark current of the S8664-
1010 [S8664-55] APD varies from 1 nA [1 nA] up to 30 nA [8 nA] Akettemperatures from X
to 43°C. The relative temperature gain variati g—$) for Hamamatsu S8664-1010 [S8664-
55] APDs at different operating points with gain of 30, 50 d@) were measured to je- 2.3+
0.1)%/°C [(—2.4+0.1)%/°C], (—3.1+£0.1)%/°C [(—3.3+0.1)%/°C] and (—4.9+ 0.2)%/°C
[(—5.0+£0.2)%/°C], respectively. So, APD is a dominant source of the tentpezavariations of
the signal from the counter based on pure Csl crystal and ABRrovide stable response, these
variations can be compensated by temperature adjustmehe dfias voltage. From Fig. 1 it is
seen that the absolute [relative] temperature bias voltagation to keep constant ga@®= 50 is
4 =067 V/°C[E¥ =0.17%/°C|. Such a fine tuning of the bias voltage can be implemented
just on the preamplifier board with the temperature sensamtea in the vicinity of APD.

The electronic readout chain is shown in Fig. 2. The ENC inctein was studied with help
of the electronic calibration signal. Calibration pulseghveonstant amplitudd)g, are fed to the
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Figure 1: Hamamatsu S8664-1010 APD gain vs. bias voltage (left), danfent vs. bias voltage (right) at
the temperatureb = 10°C=-43°C.
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Figure 2: Block diagram of experimental setup for analyzing signehfrAPD.

test input of the charge sensitive preamplifier (CAEN A14Q2%3) producing incoming charge
Qcal = CcalUo, WhereCcy = (0.82+ 0.05) pF is calibration capacitor. The output voltage from the
preamplifier has an amplitudé,,: = Qcal/Ci, WhereCy, is feedback capacitor of preamplifier.
\oltage signal from preamplifier is then filtered and amplifisy shaper (Clear Pulse 4467A) and
digitized by peak hold ADC (Hoshin C008). The position of geak (mean value) in the amplitude
spectrum is used to graduate ADC channels in the units ohiimap charge, and the root mean
square (r.m.s.) is a measure of the ENC (we evaluate ENC inrthg of electron charge). The
ENC squared in the spectrometric channel is [6]:

BZ
ENC? = A%T + <T+E2> Cipp 1+ D?, (2.1)
whereA = % is shot noise coefficienB = 7“”‘%&“ is thermal noise coefficienE is 1/f

noise factor and is additional noise produced in the secondary cascadesqgirdamplifier as
well as by shaper and ADC. Herris electron chargely is the dark current in APDg is the
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gain of APD,F is excess noise factor of APRg is Boltzmann constant is the temperature of
APD, Rs is equivalent series resistanépp is junction capacitance of AP, is shaping time,
K1,K> are the factors determined by the filtering scheme of theisgamplifier. The equivalent
series resistanc®s, is determined mostly by the reversal transconductandeeahput field effect
transistor(s) (FET(s)) in the preamplifier (two BF862 FETEIAEN A1422B045F3).

The graphs of ENC vs. shaping time in the spectrometric aklanmithout APD (additional
noise), with one APD S8664-55 and with one APD S8664-101Glaoevn in Fig. 3.
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Figure 3: The ENC vs. shaping time in the spectrometric channels witA&D (black points), with one
APD S8664-55 (red points), with one APD S8664-1010 (bluai)i

Each ENC component in Eq.2.1 was studied separately. Talagcshot noise (the first term
in Eq.2.1) in addition to the dark current and gain we meakkrandK;. The signal shape factor

|€|[ENCEj 01— ENC?] . .
Ky = S 0.65+ 0.04 was measured with PIN photodiode Hamamatsu S2744-08
instead of APD in the electronic chain. For the measuremigatwe utilized ORTEC 570 shaping

amplifier with K] = 0.44+ 0.02, which allows us to set larger shaping times=((0.5-+ 10) us).

