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Plates of an organic scintillating plastic BC408, 50 x 50 x 5 mm’, with a wavelength-
shifting (WLS) fiber Kuraray Y11, embedded in circular grooves inside the plastic, were used in
combination with 1 mm’ avalanche photodiodes working in the Geiger mode (APDg, or MRS
APD, or SiPM). Beam tests with minimum ionizing particles (MIP), performed at the ITEP
synchroiron, have shown high detection efficiencies of about 13 photoelectrons/MIP.

Summarized advantages ol APDg — compactness, low operating voltage, high output
signal, operation at room temperatures, low price, etc. — open wide possibilities in the
construction of large area and low-cost scintillator detectors for calorimetry and active shielding.
APDg characteristics compared to those of a standard photo-multiplier XP20200Q are presented.

A. Axunsmnos, T'. Bornpaperko, K. Bonomus, B. I'onosus, E. I'puropses,
I. Manexesud, A. MapreMbssoB, A. CMUPHUTCKWH

JIABUHHBIHE ®OTOLWO/IBI B TEUTEPOBCKOM PEXUME AJIS
PETMCTPALIMY CUMHTWDIIIMOHHOI O CBETA

Jns  3azas  ceerocGopa B KpYrihe KaHABKH BHYTPH IUIACTHH OPragMy¥ccKolro
cuunTHTOpa BC408 pasmepom 50 x 50 x 5 M’ nomewianocs ontudeckoe BogokHo Kuraray
Y11. Perncrpauns cBeTa OCYIECTBAMLIACH JNABHHABIMH (OTOMMOAAMH MaMerpoM | mM,
paborasmnmMa B relireposckom pexuMe (APDg, MRS APD mm SiPM). IlyuxoBele TecThl ¢
MHMHHMAaNbHO-HOHH3YIOUIHMH dacTauamu (MIP), oprasmsoBaninnie Ha cuHXxporpoHe UTOO
nonTsepminy BhicoKyo dhdexTaBHOCTE perHcTpanuy npubopa, pasHyIO - mpHOMHAMTERHO 13
toToanexrporos/MIP.

Chopmyuposasssie B cTarhe  NOCTOMHCTEa  APDg -~ KOMIDAKTHOCTB, HH3KOE
OIECPALHOHHOE HANpMKeHHe, BRICOKRH ypoBeHb CHruana, pabora npu KOMHATHBIX TEMIEPATYpax,
HefoNbIIAR CTOMMOCTE H T. . — OTKPHIBAIOT MIHMPOKHE BOSMOMXHOCTH HCMonb3oRanus npubopa
OpH co3aHMY OONBIUMX IO MUIOLIAAM M HEOPOrHX CHMHTHIUTAIMOHHBIX NETEKTOPOB AAf
KATODUMETPHA M TPHMITCPHRIX CHCTeM. llpencraBneHsl OCHOBIIBIE XapaxTepuctuxky APDg B
CpaBHEHHH cO cTaHaap LM Qoroymroxurenem XP2020Q.

Fig. — 11, ref. — 5 names.
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1. Introduction

An avalanche photo-diode (APD) seems to be a very promising device for various applica-
tions in the high energy physics. Despite high quantum efficiencies (Q.E.) for the visible light, cur-
rently known APDs (produced by HAMAMATSU) have rather low amplification coefficients.
This turns to be the main disadvantage preventing one from creating fast electronics for sensitive
light-detecting systems based on usual APDs,

A possible solution may be an APD operated in the Geiger mode (APDg). This device has
an amplification coefficient of up to 10° (see Section 2.1), which facilitates the electronics crea-
tion, and widens the realm of the device employment.

APDg’s have the Metal-Resistor-Semiconductor (MRS) intrinsic structure, and may be as-
sembled in a micro-cell construction, as described in [1]. As it is known, such construction repre-
sents a lower Q.E. for the visible light, and a large photo-ionization coefficient (stipulated by
cross-talks of ‘red’ photons between neighboring micro-cells), as cxplained in [2].

