Investigation of characteristics of Silicon APDs for
use in scintillating fiber trackers

J.Bihr, H.Barwolff* V.Kantserov'
22/01/99

1 Introduction

Scintillating fiber detectors for tracking and triggering are widely used in experiments
of particle physics, because of numerous advantages , so in UA2 [1], in the CHORUS
experiment [2], in the DO upgrade detector [3], in the Forward Proton Spectrometer
FPS of H1 at HERA [4]. In 1997 a fiber detector was developed as second solution
for an inner tracker detector of the HERA-B experiment[5]. It is also discussed to use
fiber detectors for tracking and triggering, for example for an experiment at a future
Electron-Positron-Collider [6]. The investigations described below are just motivated
by the necessity to find new optimized readout solutions for scintillating fibers.
Different principles are used for the optoelectronic readout up to now, e.g. combina-
tion of Image Intensifiers (II) with CCDs, Visible Light Photon Counters (VLPCs) and
multichannel photomultipliers (PSPMs). These types of devices have different advan-
tages and drawbacks. One of the most limiting factors of PM solutions is the relative
low quantum efficiency (QE) of photocathodes. There is a possibility to overcome this
limitation by use of semiconducting devices. That is the reason for the investigation
of Avalanche Photodiodes (APDs), which have also a certain internal gain.

One can observe a steadily ongoing development of APDs for applications in detectors
of particle physics in the last years [7]. This is the base for tests of different APDs -
commercially available devices and prototypes - for applications in scintillating fiber
triggers and trackers described below. Optoelectronic devices are characterized by a
couple of basic parameters: QE, collecting or internal efficiency, gain, noise, signal-to-
noise-ratio, time behaviour (pulse response , dead time) and so on. To overcome the
problem of QE using a "new” detector principle , one has to guarantee, that all other
parameters of the new device will not be essentially worse as the standard solutions,
for example the use of PMs. Most of the parameters mentioned above were measured
for a sample of different prototypes as outlined in the next chapters. APDs accord-
ing to their characteristic curve of operation can be operated in two basic modes: in
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the avalanche mode having a medium gain and in the Geiger mode with an operating
voltage greater as the breakthrough voltage. The investigation described in this paper
concern exclusively the operation in the avalanche mode.

2 APD samples and producer data

Avalanche photodiodes (APDs) from Hamamatsu' and test samples of APDs with
MRS (metall-resistive layer semiconductors) structure [8] from Dubna were used for
testing. Basic characteristics from the data sheet are given in table 1.

Parameter Symbol S5443 S2384 MRS HPR
Peak Sensitiv. Wavelength/nm Ap 620 800 -
Quantum efficiency n 65%@500nm | 50%@540nm | 55%@480nm
Dark current/nA (typical) I; 1.0 1.0 <1 <1
Dark current/nA (maximum) I 10.0 10.0 <1 <1
Breakdown Voltage/V Ur 150 80100 3040 324
Temp.Coeff. of Upr/(V/grd) 0.14 0.65
Cut-off Frequency/MHz fe 250 120
Terminal Capacity/pF Cy 15 40 40
Excess Noise Index X 0.28 0.3
Gain M 50 60 104
Active area/mm o 1 3 0.5x0.5

Table 1: Basic characteristics of investigated APDs according to data sheets. HPR
means a prototype of recently developed APDs from Hamamatsu.

3 Dark current measurements

One of the most important parameters to be considered when selecting on APD is
the dark current. A small dark current makes an APD suitable for operation below
the breakthrough voltage Ugg or of single photon counting above Uggr. Cooling can
reduce the dark current since the dependence of the dark current on temperature is
exponential. We have measured the dark current as a function of the voltage of all
APDs listed in table 1. The dependence of the dark current on the voltage is shown
in fig. 1. Below the breakthrough voltage the dark current is essentially less than
1nA for all devices. Above the breakthrough voltage the gain rises rapidly due to the
transition from avalanche to Geiger mode.
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4 Efficiency measurements using LEDs

Light emitting diodes (LEDs) were used for the imitation of scintillating light in the
first steps of investigations. The procedure of the calibration of the amount of light
emitted by the LEDs is described in the next section.

4.1 Calibration

The current and the corresponding brightness of the LEDs are determined by the LED
driver. The pulse duration of the LED current is set to about 20 ns, the amplitude can
be adjusted. The blue LED is emitting in the spectral region of about 455+495nm |,
the green LED in the region of 495575 nm.

