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1.

Multi-pixel Geiger-mode avalanche photodiodes (G-APDs) is a solid-state
photodetector based on a rapidly developing technology.' ¢ Having charac-
teristics comparable to the ones of vacuum photomultipliers and being un-
sensitive to magnetic field, the G-APDs are widely considered as attractive
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Introduction

photo-detectors for High-Energy”® and Neutrino Physics® experiments.

dard procedure done to determine voltage corresponding to a desired gain.
An accurate fit of the response spectra yields also after-pulsing and cross-
talk contributions. The measurements done with a calibrated reference de-
tector allow to estimate the PDE of the G-APD from the response spectra

Measurements of the G-APD response to low-intensity light is a stan-

as well.
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2. Measurement Set-Up

Fig. 1 (left) shows a general scheme of the PDE measurements. The light
from a light-emitting diode (LED) operated in a pulse-mode is delivered
to an optical filter. The optical filters used for the measurements corre-
sponded to the wavelength of the LED and have FWHM of 3 — 10 nm.
The filtered light was routed to a light-tight thermostabilized box with two
photo-detectors. As a reference detector a PMT-based photosensor module
H5783P produced and calibrated by HAMAMATSU was used. Both PMT
and G-APD have the effective areas (8 mm and 1 x 1 mm? correspond-
ingly) much larger than 50 pm of the fiber core diameter. The reference
photosensor module has an FC type fiber adapter providing a reliable op-
tical coupling between the fiber and PMT window with the distance less
than 5 mm. A G-APD was fixed on an xyz-table, the distance between the
fiber edge and effective area was set to be about 5 mm.

The fiber between the optical filter and the light-tight box was recon-
nected for the measurements with a particular photodetector at the box
side. To estimate and correct for the systematic error caused by the re-
connections and different optical couplings from the box connectors to the
photodetectors, additional measurements were performed when the indi-
vidual PMT and G-APD fibers where cross-connected.

Fig. 1 (right) shows the read-out scheme of the G-APD. The signal from
G-APD is read out with a charge-sensitive preamplifier and digitized with
an integrating ADC. The LED pulse of about 6 ns duration and ADC gate
of about 65 ns width was synchronized by means of a common trigger. In
case of the reference photosensor the direct signal from PMT was amplified
with an external amplifier and digitized with the ADC.

The results discussed here are obtained for HAMAMATSU produced
Multi-Pixel Photon Counter S10362-11-025C!° operated at the gain of ~
2.75 x 10°.

Fig. 1. General scheme of the PDE measurements (left) and G-APD read-out (right).
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3. Measurement results and fit procedure

Reference PMT: The measurements were done for a low number of pho-
tons and the response of the reference PMT can be well described as a
convolution of the Poisson and Gauss distributions.

N(z) =N x Z (Gauss(x, n, on) X Poisson(n, \)), (1)

where x is the charge in ADC counts, n is the number of photons detected,
A is the mean number of the detected photons, u,, = po +n X gain - charge
in ADC counts corresponding to n photons detected, 02 = 02 + n x o?
- width of the signal from n detected photons as a superposition of the
electronic noise (0¢) and the signal fluctuation (o).

Due to additional electrical noise caused by the external amplifier, the
pedestal peak had non-gaussian shape. However, this shape is well described
as superposition of three gaussian peaks, two of which are considered to
be symmetric. Fig. 2 (left) shows the pedestal fitted to the sum of three
gaussians. Fig. 2 (right) shows the signal spectrum fitted according to Eq. 1
with the correction for the triple-gaussian noise.

Using the mean number of photons obtained from the above fit and the
PMT efficiency table provided by HAMAMATSU for the used photosensor
module, the mean number of photons delivered by the optical system to a
surface of a photodetector per an LED pulse was estimated.
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Fig. 2. The pedestal (left) and signal (right) spectra obtained with the reference PMT.
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G-APD: Fig. 3 shows the noise (left) and signal (right) spectra obtained
with the G-APD. The noise spectrum shows relatively low contribution of
signals caused by the thermogeneration. Estimated as a ratio of the number
of events contributing to non-pedestal peaks to the total number of events,
this contribution gives about 2%. This allows to neglect the thermogener-
ation probability in the fit of the signal spectrum.