APDg’s, which are described in this article, were designed and manufactured at CPTA>,

They have satisfactory good Q.E. (20% in the green-yellow spectrum region) and comprise a spe-
cial structure to suppress the photo-ionization.

LAM ADC ™DC Many possible applications of APDg are not men-

gate start tioned in this article. The authors intend to use

A T these devices in large low-light self-triggering sys-
tems working on cosmic rays, based on a ‘tiles +
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Fig. 1. Scheme of the laboratory setup used to Fig. 2. Single electron spectrum from APDg
test APDg. obtained with low light pulses.
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WLS fibers’ architecture, and covering large surfaces.
2. Tests with LED

The laboratory setup, used to test new APDg’s, is schematically shown in Fig. 1. The blue
LED was put into work by a generated pulse, which had a triangle shape with an up to 5 V ampli-
tude, a 5 ns rise-time, and a 15 ns fall-time. The light transmission was performed by KURARAY
Y11 WLS fibers, 1 mm in diameter. The charge was measured with Le Croy QDC 2249 with a
50 ns gate, the time was measured with Le Croy TDC 2228. A tested APDg was placed inside a
PVC optical connector to insure good coupling with the fiber. The connector itself was put into a
screened copper box equipped with a VG3 amplifier, described in [3]. The main amplifier parame-
ters were as follows: amplification — 0.9 V/pC, rise-time — 5 ns, fall-time — 8 ns, noise —

ol S i e e o v g B
g [ R | Entries 101917 }
5 500 SO S 600
g
{
00 500 F
' 400
300 1]
300
0 T
] 200 4 -
100 / \
i 100
02630 90 100 110 120 130 140 150 160170 ¢ e ot e s
ADC channels 0 100 200 300 400 500 600
TDC channels
a : b
f
1000 :
A
800 m | M\
2e\'
600 [ r3° . Fig. 3. Spectrum of APDg events obtained with
o e f I low light pulses: a — 2-dimensional T4 distri-
r l_ J bution; b— time distribution, ¢ -— amplitude
400 - JJ , distribution.
200
07680 96100 110 120 130 140 150 160 170

ADC channcls



2500 e plus 60 e for every picofarade < 1 f
at the input. =

Fig. 2 shows a single electron § ¢ |
spectrum from APDg, obtained with 2
Tow light pulses. Fig. 3 comprisesa2- S st
dimensional 74 distribution of the ¢
events .measured with low light 5 4

pulses, as well as its projections on
the 7- and A-axis. The amplitude
spectrum represented in Fig. 3b was 3r
measured under an additional timing
condition, insuring that the discrimi- 2F
nator had snapped info action (within

{Gain 6.6-10° | ——>

a 30 ns time window). Such spectrum 47 a8 52 53
gives a possibility to calibrate thresh- Useog V
olds in terms of the number of photo-
electrons. Fig. 4. APDg amplification as a function of the applied
2.1. Amplification voltage. The slope corresponds to elementary micro-cell
capacity AQ/AU.

The APDg amplification de-

pends on the applied voltage in a way represented in Fig. 4. Apart from the breakdown point, the
curve looks linear with a 32% increase for cach volt. Such slope corresponds to elementary micro-

cell capacity AQ/AU. It may be seen that the am-
plification lies between 10° and 10°,

2.2. Noise Spectrum, Thrce Ways to
Calculate the Number of Photo-Electrons

The upper plot in Fig. 5§ shows a typical
noise spectrum at U =518V as a number of
counts measured at different discriminating
thresholds. Shown below in the same figure, is a
corresponding self-triggering amplitnde spectrum,
in which one can see regions of 1, 2, 3, etc. elec-
trons. With the lowest threshold, the count equaled
to 1.2 MHz It may be seen that increasing the
threshold for a value corresponding to one electron
leads to a fall of the count for approximately an
order of magnitude.

