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The linearity of a silicon photomultiplier (SiPM) response depends on the number of APD cells and its
effective recovery time and it is related to the intensity and duration of the detected light pulses. The aim
of this study was to determine the effective recovery time on the basis of the measured SiPM response to
light pulses of different durations. A closer analysis of the SiPM response to the light pulses shorter than
the effective recovery time of APD cells led to a method for the evaluation of the single photoelectron
response of the devices where the single photoelectron peak cannot be clearly measured. This is
necessary in the evaluation of the number of fired APD cells (or the number of photoelectrons) in
measurements with light pulses of various durations. Measurements were done with SiPMs manufac-
tured by two companies: Hamamatsu and SensL.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

A silicon photomultiplier (SiPM) belongs to the group of semi-
conductor photodetectors. It is made up of an array of parallel
connected micro avalanche photodiodes (APD cells), working in
Geiger mode. Each APD cell generates a constant signal after the
detection of a single photon, or due to related phenomena such as
cross-talks and after-pulses. The sum of the signals from all of the
APD cells gives the SiPM output pulse. In consequence, the number
of fired APD cells is generally larger than the number of detected/
incident photons [1-9]. The details of the operating principles, the
theoretical model and the analysis of the linearity and pulse height
resolution of SiPMs have been extensively studied and can be found
elsewhere in the literature [3,4,9-12].

Depending on the incident light flux, the response of SiPM can be
non-linear or saturated for very high numbers of incident photons.
These effects are the result of a limited number of APD cells in a
device and its finite effective recovery time. The effective recovery
time is the time needed for the APD cell to fully recharge after firing.
For example, if two or more photons are incident at the same time
on one APD cell, the signal will be equal to one photoelectron case:
the linearity of the photon detection will be deteriorated. Assuming
that each APD cell can fire only one time during one light pulse, the
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response of the SiPM can be described in the following way:

Nfired = Ntotal X {‘1 —exp< thd)} (D
total

where Nfreq 1S the number of excited APD cells; Nioar iS the total

number of APD cells; Nipq is the total number of events (photons,

optical cross-talk photons, and electrons causing after-pulses) hav-

ing the potential to be detected as described by:

thd = Nphoton x PDE x (14-P) ()

where Nphoton is the number of incident photons; PDE is the photon
detection efficiency; P is the probability of a false pulse caused by
phenomena such as cross-talk and after-pulses. This probability
becomes higher with an increase of bias voltage and depends on the
type and production technology of the SiPM used. For constant bias
voltage this probability is constant and independent of the number
of incident photons. The primary dark count is neglected.

1.1. Aim of the study

In most SiPMs (except digital SiPMs), each APD cell have an
effective recovery time that last from few to tens of nanoseconds
after the detection of a single photon (this value depends on the
SiPM production technology). The finite effective recovery time
means that, depending on the duration of the light pulse or the
decay time of the scintillator light pulse, each APD cell can fire
more than one time during one light pulse.

The main aim of this work was to provide experimental proof of
Eq. (1), by illuminating a SiPM with a short light pulse of a few ns in
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duration and then supplement Eq. (1) with parameters such as
effective recovery time and duration (or decay time) of the light
pulse. First the experimental conditions simulated a situation where
each APD cell could fire only one time during the light pulse and then
the duration of the incident pulse was extended in order to allow
multiple responses of single cells. Determination of the effective
recovery time of a SiPM was done on the basis of the measured
linearity of the response of the SiPM to the light pulses of different
durations, which was also larger than the effective recovery time.
Closer analysis of the measured characteristics showed the possibility
of estimating the number of fired APD cells in the case when a well-
defined single photoelectron spectrum was not observed.

Tests of the presented method were carried out with SiPMs
manufactured by two companies: Hamamatsu and SensL. Since
this work does not have a comparative nature, just the exemplary
SiPMs from the old generation were used during the tests.

1.2. Motivation

This paper was triggered by our previous studies presented in
Refs. [2,6], which described SiPMs in gamma-ray spectrometry
with different scintillators. The data showed an improvement of
the linearity range of SiPMs with an increase in the decay time of a
scintillator. Earlier studies also showed a problem with the
measurement of a single photoelectron spectrum for SiPMs with
an active area larger than 2 x 2 mm. Such a spectrum could not be
obtained at room temperature using analog electronics, even with
the minimum possible shaping time of 0.125 us in the spectro-
scopy amplifier. Hence the need arose to look for a new method of
determination of a single photoelectron spectrum.

