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Plates of an organic scintillating plastic BC408, 50 x 50 x 5 mm3, with a wavelcngth­
shifting (WLS) fiber Kuraray Yll, embedded in circular grooves inside the plastic, were used in 
combination with 1 mm2 avalanche photodiodes working in the Geiger mode (APDg, or MRS 
APD, or SiPM). Beam tests with minimum ionizing particles (MIP). performed at the ITEP 
synchrotron, have shown high detectiori efficiencies of about 13 photoelectronslMIP. 

Summarized advantages of 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 ofa standard photo-multiplier XP20200Q are presented. 

A. AKHHJ(HHOB, r. EOH,Il;apeHKo, K. BonoIlIHH, B. fonoBHH, E. fpHropbca, 
,[{. MaJILKeBH'lJ, A. MapreMMIHoB, A. CMHPHHTCKHH 

JIABIDIHbIHE cJ)OTO,[{MO,llbI B fEMTEPOBCKOM PE)KHME ,[{JlJI 

PErl1CTPAQMH CU.I1HT~HOHHOrO CBET A 


J.(IHI 3ana"ll cBeroc6opa B KpyrJII>le KaHaBKH BHyrpH nnaCTHH OPf"'dHH'lt.."CKOro 
CUHHTH1LTUlTOpa BC408 pa3MepoM 50 x 50 x 5 MM3 nOMel1.(aJIOCb OIITII'lecKoe BOJIOKHO Kuraray 
Yit. PerHCTPauHg CBera ocymeCTBJUIJIaCL JIaBHHHbIMH CPOTOl{HO,llaMH ,llHaMCTpOM I MM, 
pa60TaBillHMH B reiirepoBcKoM pe)KHMe (APDg, MRS APD HJIH SiPM). nrm.oBbIe TeCThI c 
MHHHMMbHO·HOHH3YJOlIlHMH 'l8CTmlaMH (MIP), OPraHIDOBaIIIIbIe Ha CHHXPOTPOHC YlT3cI> 
liO',llTsep)l;liJlJ..:I Bj,ICOKyIO 3cpcpeKTHBHoCn. pet'HcYpa.uH~ npH6opa. paBHYJO·· npH6JIH~H'I'em,HO 13 
cpoT03JIeKTpOHoBiMIP. 

Cq,0PMYJlHpoaaHHLle B CTaTbe l{OCTOHHCTB8' APDg' """-KoMnaIcrHocT1., HH3Koe 
onepauHoHHoe HanpJllKeHHe, BLICOKHH ypOBeHb CHrHana, pa60Ta UpH KOMHaTHbJX TeMnepaTYpax, 
He60JlhlUaJI CTOHMOCTh H T.,ll. - OTKphIBaIOT lUHpoKHe B03MOIKHOCTH HCnOJIb30BallHH npH60pa 
npH C03l{aHHH 6oIIhI1IHX no nnoma;:{H H He~oporHx CUHHTHJlilllUHOHHbIX lleTeKTopoB }VUI 

KaJIOpHMeYpHH H TpHITepHbIX CHCTeM. l1pellCTaBJIeHbI OCHOBIIhIe xapaxrepHC'fHKH APDg B 

CpaBHeHHH co CTBB,l{apTUblM <POTO}'MHO>KHTeneM XP2020Q. 

Fig. - II, 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 knO'W'D 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 bas 
an amplification coefficient of up to 106 (see Section 2.1), which facilitates the electronics crea­
tion, and widens the realm ofthe 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-ioni7..ation coefficient (stipulated by 
cross-talks of 'red' photons between neighboring micro-cells), as explained in [2]. 

APDg's, which are dcscribed in this article, were designed and manufactured at CPTA3
• 


They have satisfactory good Q.E. (20% in the green-yellow spectn.un region) and comprise aspe­

cial s1ru.cture to suppress the photo·ioni?Jltion. 
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Fig. 1. Scheme of the laboratory setup used to 
test APDg. 

LAM ADC TDC 	 Many possible applications of APDg are not men­
tioned in this article. The authors intend to use 
these devices in large low-light self-triggering sys­
tems working. on cosmic rays, based on a 'tiles + 
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Fig. 2. Single electron spectrum from 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 
YII 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 me 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 fpC, rise~time - S ns, fall-time 8 ns, noise ­
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Fig. 3. Spectnun of APDg events obtained with 
low light pulses: a - 2-dimensional T-A distri­
bution; b - time distribution, c - amplitude 
distribution. 
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2500 e plus 60 e for every picofarade "0 1 
at the input. X' 

Fig. 2 shows a single electron 8 6 
spectrum from' APDg, obtained with ~ 
low light pulses. Fig. 3 comprises a 2- ~ 
dimensional .T...A, distribution of the .;; 5 

~events .measured with low light 
pulses, as well as its projections on 
the T· and A-axis. The amplitude 
spectnnn represented in Fig.3b was 
measured under an additional timing 
condition, insuring that the discrimi­
nator had snapped into action (within 
a 30ns time window). Such spectrum 
gives a possibility to calibrate thresh­
olds in terms of the number of photo­
electrons. 