The photo-ionization coefficient « can be
defined in a usual way as a probability to hit more
than one cell with a single initial electron-hole
pair:

e B 1
- F:t - F nat 10 ’

where F,, and F,.; stand for the counts in the mid-
dles of the n-th and the (#+1)-th peaks correspond-
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Fig. 5. Noise spectrum of APDg (above),
and corresponding self-triggering amplitude
spectrum (below).
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ingly. The value of 1/10 is much better than that obtained with SiPMs (see [2]).

Fig. 6 illustrates three meth-

§ 200 0N ods to calculate the number of photo-
3 3 e electrons. :
8 The upper curve shows how
:é r the cstimation may be performed bas-
S 12 ing on the amplitude of the first
% 3 photo-electron peak:
N =2-F
4 Qc
0 where 0 is the average charge, P is

300 400 500 the pedestal, J, is the most probable
<0> - P, channcls  charge value from a single cell. This

estimation appears to be the highest
Fig. 6. Comparison of the three ways to estimate the 0n1¢, due to the photo-ionization.

0 100 200

number of photo-electrons in APDg. Explanation of the The middle curve serves to
values is given in Section 2.2, make 2n estimation basing on the
zero probability in the Poisson
bution: distribution:
N°® =—In P(0).

This estimation does not depend on the photo-ionization coefficient.
The lower curve shows the sigma estimation, the lowest one, which depends on the ampli-

tude resolution:
o 2
N = g-2 .
RMS

The three estimations are related to each other in a way depending on the voltage:
| N =N+ fUm))
where f'is the optical coupling coefficient. In case of U = 52.0 V the above formula tums into the
following relation: :
N'=132.N°=145-N".
This expression is important for the calculation of the number of photo-electrons exceeding 7
(when the amount of the events is small), or when the trigger is not “clean’ enough.
2.3. Choice of the Working Point ’

Fig. 7 shows a dependence of the noise spectrum on the applied voltage (Fig. 7a), and a
curve describing a relative résponse of APDg to the Y11 WLS emission spectrum (Fig. 7b). Above
52.0 V, a plateau may be observed, while the noise continues to grow. To establish the best signal-
to-noise ratio, a value of 51.8 V was chosen as the working point.
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Fig. 7. Choose of the voltage working point: a — noise dependence on the threshold; b —
APDg response to the Y11 WLS emission spectrum.

A detailed description of the APDg quantum efficiency, in comparison with the properties
of a XP2020Q photo-multiplier, is set aside the main scope of this article, and may be found in
Appendix.

3. Beam Tests of 50 x 50 mm’ Tiles

Beam tests were undertaken at the ALICE test beam facility at ITEP. The trigger was built
of two big scintillator counters with 150 x 150 x 10 mm® plastics, and of two smaller scintillator
counters with 50 x 15 x 10-mm® plastics, which were put in a cross-like position, and were
equipped with mash PMTs for timing measurements. TOF resolution of the start system equaled to
50 ps per counter. The average intensity of a 1.44 GeV/c n'-beam was 4 kHz/cm®,

A tested tile was a 50 x 50 x 5 mm® piece of scintillating plastic BC408 with a circular
groove inside its body. 2 rings of Y11 WLS fiber, | mm in diameter, were inserted and glued into
the groove. One end of the fiber was covered with aluminum, while the other, 0.5 m long and pro-
truding from the tile, was left free for further connection to APDg. The tile was placed in the trig-
ger center. The read-out scheme was left the same as during the tests with LED, except that the
generator pulse was replaced with the coincidence of all the counters. The average APDg signal
had a 10 ns rise-time and a 35 ns fall-time due to a distribution of light arrival times inside the tile.