The spectral sensitivity of APDs investigated and of the photomultiplier (PM) XP
2020 from Philips?, which was used for calibration is shown in fig. 2. The light output
of the LED was reduced to see the one-photoelectron peak of the PM, as shown in fig.
3. The mean value and the variance are determined by a Gauss-fit, the pedestal was
subtracted. Using this data and the spectral sensitivity of LED and PM, the number
of incident photons can be estimated.

The calibration of the LEDs was performed using a PM XP2020. In fig. 4 the num-
ber of photoelectrons detected by the PM XP2020 in dependence on the LED current
(brightness) is shown for the blue and green LED. Using the spectral characteristics
of the XP2020 (fig.2b), one can calculate the number of photoelectrons depending on
the LED current, whereby the error of the estimation of photoelectrons amounts to
about 50%. This is an upper limit of the estimation of the error, which is basing on
contributions of uncertainties of the optical contact between LED, fiber and PM, on a
certain error of the quantum efficiency of the individual PM and finally on the error
of the measurement of the amplitude spectra of the PM signal.

4.2 Preamplifier

In all measurements with APD a current amplifier of Radeka [9] is used for the am-
plification of the signal and the optimization of the electrical matching of the detector
output to the front-end electronics. The characteristics of the preamplifier are listed
in table 2.

4.3 Setup

The scheme of the experimental setup for the investigation of the APD sensitivity in
the avalanche mode using LEDs is shown in fig.5. The pulse length of the output
signals of both discriminators is equal and amounts to 50 ns.

2Philips Photonique , Av. Roger Roacier, B.P.520, 19106 Brive, France
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The MRS APD is mounted on a Peltier-element and can be investigated at lower
temperatures. The cooling below +10°C resulted in some problems created by the
luminosity of condensed water on the APD surface leading to surface discharges.

The preamplifier is mounted in minimum distance to the detector in order to mini-
mize the overall capacity of the setup. The following elements of the setup are standard
NIM modules.

Input resistance R;, 500hms
Gain 10*V/A at 10kOhms
Noise 2000e
Rout 50 Ohms (differential)

Rise time Trise = S 1S
Power supply +12V

Table 2: Characteristics of the preamplifier

LED APD Amplifier | U/V | Thrshld./mV
green 52384 Radeka -89 27.5
green S5343 Rad.+Lecroy | -147 30
green HPR Rad.+Lecroy | -324 30
green | MRS N.2(4-20°C) Radeka -49.1 40
green | MRS N.2(+410°C) Radeka -48.6 40
blue 55343 Radeka -148 30
blue HPR Rad.+Lecroy | -324 40
blue | MRS N.2(+20°C) Radeka -49.0 40
blue | MRS N.2(+10°C) Radeka -48.7 40

Table 3: Parameters of efficiency measurements

4.4 Results

The criterion for the estimation of the APD sensitivity is the efficiency of the detection
of a light signal in correlation to the signal of the pulse generator of the LED (fig. 5).

In figure 6 the efficiency of different APDs excited in the blue or green spectral
region is shown. In table 3 parameters of the measurements are given. The results of
the efficiency measurement of different APDs with LEDs are given in table 4. The best
results were achieved with both MRS diodes at a temperature of 10°C, whereby the
noise is of the order of 500 kHz. The sensitivity of 20 photons corresponds to a signal
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of 4 photoelectrons of a PM with a QE of 20 %.

The efficiency of the APDs can also be measured comparing the amplitude spectrum of
the APD illuminated by LED light. In fig.7 the pedestal and the amplitude spectrum of
a Hamamatsu APD type S5343 excited with light pulses of 100 photons is shown. The
upper part of the figure shows the pedestal, the corresponding amplitude spectrum is
shown in the lower part of the figure. A clear separation of the two regions is observed.

Avalanche mode

APD Temperat. Green Blue
Ny, at 95%Ef. | Noise cnts./s | Ny, at 95%Eff. | Noise cnts./s

52384 +20°C 150 270*103 1000 200*103

55343 +20°C 40 40*103 160 900*10°
MRS No.1(38) +20°C 90 700*103 90 130*10°
MRS No.1(38) +10°C 70 600*103 25 600*10°
MRS No.2(48) +20°C 90 200*103 100 30*10°
MRS No.2(48) | +10°C 50 300%103 20 500%10

HPR +20°C 45 270*103 40 200*103

Table 4: Sensitivity characteristics of measured APDs (N,,: Number of photons)

5 Double pulse resolution

To estimate the time resolution of APDs , the efficiency of the detection of double
light pulses with a time difference of 100 ns between both pulses is measured, which is
given by the length of the two single pulses of 50 ns at the output of the discriminators.
The results are shown in fig. 8 and table 5. For the given conditions the efficiency of
the registration of double pulses is equal to the efficiency of the registration of single
pulses for all tested APDs. That means, that the time resolution is no limiting factor
for pulse sequences of 100 ns.

