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Summary
The future experiment DARWIN (DARk matter WImp search with liquid xenoN) will
employ a multi-ton, xenon-based Time Projection Chamber (TPC) to search for dark
matter. The primary goal of DARWIN will be to explore all experimentally accessible pa-
rameter space for Weakly Interacting Massive Particles (WIMPs), which will ultimately
be limited by irreducible neutrino backgrounds.

The prompt scintillation light and the charge signals induced by particle interactions
in the xenon target inside the TPC, will be observed by sensitive, ultra-low background
photosensors. For that purpose a future version of the photomultiplier tubes (PMTs) em-
ployed in the XENON1T dark matter search experiment could be used. Although PMTs
are reliable and proven to work in noble liquid TPCs, they are expensive, bulky and gen-
erate a significant fraction of the radioactive background in dark matter detectors. This
is the reason why alternative light read-out techniques are under consideration by the
collaboration. A promising candidate is the silicon photomultiplier (SiPM): its technol-
ogy is rapidly developing and may become suitable for the read-out of large detectors,
offering very low radioactivity levels, compact geometry and low operation voltages.

In the scope of this thesis the 10943-3186(x) Type A Hamamatsu SiPM prototype was
extensively characterized in gaseous and liquid xenon, using a temperature controlled
cryostat. A detailed feedback was given to the manufacturer about the performance
parameters and noise components. Furthermore as an R&D step for DARWIN, different
types of read-out boards have been designed for the operation of the considered SiPM.

This work is structured as follows: Chapter 1 gives a brief introduction about dark
matter and the direct detection principles of a dual-phase xenon TPC. The future dark
matter experiment DARWIN is shortly introduced, giving the motivation for the pos-
sible use of SiPMs as photosensors. In the first half of Chapter 2 the physical working
principle of generic photodiodes is explained and the working principle and operation
of the single-pixel avalanche photodiode (APD) and the multi-pixel SiPM is elaborated.
The second half of Chapter 2 is dedicated to the performance parameters of a SiPM
and various experimental methods to evaluate them. Chapter 3 introduces first the in-
vestigated SiPM prototype and then presents different principles of dedicated read-out
electronics. The focus is set on the design of three prototype read-out boards, includ-
ing the integration of a pre-amplifier circuit. The results of the measured performance
parameters are presented in Chapter 4, introducing a novel method to evaluate the
after-pulse probability. The conclusions and an outlook for future R&D are given in
Chapter 5.
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Sandro D’Amato

1 Introduction

1.1 Dark matter in the Universe
Consistent evidence from a range of astronomical and cosmological observations indicates
that a significant part of the content of the Universe is composed of cold dark matter [1–
4]. Detailed studies of the cosmic microwave background anisotropies have determined
the abundance of dark matter with noticeable precision at (26.0± 0.5)% [5, 6]. Weakly
Interacting Massive Particles (WIMPs) is a generic class of dark matter candidates,
arising naturally in many theories beyond the Standard Model of particle physics, such
as supersymmetry, little Higgs models, or extra-dimensions [7–9].

1.2 Noble liquid dark matter detectors
Noble liquid detectors aim to measure the scintillation signal and the ionisation signal
of a nucleon-WIMP scattering. Xenon can be used as target material, since the noble
gas has many advantages for particle detection. It is an efficient and fast scintillator.
The high density of liquid xenon (LXe) of about 3 g/cm3 provides a good self-shielding
and a compact detector geometry. The absence of long-lived radioactive isotopes, apart
from 136Xe, ensures that an ultra-low background level can be achieved.

When a WIMP interacts with a xenon atom, the energy transfer is split between
ionization, excitation and heat. The 178 nm wavelength scintillation light is produced
in two different ways, shown in equation 1.1 and 1.2, involving excited atoms (Xe∗) and
ions (Xe+), both produced by ionizing radiation [10].

Xe∗ + Xe −→ Xe∗
2

Xe∗
2 −→ 2Xe + hν

(1.1)

Xe+ + Xe −→ Xe+
2

Xe+
2 + e− −→ Xe∗∗ + Xe

Xe∗∗ −→ Xe∗ + heat

1
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Xe∗ + Xe −→ Xe∗
2

Xe∗
2 −→ 2Xe + hν

(1.2)

In both processes, one exciton or ion produces one ultraviolet photon, hν following
the creation and radiative decay of an excited dimer, Xe∗

2. The lifetimes for the singlet
and triplet states of the excited dimer have been measured to be about 2 ns and 30 ns
in liquid xenon [11].

Detectors using LXe as target material to directly detect WIMP interactions have
demonstrated the highest sensitivities over the past years for a WIMP mass higher than
6 GeV/c2 [12]. The XENON100 experiment published in 2012 and 2013 the world’s best
upper limits on the spin-independent [13] and spin-dependent [14] coupling of WIMPs
to nucleons and neutrons, respectively. Those results were confirmed and improved by
the LUX experiment [15], also using LXe as target material.