However, a ratio of the numbers of events contributing to the second
non-pedestal peak and to the first one gives the rough estimation of the
cross-talk value to be about 20% and requires to take the cross-talk effect
into account.

Additional peaks seen in the signal spectrum between the peaks cor-
responding to ¢ and (¢ + 1) fired cells were considered to be caused by
after-pulsing.!! To observe the neseccary correction function describing the
after-pulsing (AP) contribution to the signal spectrum, the main peaks fit-
ted to an ideal gaussian shape were subtracted from the spectrum. The
resulting distribution is shown in Fig. 4 (left). As it is seen, for this G-APD
and for the chosen gate length the AP contribution to an i*" peak can be
well described as a sum of two gaussians.

An event without AP contributes to the ideal gaussian peak correspond-
ing to 4 fired cells and occurs with probability PROAY = PP x (1 — Pap)?,
where P? is probability to get initially i cells fired and Pap is a probabil-
ity to get an AP from one cell. Correspondingly, the probability to have
any number of AP contributing to the i*h peak is PAY = 1 — PRoAP —
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Fig. 3. The pedestal (left) and signal (right) spectra obtained with the HAMAMATSU
G-APD.



October 23, 2009 18:58 WSPC - Proceedings Trim Size: 9in x 6in  romal’sipm

edestal position...  1.02e+02 0.00e+00
.. 2.46e+01 2.09e-02
fuidth..... 1.40e+00 0.00e+00
1.37e+00 2.90e-02
. 8.41e-01 4.09e-03
1.25e+01 1.11e-01

1000 10%

800

600 10-3

$
AR W T
LI .,w ool
250 300

Fig. 4. Residual distribution after a subtraction of best-fitted ideal gaussians from the
signal spectrum (left).
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P? x (1—(1—Pap)?) . The double-peak structure of the AP was considered
to be caused by second-order effects and, assuming the same probability
Pap, the resulting signal shape was described as P(z) = PPAP x G(p;, 07)+
PAPL G401, 01)+ PAP2 X G(ui+62, 02),, where ; and o; are calculated
the same way as for Eq. 1. Here PAPT = P? x (1 — (1 — Pap)?) x (1 — Pap)?
, PAP2 = PO (1 —(1—Pap)") x (1—(1—Pap)?) and 0 < j < i. The result
of the fit done with P? taken as free parameters is shown in Fig. 4 (right).
Pap is obtained to be at the level of 15%.

In an ideal case without cross-talk the values of P are distributed
according to the Poisson statistics. If cross-talk probability € # 0, then the
first non-pedestal peak is contributed from one initially fired cell without
cross-talk with probability PY(1 — ¢). The second peak corresponds to two
initially fired cells without cross-talk and one fired cell caused a cross-talk:
PY(1 — ¢)? + Pe(1 — €). The resulting probability to observe i fired cell
is Zj‘:o PY(1 —€)/e'7B(i — 1,j — 1), where B(i — 1,7 — 1) are binomial
coefficients. Fig. 5 (left) shows the the probabilities to observe i fired cells
P? obtained from the signal fit and fitted to the above distribution. The

obtained value for the cross-talk probability ¢ is at the level of 20%. The

mean number of initial photons derived from the fit was used to calculate
PDE.
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Fig. 5. The fit of the probabilities to observe i fired cells PO obtained from the signal

7

fit (left) and the calculated PDE as a function of the light wavelength.

4. Conclusion

Fig. 5 (right) shows the preliminary results from the PDE calculation based
on the above fitting procedure. The measurements done with the direct
(red) and cross connection (blue) of the optical fibers are shown. The differ-
ence obtained for this two kind of measurements represents the systematic
error caused by the measurement and fit procedure.

The improvement of the fit procedure and systematic analysis of the
measurements with the cross connections will allow to reduce the system-
atics.
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