2.1. Amplificatioll 

The APDg amplification de­

4 

3 

2 
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Fig. 4. APDg amplification as a function of the applied 
voltage. The slope corresponds to elementary micro-cell 
capacity ilQlliU. 

pends on the applied voltage in a way represented in Fig. 4. Apart from the breakdown point, thc 
curve looks linear with a 32% increase for each volt Such slope corresponds to elementary micro­
cell capacity ilQI ilU. It may be seen that the am­
plification lies between lOS and 106

• 

2.2. Noise Spectrum, Three Ways to 
Calculate the Number of Phof.o..EleetroDl 

The upper plot in Fig. 5 shows a typical 
noise spectrum at U = 51.8 Vasa number of 
coun1s measured at different discriminating 
thresholds. Shown below in the same figure, is a 
corresponding self-triggering a:mplitud~ 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 ofmagnitude. 

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

F".Ia =-,
Fit -FII+1 10 

where F" and Fn+J stand for the counts in the mid­
dles of the n-th and the (n+ l)-tb peaks correspond-
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Fig. S. Noise spectrum of APOg (above), 
and corresponding self-triggering amplitude 
spectrum (below). 
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ingly. The value of 1110 is much better than that obtained with SiPMs (see [2]). 
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Fig. 6 illustrates three meth­
ods to calculate the number of photo­
electrons. 

The upper curve shows how 
the estimation may be performed bas­
ing on the amplitude of the first 
photo-electron peak: 

Q-P
N 

1 
=-=-1 

QI. 

where Qis the average charge, P is 

0 100 200 300 400 500 the pedestal, Q.. is the most probable 

<Q> - P, channels charge value from a single cell. This 
estimation appears to be the highest 

Fig. 6. Comparison of the three ways to estimate the one, due to the photo-ionization. 
nwnber of photo-electrons in APDg. Explanation of the The middle curve serves to 
values is given in Section 2.2. make an estimation basing on the 

zero probability in the Poisson 
bution: distribution: 

N° = -lnP(O). 

This estimation does not depend on the photo-ionization coefficient. 

The lower curve shows the sigma estimation, the lowest one, whic~ depends ontbe ampli­
tude resolution: . 

The three estimations are related to each other in a way depending on the voltage: 

N I =N°(l+ !(Upo »), 
where/is the optical coupling coefficient. In case of U = 52.0 V the above fonnula turns into the 
following relation: 

N l = 1.32· N° =1.45. NO' . 

This expression is important for the calculation of the number of photo-electrons exceeding 7 
(when the amount ofthe events is small), or when the trigger is not 'clean~ enough. 

2.3. Choice of the WorldDg Point 

Fig. 7 shows 8 dependence of the noise spectrum on the applied voltage (Fig. 78), and 8 
curve describing a relative response of APDg to the YI1 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. 



5 


a 

.. 
~ ....'1 
~.... ~i ... , .... ......... 

.. ..~ 
~ ... . 

......., ..... 
... .. 
~..." . ..... 

... '" ... '"... ..""~ "" '"... . .. ... .. 
~.. 

10 0 20 40 60 80 100 120 140 
Threshold, m V 

a 

Fig. 7. Choose of the voltage working point: 
APDg response to the Yll WLS emission spectrum. 

A detailed description of the APDg quantum efficiency, in comparison with the properties 
ofaXP2020Q photo-multiplier, is set aside the main scope of this article, and may be found in 
Appendix. 

3. Beam Tests of 50 x SO mm 2 THes 

Beam tests were undertaken at the ALICE test beam facility at ITEP. The trigger was built 
of two big scintillator counters with 1 SO x 150 x 10 mm 3 plastics, and of two smaller scintillator 
counters with 50 x 15 x 10-mml 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 
SO ps per counter. The average intensity ofa 1.44 GeV/c ']to-beam was 4 kHzlcm2 

• 

A tested tile was a 50 x 50 x 5 mm3 piece of scintiUatingplastic BC408 with a circular 
groove inside its body. 2 rings ofYll WLS fiber, 1 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 IOns rise-time and a 35 ns fall-time due to a distnbution oflight arrival times inside the tiJe. 