6 Measurements using scintillating fibers

The experimental results of the efficiency measurements of different APDs using LEDs
show, that the most promising samples are the MRS APDs and the Hamamatsu pro-
totypes (HPR). The MRS samples gave the best results at lower temperatures (in our
case up to 10°C ). Both types of APDs have a blue-shifted spectral sensitivity which
matches to the emission spectra of usual blue scintillators. To get more precise data
of the number of photons coming from the light source we used scintillating fibers to
excite the APD samples. In the experiments those APD samples were used, which



LED APD Pulse Amplifier U/V | Thrshld./mV | Noise/Hz
green | S5343 | double | Rad.+Lecroy | -147 40 15*10°
green | S5343 single | Rad.+Lecroy | -147 40 15*103
green | MRS N.2 | double Radeka -49.3 30 180*103
green | MRS N.2 | single Radeka -49.3 30 180*10°
blue S5343 double | Rad.+Lecroy | -147 30 30*10°
blue 55343 single | Rad.+Lecroy | -147 30 30*%103
blue | MRS N.2 | double Radeka -49.0 40 30%10°
blue | MRS N.2 | single Radeka -49.0 40 30*%103

Table 5: Double pulse characteristics: Parameters and results

gave the best results excited by blue emitting LEDs, i.e. MRS APDs and Hamamatsu
Prototypes (HPR).

6.1 Experimental setup

The experimental setup for the use of scintillation light is shown in fig. 9. The scin-
tillator plate and the scintillating fiber are excited by a radioactive % Ru source using
a collimator with a slit of 0.5 mm. The coincidence of the signals of the PMs No.2, 3,
4 results in a trigger signal. The signal of the APD sample is detected in coincidence
with the trigger signal. Efficiency is the ratio of counts of the APD in coincidence
with trigger divided by the number of trigger counts.

6.2 Results

The Hamamatsu prototype (HPR) APD gives a weak response to the scintillator light
working without cooling and using the Radeka type preamplifier. In this case the bias
voltage was -325V, i.e. 1V higher than the breakthrough voltage. In this mode a high
noise level is found and it will be difficult to use such signals. It might be possible ,
that cooling of the prototype APD would result in an essential higher efficiency. The
MRS APDs show essential better results, especially MRS No.2. The signals of this
APD measured using the oscilloscope in the average and sampling mode are shown in
fig. 10. It is seen, that MRS No.2 gives really acceptable signals in the cooling regime
down to 10° Celsius. The detection efficiency of scintillating fiber signals (KURARAY?
SCSF 78, 0.5 mm fiber diameter) of APD MRS No.2 is given in table 6.

SKURARAY Co. LTD., Nikonbashi, Chuo-ku, Tokyo 103, Japan



Temperatur | Efficiency
+20°C 0.63
+10°C 0.72

Table 6: Efficiency of the registration of scintillating light from blue fibers from KU-
RARAY SCSF 78 (0.5mm) by MRS No.2

Device Voltage/V | Temperat. | KUR.SCSF 0.5 mm diam. | pol.hi.tech. 1.0 mm diam.
Usignat Noise Usignal Noise
HPR No.14 -326 +20° 1.5mV 5 MHz 2.0mV 5 MHz
MRS No.1 -39.0 +20° 2.0mV 5 MHz 1.0mV 5 MHz
MRS No.1 -39.0 +10° 15.0mV 1.0 MHz - -
MRS No.2 +20° 10.0mV 0.5 MHz 10.0mV 0.6 MHz
MRS No.2 +10° 70.0mV 0.3 MHz - -

Table 7: Results of the detection of scintillating light from fibers KURARAY SCSF 78
0.5mm and pol.hi.tech. (420nm) 1.0 mm diameter

The results of the detection of scintillator light from fibers of 0.5 mm (KURARAY
SCSF78) and 1 mm diameter (pol.hi.tech.* 420nm) are given in table 7.