. . . . .. e|[ENCE, . —ENC?
The excess noise factor is measured with APD in the electrohain: F = ‘”%ﬂ#]
1

ENCShoto is the equivalent noise charge with the additional phot@ur Iphote, When PIN pho-
todiode/APD was illuminated by light-emitting diode. Atetloperating point the excess noise
factor of the S8664 APD was measured totbe 4.7+ 0.5.

The thermal and 1/f noise components (the second term in.Bg2roportional taCapp,

2 2

were measured simultaneously. The ra%%% was measured at different shaping times
T = (20-+-500) ns, where the ENG, is equivalentlnoise charge with tke , test capacitor@; =
96 pF,C, = 218 pF) at the preamplifier input instead of APD. It was appnated by the function,
BTZ + E?, and the thermal noise coefficieBt= (26.2+ 0.8+ 4.8) \/ns/pF (at the temperatufie=
24°C) and 1/f noise factoE = (6.1+ 0.1+ 0.4) 1/pF were extracted.

In Fig. 3 it is seen that the additional noig®, is not constant at = (20--500) ns. It varies
strongly and increases at smatl£ 20 ns) and larget(= 500 ns) shaping times by a factor of
about two in comparison with the minimal vallle~ 650 electrons at = 100 ns. This indicates
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remaining notable parallel and serial noises, which oatgrfrom the Clear Pulse 4467A shaping
amplifier we use (with ORTEC 570 shaping amplifier we obtaiDed 700 electrons at = 500 ns).

We observed good agreement between measured total ENCendltlulated one (based on
the separately measured ENC components), which indicafiésient suppression of the correlated
noises in our spectrometric channel. We also concludehkat is no room for the further essential
improvement of the ENC (at room temperature).

3. Measurement of equivalent noise energy

Scintillation counter is made of a pure Csl crystal [7)(6 x 30 cn?) wrapped by one layer
of a Gore-Tex teflon of 20@km thickness and placed in a 40m aluminized mylar container. One
or several APDs are coupled to the back facek @ cnr) of the crystal with the optical grease
OKEN-6262A as shown in Fig. 4(a).
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Figure 4: Scheme of the counter: (a) APDs are coupled to the pure Cstadrhrough the optical grease
OKEN-6262A, (b) APDs are coupled to the back side of the weawgth shifting plate with the optical grease
OKEN-6262A, (c) APDs are coupled to the edge sides of the lsag¢h shifting plate with the optical grease
OKEN-6262A.

To calibrate ADC channels in the units of deposited energg\(Mmeasurement with the
signals from the cosmic muons (so called cosmic calibratieas carried out. Monte Carlo sim-
ulation of the passage of cosmic muons through the crystal/slthat the most probable energy
deposition (position of the cosmic peak in the amplitudecspen) is EF'}’E')gk: 33 MeV. The ENE
in the spectrometric channel of the counter was evaluated kelp of the electronic calibra-
tion as described in Section 2. The only difference is thatrtin.s. of the calibration peak was
evaluated in the units of MeV. The specific light outpat@®) of the counter was evaluated as

sLO= % = (26+ 2) photoelectrons/MeV/ch) whereNgos is number of electrons (as to the
peal

preamplifier input) corresponding to the energy deposEg@ik: 33 MeV,Gis APD gain,S\pp is
photosensitive area of AP3{pp = 0.25 cnt for S8664-55 APDS\pp = 1.0 cn? for S8664-1010
APD).

For the counter with one S8664-1010 [S8664-55] APD the ENE nvaasured to bel.54+
0.15) MeV [(2.3+0.2) MeV]. Although the ENC of the counter with APD S8664-1010&sger
than that with APD S8664-55, see Fig. 3, the ENE of the latbemter is bigger because its light
output, determined by the photosensitive area of APD, imédismaller. To decrease the equivalent
noise energy several APDBI{pp) can be coupled to one crystal, in this case the ENE is reduced
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by a factor of 1{/Napp. In the scheme with two S8664-1010 APDs the ENE was measored t
be (1.1+0.1) MeV. In the case of two or four S8664-55 APDs per crystal, wiaioled ENE=
(1.7+£0.2) MeV or ENE= (1.2+0.1) MeV (see also Fig. 5), respectively. Another way to decrease
the ENE is to improve light output of the counter.