To probe lower cross sections at WIMP masses above a few GeV/c2, larger detectors
are required: The current phase in the XENON program at the Laboratori Nazionali
del Gran Sasso (LNGS), called XENON1T, has a 2 ton LXe target and aims to reach
spin-independent cross sections of 1.6 ×10−47cm2 after 2 years of continuous operation
[16]. The upgrade phase XENONnT is being designed and will be constructed during
the operation of XENON1T with an increased sensitivity of another order of magnitude
[16]. The same sensitivity is projected for the next phase of the LUX program [17]
called LUX-ZEPLIN (LZ). The DarkSide collaboration proposes a 20 ton liquid argon
dual-phase detector, with a goal to reach 9×10−48cm2 at 1 TeV/c2 [18, 19].

1.3 DARWIN the ultimate dark matter detector
DARk matter WImp search with liquid xenoN (DARWIN) will be a multi-ton, xenon-
based dual-phase time projection chamber (TPC) to directly detect dark matter with
a sensitivity beyond all the above mentioned projects. The primary goal of DARWIN
will be to explore all experimentally accessible parameter space for WIMPs, which will
ultimately be limited by irreducible neutrino backgrounds from neutrino-nucleus scat-
tering in the target material. A 40 ton active LXe target will allow probing WIMP
masses in the range 5 GeV/c2−100 TeV/c2, and WIMP-nucleon cross sections down to
the few ×10−49cm2 region for ∼50 GeV/c2 WIMPs [20]. In figure 1.1 the current and
expected sensitivities to spin-independent WIMP-nucleon interactions are summarized
as a function of the WIMP mass for noble liquid detectors [13, 16–18, 21–25].

2
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Figure 1.1: The results and expectations of various noble liquid detectors are represented.
Along with the existing upper limits from PandaX- II [21], DarkSide-50 [22],
XENON100 [13], and LUX [23], are the sensitivity projections for DEAP3600
[24], XENON1T [16], XENONnT [16], LZ [17], DarkSide-20k [18] and DARWIN
[25]. DARWIN is designed to probe the entire parameter region for WIMP masses
above ∼ 5GeV/c2, until the neutrino background (ν-line) will start to dominate
the recoil spectrum. Figure from [26].

Figure 1.2 shows the sketch of a dual-phase xenon TPC. The nucleon-WIMP scattering
produces a prompt scintillation light (S1) and gets detected by photosensors on the top
and bottom of the target volume. With an applied electric field Ed across the liquid
xenon target, some of the ionization electrons are removed from the interaction site,
do not recombine and can be detected independently from the S1 light signal. These
electrons are drifted and extracted into the gas phase above the liquid xenon target, and
accelerated with a high electric field Eg, producing an electro-luminescence signal (S2)
via collisions with xenon atoms, which is detected by the photosensor arrays above and
below the target volume. Mapping the photosensor response from the S2 signal gives
the xy-position of the interaction vertex, while the time difference between the S1 and
S2 signals provides information about on the z-coordinate of the interaction.

The photosensors for DARWIN could be a future version of the XENON1T photo-
multiplier tubes (PMTs). These sensors feature a high quantum efficiency at 178 nm,
a very low intrinsic radioactivity, a high photo-cathode uniformity, a high gain and a
low dark count rate [27–29]. Although PMTs are reliable and proven to work in noble
liquid TPCs, they are expensive, bulky and still generate a significant fraction of the
radioactive background in dark matter detectors, especially in terms of radiogenic nu-
clear recoils [20]. This is the reason why alternative light read-out techniques are under
consideration for the future experiment.

3
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Figure 1.2: Particle detection principle of a dual-phase xenon TPC. The WIMP scatters at the
xenon atom and creates a prompt scintillation light (S1). The ionization electrons
are removed from the interaction side with a drift field Ed, extracted into the gas
phase with an electric field Eg and there detected as scintillation light (S2).

4
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1.4 Silicon photomultipliers as replacement for PMTs
A promising replacement candidate is the silicon photomultiplier (SiPM), since its tech-
nology is rapidly developing and may become suitable for the read-out of large detectors,
offering very low radioactivity levels, compact geometry and low operation voltages.
They would allow an increase of the photosensitive area coverage of the TPC, and in
principle might be suitable for a 4π coverage. Commercially available SiPMs operate well
at LXe temperatures [30] and are comparable to state-of-the-art PMTs, having photo-
detection-efficiency (PDE) values of ∼10-25% at 178 nm [31] and gains of a few ×106.
However, the use of SiPM arrays for photon detection in large-volume dark matter LXe
detectors still requires significant improvements. Especially, the currently best dark
count rate (DCR) of ∼ 1Hz/mm2 at LXe temperatures [31], should be reduced by at
least 2 orders of magnitude in order to keep accidental coincidence low enough for the
desired detection thresholds. The correlated noise probabilities of a SiPM, namely the
after-pulse (AP) and cross-talk (CT) probability, requires further studies and improve-
ments. Using an SiPM as a light detector in scientific research requires that its optical
and electrical behaviour under varied environmental conditions, the types and rates of
noise, and the limits on reliable light detection are well understood. Although manu-
facturers of SiPMs provide information on their products, an independent check of the
detector characteristics is necessary, especially in critical situations where a scientific
breakthrough hinges on the validity of the observations.