A calibration spectrum for a low light is shown in Fig. 8a. The measurements were made
directly at '-beam by taking the free end of the fiber 3 mm apart from the sensitive area of APDg.
Figs. 8b and 8¢ represent T and T-4 distributions correspondingly. The total width of the timing
peak without 7-4 correction was about 25 ns. It may be seen in Fig. 8c that the discriminator
threshold was set at the position of the 4-th photo-electron (corresponding to the 100-th channel in
QDC). This led to the efficiency value of 99.3%. The noise count equaled to 1.2 kHz.
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Fig. 8. Results of the beam test with tiles: a —
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Fig. 9 compares mpﬁMe spectra of APDg an& PMT XP2020Q. N” and N' were estimated
bya gaussian fit of the left side of the Landau distribution, the right. border of the fitting region
being one sigma above the most probable value. Numbers of phom-electrons were determined as
follows: :

sSfof .. f
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W

The measurements resulted in N° = 12.9 ph.e. and N' = 14.7 ph.e. for APD, N° = 10.5 ph.e. for
XP2020Q. One can see that in this case the relation between N” and N is slightly Jess than in case
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of the LED tests, which is due to the fact that we , . r—————————————=— =
use o instead of RIM.S., and that the mean and {E“m"s 44433

" f . ¢y} ndf 424.2/233
the most probable values differ in the Poisson 50 b b~ Constant 2220k
distribution.

i Mean 263.8
4. Conclusion 150

New APDg’s, designed and manufactured 19 [ -} i
at CPTA, have shown a high intrinsic amplifica-
tion and a relatively low photo-ionization coeffi- 50 [
cient The APDg Q.E. equals to 30-40%, which
is comparable to that of standard photo- 0
multipliers, and is shifted to the region of longer
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waves. In the Q.E. dependence on the applied ADC channels

high voltage, a plateau is present, which allows a

choosing the voltage by maximizing the signal- i i _

to-noise ratio. The use of Y7 and Y8 WLS fibers 350 'E}E—fés TTTTs7283%

with a more ‘green’ spectrum will allow increas- 350 V@ lndf 46937197 |

ing the signal amplitude. 1 Constant 326.2

250 Mean 2134 ¢

A low value of the photo-ionization coef- 200 A Sigma 51174

ficient makes it possible to use APDg by CPTA

in cosmic-ray self-triggering systems. The next ' %h.

step will be a design of a 150 x 150 x 10mm3 100 ] ‘

tile with two WLS fibers and two APDg’s, which 50 | / N‘N.

has been proposed as an essential part of the AL- i et Y

ICB TOF (see [4]) Cosmic Ray Test Facility, 0 100 200 300 400 500 600 700 800

aimed to test about 200 000 channels of Multi- ADC chaunels

Gap Resistive Plate Chammbers, basic detectors b

for the ALICE TOF sys! as described in [5].
orthe system, as des B} kig. 9. Amplitude spectra of APDg (a) and

Appendix. PMT XP2020Q (b) measured under same
Quantum Efficlency of APDg in conditions. The pedestal positions are shown
Comparison with PMT  with vertical bars.

XP2020Q.

To compare Q.E. of APDg wnh that of a quartz-wmdow photo-multiplier XP2020Q, spe-
cial measurements of the amounts of photo-electrons have been performed. During the tests,
1 mm’ of sensitive surfaces of the both devices were irradiated with LEDs under identical condi-
tions.

Fig. 10 shows charge spectra of APDg and XP2020Q in response to the light produced by
three different LEDs with wavelengths of 560 + 10 nm (“yellow’ region, Fig. 10a), 520 + 10 nm
(‘green’ region, Fig. 10b), and 470 £ 10 nm (‘blue’ region, Fig, 10c). To make the comparison
clearer, the signals from APDg were magnified by a fast amplifier by about a factor of 100. This
was done to make the mean. values of the APDg and PMT amplitudes approximately the same.

In all the cases, the pedestals of the both devices were observed in same positions.

Despite close mean values of the APDg and PMT spectra, the distribution widths differed.
The APDg width was approximately equal to that of PMT in the ‘blue’ part, while it turned sig-
nificantly larger in the ‘green’ part, and even higher in the ‘yellow” part.
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