4. Improvement of the light output

To increase the light collection efficiency we studied tHeast of different optical greases and
thickness of reflector, Gore-Tex teflon. Three types of thieosi optical grease, OKEN-6262A,
BC-630 and TSF451-50M were applied, obtained signal ratii®.95:0.85 (OKEN-6262A: BC-
630: TSF451-50M). In the further studies we used OKEN-626@2Avas already demonstrated
that the Gore-Tex teflon has the largest reflectivity amomgwkll-known soft reflectors even in
the ultraviolet (UV) range [8]. We measured signals from ¢benters with the teflon of differ-
ent thicknesses. It was found that the optimal thicknes®fbdri is 200um, its further increase
improves the signal by less than 5%.

The scintillation light emission spectrum of pure Csl peakaround 320 nm. In this UV re-
gion the quantum efficiency of the S8664 series APD is onlyaB0%. Novel wavelength shifting
(WLS) plates containing nanostructured organosiliconitumphores [9, 10, 11] were developed by
LuminnoTech LLC [12]. Nanostructured organosilicon luophores (NOLS) are branched molec-
ular structures having two types of covalently bonded \ia®i atoms organic luminophores with
efficient Forster energy transfer between them. Organidnopihores of the first type (energy
donor) absorb the UV light, while those of the second typei@y acceptor) emit the light in the
visible range. Bithiophenes are used as the energy donddifi@rent derivatives of benzothiadia-
zole, emitting in green, yellow or red region, as the enempeptors. WLS plates with NOLs allow
us to shift the spectrum of the scintillation light from UV ttee visible range, where the quantum
efficiency of APD reaches 85%. Plates with three types of N®@kee tested (NOL-9, NOL-10
and NOL-14).

The WLS plate is mounted to the back facet of the crystal witluptical contact. APDs can
be coupled to the plate with OKEN-6262A in two ways, to thekdacet (see Fig. 4(b)), and to the
edge sides of the plate (see Fig. 4(c)). The largest lighdutuhcrease (by a factor of more than
three) was achieved with NOL-9 luminophore, when APDs amglam to the edge sides of the
WLS plate, see Fig. 5. The ENE of counter with four S8664-5®Aoupled to the edge sides of
the NOL-9 based WLS plate was measured t¢M41+ 0.04) MeV (at the shaping time of 50 ns).
The ENE with one [two] S8664-1010 APDJs] coupled to the bade ®f the NOL-9 based WLS
plate was measured to 0@ 54+ 0.05) MeV [(0.44+ 0.04) MeV] (at the shaping time of 50 ns).

5. Conclusion

Hamamatsu APDs of S8664 series were proved to be approjpiti@sensitive elements
for the conversion of the scintillation light from pure Cslystals in the Belle 1l end cap ECL.
The wavelength shifting plates with nanostructured orgdicon luminophores (NOL-9) provide
large improvement of the light output. Several Hamamat$s68%5 APDs, coupled to the edge
sides of the thick wavelength shifting plate (see Fig. 4@)pws us to decrease substantially the
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Figure 5: The ENE of the counter based on the pure Csl crystal and 4 S8684°Ds. APDs are coupled to
the back facet of the WLS(NOL-9) plate (left), comparisotha ENES for the counters with APDs coupled
to the back facet and to the edge sides of the plate (rightik figeire also shows the ENE of the counter
without WLS plate.

equivalent noise energy of the counter and provide redwydiarthe signal readout. The obtained
ENE= (0.41+0.04) MeV satisfies project requirements.
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