The results of measurements using fibers of different producers and the MRS APD
No.2(48) are shown in table 8.
No correction was made to compensate the geometrical coupling losses of the fiber of
1 mm diameter to the MRS APD of 0.5 mm diameter. One can estimate losses of factor
4 in amplitude.
The figures of table 6 can be compared with a direct measurement of a KURARAY
fiber of 0.5 mm diameter using a PM XP2020 resulting in an efficiency of 58%.

7 Summary

The results of the investigations of APDs to registrate scintillation light from fibers
in the avalanche mode show the principal feasibility of this method. Cooling and
the application of adequate electronics which is optimized for APDs should allow to
increase the efficiency of the registration of scintillation light.

“pol.hi.tech., s.r.l., S.P. Turanense, 67061 Carsoli(AQ), Italy



Type of fibers Fiber diameter | Usignai(APD) | Usignai(XP2020)(arb.units) | EfF.
KURARAY SCSF 78 0.5mm 16mV 362 63%
pol.hi.tech. 460 nm 0.5mm 14 mV 353 50%
KURARAY 3HF 0.5mm 4mV 329 -
pol.hi.tech. 480 nm 0.5 mm 3mV 337 -
Bicron BCF-60 0.5 mm 5mV 329 -
pol.hi.tech. 420 nm 1.0mm 12mV 350 42%

Table 8: Results of the detection of scintillating light from fibers of different producers

using the MRS APD No.2(48) at 20°C and PM XP2020 at 2300V as reference
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Figure 1: Dependence of dark current on bias voltage of different APDs a) S2384, b)
S5343, ¢) HPR, d) MRS No.2

10



25 (Typ.Ta=25'C, M=30 at A =650nm)

’ ™ ) 7 Y
Si APDs (’ ¥ SE _)3(]
20 || (Visibleto IRy __,_ _f NI} |
%« TN 1
< ! ‘\
! \
: NS
>
- 4 342
= rONS343
2 \
u N __.1‘_ S
g \
0 \
Q.
"SiAPDs —\—p—1-—
(UV 1o IR) ‘\
HANY
Nl
200 400 600 800 1000 1200

WAVELENGTH (nm)

FIT4Z10.4

1092
// _1\\
skafi) a \\
(A £ W) AN

o] \

1071
100 200 ano 400 500 - 600 700 200
1 (hm)

Figure 2: Spectral sensitivity of a) APDs investigated and b) of the PM XP2020 [10]

11



pedestal
n r I 100
5 C Entries 10500
o BD Mean 27.51
= C RMS 1.731
G L Z/ndf 1.835 7 B
S oo L Constant T390 + 4,696
1 - WMean 3317 £ 03157
E C Sigma 2.620 + 0.2280
A L
C BD
50 C
40
30 -
20
10 -
D _I I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 1 | 1
30 3z 34 38 38 40 42 44
nurmber of channel

Figure 3: One-photoelectron spectrum of LED light fitted by a Gaussian

12



al B}
" = 0
cC [ .
e - 2 B0
@120 i C
T [ L
g T g I
Z - 2 m -
=3 L o L
= = -
5 1e0 — 5 F
0 0 [
£ " £ BD —
=] L 3 L
= = L
20 B0 L
ED | 40
| 30—
40 i
L 20 —
20 B
- 10—
D 11 1 I 11 1 1 I 1 1 11 I 1 11 D L 11 1 1 | 11 1 1 I 11 1 1 I 11 1
7 bai 4 1 2 3 4
LED driver current LED driver current

Figure 4: Calibration of LEDs by PM XP2020: a) blue LED, b) green LED, Number
of photoelectrons vs. driver current in arbitrary units

13



Thr
Led — i
driver | Discr N1
D1
Preamp Lecroy
612 .
Radeka T & N3
Discr Discr
Generator D3 & Delay 02 N2
N3
Efe= N2
Led — M APD
" I L{ (xp2020)

Figure 5: Experimental setup for the measurement of the sensitivity characteristics in
the avalanche mode using LEDs

14



e,
g
- i o 52384 —B3V
WA 4 55545147
oE - n  HPR —324u
L O MRS Mol —48av
o4
i & MRS hol —4EEV
e -
-._Lﬁ.l 1 | 11 1 1 | | I I | | 11 1 1 | 11 11 | L1 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | 1
0 2.5 S T.EB 10 12.5 12 17.5 20 225
al Phetoslectrons
o 1 T ——= - -———- ¥
o = [
16 A -'__.;""
E 0.5 L % 95343 148
L6 - o HFF —z24s
0.4 o MRS hg2 —430
0Lz o HRE No2, —48.7v
1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 11
o 10 20 A0 40 50 B it