A calibration spectrum for a Jow light is shown in Fig. 8a. The measurements were made 
directly at ']t--beam by taking the free end of the fiber 3 mm apart from the sensitive area of APDg. 
Figs. 8b and 8e represent T and T-A distributions correspondingly. The total width of the timing 
peak without T-A 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 lOO-tb channel in 
QDC). This led to the efficiency value of99.3%. The noise count equaled to 1.2 kHz. 
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Fig. 8. Rest,llts of the beam test with tiles: a ­
calibration spectrum for the low light, polyno­
mial fit results are shown; b - time distnbu­
tion, the total width is shown; e - 2­
dimensional T-A disiribation, the threshold po­
sition is shown. . . 

'rOC channels 

e 

Fig. 9 compares amplitude spectra ofAPDg and PMT XP2()2OQ. Jr and If were estimated 
by a gaussian fit of the left side of the Landau distributi~ the right. border of the fitting region 
being one sigma. above the most probable value. Numl>ers of photo-electrons were detennined as 
folJows: 

The measuremen1s resulted in It' = 12.9 ph.e. and N :: 14.7 ph.e. for APD, Jr = 10.5 ph.e. for 

XP202OQ. One can see that in this case the relation between It' and N is sJightly less than in case 
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of the LED tests, which is due to the fact that we . .. 
use . (J' instead of R.MS., and that the mean and 
the most probable values differ in the Poisson 200 
distribution. 

4. Conclusion 150 

New APDg's, designed and manufactured 100 
at CPTA. have shown a high intrinsic amplifica­
tionand a relatively low photo-ionization coeffi~ 50 ....·.. I 

cient The APDg Q.E. equals to 30-40%. which 
is comparable to that of standard photo- 0 oL.l~~.L~~-L-.J.:.:!~!Mf.........J 
multipliers, and is shifted to the region of longer 

ADC channels 
waves. In the Q.E. dependence on the applied 
high voltage, a plateau is present, which allows a 

250 !- ........... : ....... .. "'rEll1ri~~--;-44433

Ix? I ndf -424.2 J233
···'....·........'··~... · ....1Constant 222.0" 

! Mean 263.8 
...r ..........,lIIo. i Si 60.43 

··1,· .... '···..J'··..;··........··+···...... ,~ .... · .. ·~· ..·.... ·..··;. .... ·....·..~· ..· 

choosing the voltage by maximizing the signal­
to-noise ratio. The use ofY7 and Y8 WLS fibers 350 ·.. ·· ....··r·....·· ..·.. j·..·.. •·· ..··t..·· .... f&tri~·- ..-;--S7283 .. 
with a more 'green' spectrum will allow increas- 300 ....··1 r~i'"Ddf-..469.3T'197 
ing the signal amplitude. 326.2

250 213.4 
51.17 

ficient makes it possible to use APDg by CPTA 150 
in cosmic-ray self-triggering systems. The next 
step will be a design of a 150 x 150 x 10 mm3 100 
tile with two WLS fibers and two APDg's, which 50 I ......·..+.. ··..·..··+·.. ··~it·t........·i.... · ........ i..·......·.. ·!....·..·.... I 

A low value of the photo-ionization coef- 200 

has been proposed as an essential part of the AL- 0 LJJl................L........--.L..............l....:..::!e~~~_...J 
ICE TOF (see [4]) Cosmic Ray Test Facility, 0 100 200 300 400 SOO 600 700 800 
aimed to test about 200 000 channels of Multi- ADC channels 

Gap Resistive Plate Chambers, basic detectors b 
for the ALICE TOF system, as descn'bed in [5]. 

Fig. 9. Amplitude spectra of APDg (8) and 
AppendiL PMT XP2020Q (b) measured under same 
Quantum Emclency of APDg in conditions. The pedestal positions are shown 

Comparison with PMT with vertical bars. 

XP2020Q. 

To compare Q.E. of APDg with that of a quartz-window phot~multiplier XP202OQ, spe­
cial measurements of the amounts of photo-electrons have been performed. During the tests, 
I mm 2 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 LEns with wavelengths of 560 ± 10 nm ('yellow' region, Fig. lOa), 520 ± 10 nm 
('green' region, Fig. lOb). and 470 ± 10 nm ('blue' region, Fig. tOe). To make the comparison 
clearer, the signals from APDg were magnified by afast amplifier by about a factor of 100. This 
was done to make the ·mean values ofthe 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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Fig. 10. Amplitude distribution.ofsignals from 
APDg and PMT XP202OQ, measured under 
identical conditions of irradiation with: a­
yellow light, A. = 560 nm; b - green light, 
).. = 520 run; c-blue light, A. = 470 run. 

numbers ofphoto~lectrons: 
.. 

Q.E.APDg = Q.E.
PMT 

• N"i'D , 
NP'MT 

where Q.E.P'MT is a well-known table value for 
PMT XP202OQ. Note that in the 'green' region, 
the Q.E. ofAPDghas been found to be as high as 
35% or even more. 

Wavelength, nm 

Fig. 11. Quantum efficiencies of APDg at dif­
ferent light regions. 
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