2. Experimental details
2.1. SiPMs and light sources

Measurements of the effective recovery time of APD cells were
done with Hamamatsu Multi Pixel Photon Counters (MPPCs) because
of their well-pronounced single photoelectron spectrum. This allowed
for precise measurement of the number of photoelectron (phe) or
fired APD cells. The next step of this experiment was to estimate the
single photoelectron peak using the new method. These tests were
done for SiPMs manufactured by SensL. The main parameters of all of
the measured SiPMs are shown in Table 1. Please note that most of
the SiPMs tested were from their first production run.

In the measurements with light pulses, a picosecond laser, a
blue-violet light emitting diode (LED) and a plastic scintillator
were used. Their main parameters are presented in Table 2.

2.2. Experimental methods

All of the measurements were done in an air-conditioned labora-
tory at a temperature of 21 °C. The experimental proof of Eq. (1) was
done using the set-up presented in Fig. 1a. This experiment requires
three basic conditions:

— Uniform illumination of the tested SiPM and PMT is extremely
important. SiPM is made up of multiple avalanche photodiode
(APD) cells, and non-uniform illumination of the SIPM active
area can cause a reduction in the total number of firing APD
cells, consequently limiting the linear response of the device.

— Very short pulse duration of the used light source. The pulse
duration must be shorter than the effective recovery time of
the tested SiPM.

— Excellent linearity of the PMT response, which is used for
monitoring the light intensity and evaluation of the SiPM
response.

As shown in Fig. 1(a and b), the laser or LED light pulses enter
the BC 408 plastic scintillator and cause the excitation of the
plastic scintillator and isotropic emission of the light. Uniform
light output at both ends of the excited scintillator assures uniform
illumination of the tested SiPM and PMT. XP2020Q PMT was used
for monitoring the light intensity because of its excellent linearity.

Fig. 1b presents a block diagram of the set-up used for
measurements of the effective recovery time of APD cells. In this
experiment an LED with variable pulse duration was used. The LED
pulse duration was controlled by observing the PMT signal from
the last dynode on an oscilloscope (see Fig. 1b). The illumination
intensity of MPPC and PMT was controlled by moving the light
source, mounted on an electronic cart, along the “movement path”
marked in Fig. 1b. This method assured much higher accuracy and
stability than the variation of the light intensity by the pulse
height of the laser trigger.

3. Results
3.1. Saturation behavior with very short laser pulses

The basis for all considerations presented in this work is the
experimental verification of Eq. (1). An S10985-025C MPPC array
was used for this purpose. Measurements of one channel and the
entire array structure were performed in an experimental set-up
as presented in Fig. 1a. The conditions of the experiment are
described in Section 2.2.

The amplitude spectra of light pulses 2.5 ns in duration detected in
the MPPC and PMT were simultaneously recorded in a large dynamic
range of light intensity. In the first step the responses of the SiPM and
PMT were expressed by light pulse peak positions (PPsipy, PPpvr) in
the recorded pulse amplitude spectra. Next, knowing the previously
recorded single photoelectron peak positions of MPPC and PMT
(1PHEsipps, 1PHEpyt), and using the Bertolaccini method [13,14], the
light pulse peak positions were expressed in the number of photo-
electrons and fired APD cells as Npyt=PPpnir/1PHEpyT and Ngpeq= PP-
siPMm/1PHESIPM, Tespectively.

The light intensity on SiPM was monitored using XP2020Q PMT, so
the number of total events having potential to be detected in SiPM
(Npa) in the full range of measurements is proportional to the
number of photoelectrons detected in PMT (Npwr): Nipa=axNpwmr-

In the linear range of the SiPM operation, the number of fired
APD cells (Nfgreq) is equal to the number of total events having the
potential to be detected: Nfrea=Nipa=axNpyr. This allows the
evaluation of the normalization coefficient « using linear range data
as: a=Nfired/Npyr-

The results obtained in the measurements of the Hamamatsu
MPPC array with the laser light pulses are presented in Fig. 2
(points), together with the curves calculated using Eq. (1) (solid
lines). The measurements were done for 1 ch (14400 APD cells) of
the MPPC array (circles) and for all 2x2 channels (57600 APD cells)
of the entire MPPC array (squares). The measurement points for
one channel and the entire SiPM array fit the calculated curves
corresponding to the number of APD cells in the tested array
channels very well.

3.2. Measurement of the effective recovery time of APD cells

In the previous section we showed that for very short light
pulses (2.5 ns), the response of a SiPM is correctly described by Eq.
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