=] Fhotoslectrons

Figure 6: Efficiency vs. light amplitude measured in photoelectron equivalents of the
PM XP2020 a) for green LEDs and b) for blue LEDs

15



goo0 |E IDItri 100
E Entries 9615
4000 F Meon 17.63
2000 | RMS 0.8508

i} L oo ooy 1 ——— T T

0 20 40 a0 BD 100 120 149
s i 100
200 2 ntriss 10000
100 | MEEJ}
- RMS 18,53

Q0 o I A Y W PR oo S i o | ol el "o T I

o 20 40 &0 Bl 100 120 140

Figure 7: Pedestal and amplitude spectra of an APD type S5343 with an incident light
level of 100 photons

16



oo -
o L
= L
E L8 _— 25343 doub ke pulze
e L SE343 5ingle pulsa
o4 - MRS No.2 dawubla pulss
0.2 - MRS HoZ. singla pulsa
D |- 1 1 1 I 11 11 I 11 11 I 11 1 1 I 11 1 1 I 1 1 11 I 1 1 11 I 1 11 1 I 1
] 10 20 30 40 50 (310} 70 &0
gl Phetoslactrons
E—' 1 Y auii — - -
A L
= |
E (] - + 55343 double pulsa
(NS L o 55343 sirgls pulss
o4 - o MRS ko2 doubla pulse
0.2 ¢ MRS Mol singls pulsa
I:I I 1 1 1 I 1 1 1 I 1
1] 20 40 RO BO 100
bl Photoelectrons

Figure 8: Efficiency of the registration of double pulses of APDs vs. light amplitude
measured in photoelectron equivalent of the PM XP2020 for a) green LED and b) blue
LED, LED current in arbitrary units

17



PMP

N3
il
Oscilloscop o’/Sfinlillolor
1 N1 ; plate
Preomp. /,, Scinlil, fiber PMP
Radeka APD 2 N4
Amp T K
(I.§c11%y) PMP
N2
Discr,
N2 N3 N4
Coinc. c Nago - Nirig
o Ni.
Trig
N. .
. Trig
Coinc. Scaoler
NAPD. NTrig
Scaler

Figure 9: Experimental setup for investigations using scintillating fibers

18



o o T . " — ] emwe i
Stop Alter LimA Test leeres
F ' : . : m ; rs b rion | Setup | Source ”m'”’“t—‘

mplate
¥ b . o B

JQM
N onile |

PRV oot
T Feak Detect 4

PR —

H .
HI Res

1
1
- B I 1 Enwelope
o ¥ g . it i0

43en s 00mve 'S'O'[SM‘?'(" Nl '2'0'0'ns' ‘Ch2 J’ | —4gomV 440
Chl TOORmvG Che 'IODme’

- i P R T I

|§’iﬂ 16, 0mb "~ €nd’ SOOMVQ I l O'O).!s Ch?.f —450mV| JL
Chi 1ogmvQ <hd  To0mv . Ave!rsage

Stop After
RS bullon

|Limit Test
setup

it Test! Lo .,.e:|

Repefltive
Signal
o
o

Templal
i ' . N R | (.-e I | 3
epetllivElsiap Afler, Limbit Test | Limit Test| ~TS4€ : Jpcre
ngnﬂ e nadton Sefup | Sources Ii‘lpnktp-lraetset I AEENE;
: | mode ] e .. i
2 N | ‘ 2 : e
€ ﬂ .WMM!M.WqNWAMHW%,.\ i e o i JWL{'.-
. sample 1+ r rﬂw Wmﬁ‘ R R rM Peak Detect
- P L RN VP .
RS G peak Detect N : ' S HI Res
. : : 34
i I SN TS, | : I
: aE : : Il g ; : e
) E HF Res i - : fnvelope
34 ' 4 S k] 1)
i oo envelape |4~/ 20.6mvc *“Chi soamia 1. woks chz s woory]  J b
R S U i - 3 s - o | 3 ooV Lh-‘l 1UDn1\«‘ﬂ AV(;E&QB
i N tllwe 1 Lreate
T P S .1 [ | i StupAfter ileltTesl leitTest‘
20.0mvsl  Ch2 300mVSQ M 200ns Chz 4 —300my SSw Signal LImit Test
B e feomyg - 1@ il 3 Frs button) setup | Scurees | Jempiate
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