In the scope of this thesis the Hamamatsu SiPM prototype 10943-3186(x) Type A was
extensively characterized in gaseous and liquid xenon, giving a detailed feedback to the
manufacturer. Furthermore as an R&D step for DARWIN, different types of read-out
boards that can be operated directly in the LXe have been designed and tested.

5
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2 Silicon photomultiplier (SiPM)
This chapter gives an introduction to the physical and electronic working principles of
a silicon photomultiplier (SiPM) and describes in detail the experimental techniques
to characterize the most important properties of a SiPM. The physical processes that
take place inside a generic photodiode are explained in Section 2.1. The basic principles
behind the operation of first a simple avalanche photo diode (APD) and then a multi-
pixel SiPM are described in Section 2.2. The most relevant performance parameters of
a SiPM are presented in Section 2.3 along with the experimental methods to quantify
them.

2.1 The physics of a silicon photodiode
2.1.1 The p-n junction
A boundary between two types of semiconductor material, p-type and n-type, inside a
single crystal of semiconductor is called p-n junction. The ”p” (positive) side contains an
excess of electron holes, while the ”n” (negative) side contains an excess of electrons. The
excess of charge carriers in p-n junctions is created by doping the material, for example
by ion implantation [32]. Silicon atoms have 4 valence electrons. In a silicon crystal those
electrons form covalent bonds with the electrons from neighbouring Si-atoms, making the
crystal an insulator. If for example a phosphorus atom, which has 5 valence electrons,
is implanted into the Si-lattice, a free electron is introduced. This makes the P-atom an
electron donor. If on the other hand an aluminium atom is implanted (with 3 valence
electrons), a free electron hole is introduced into the lattice, hence the Al-atom is an
electron acceptor. The notations for the different doping concentrations are given in
table 2.1.

symbol dopant concentration
i intrinsic Si (zero dopant)
p 1 acceptor/106 Si-atoms
n 1 donor/107 Si-atoms
p+ 1 acceptor/104 Si-atoms
n+ 1 donor/104 Si-atoms

Table 2.1: Dopant concentrations of silicon crystals with the respective symbolic nota-
tions.

6
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The p–n junction possesses some interesting properties that have useful applications in
modern electronics. A p-doped and an n-doped semiconductor is relatively conductive,
but the junction between them can become depleted of charge carriers, and hence non-
conductive. This property depends on the relative voltages of the two semiconductor
regions. The application of a voltage across a p–n junction is called ”bias”. The simplest
electronic component containing a p-n junction is a diode, allowing current to flow only
in one direction, depending on the bias.

zero bias For a p-n junction at zero bias (see figure 2.1), the Fermi levels EF [32]
match on the two sides of the junctions. Electrons and holes reach an equilibrium at
the junction and form a depletion region. The upward direction in figure 2.1 represents
increasing electron energy. That implies that you would have to supply energy to get
an electron to go up or to get a hole to go down in the diagram.

forward bias To forward-bias the p-n junction, the p side is made more positive, so that
it is ”downhill” for electron motion across the junction. The depletion region becomes
smaller and an electron can move across the junction and fill a vacancy or ”hole” near the
junction. It can then move from vacancy to vacancy leftward (see figure 2.1) toward the
positive terminal, which could be described as the hole moving right. The conduction
direction for electrons in figure 2.1 is right to left.

reverse bias To reverse-bias the p-n junction, the p side is made more negative, making
it ”uphill” for electrons moving across the junction. The depletion zone becomes bigger,
making the p-n junction non-conductive (see figure 2.1 bottom).

2.1.2 Avalanche photodiode (APD)
The difference between an APD and an ordinary p-n junction photodiode is that an
APD is designed to support high electric fields. An electron-hole pair is generated by
the absorption of a photon with sufficient energy in the non-doped (intrinsic) region ”i”
(see figure 2.2). The minimal photon energy is 1.1 eV in the case of silicon (Si) [32]. Such
charge carrier pairs can also be thermally generated, resulting in leakage current, which
is also called dark current because it is present even in the absence of incident light.
Under the influence of the field, the electron drifts to the n+ side and the hole drifts to
the p+ side, resulting in the flow of a photocurrent. The drift velocity for high electric
fields in Si, is about 107cm/sec [33] for both electrons and holes. The charge carriers can
gain sufficient energy in the high field at the p-n+ junction to collide with the crystal
lattice and generate another electron-hole pair, losing some of their kinetic energy in the
process. This process is known as impact ionization. The charge carriers can accelerate
again, as the secondary electron or hole, and create more electron-hole pairs. After a
few transit times, a competition develops between the rate at which electron-hole pairs
are being generated by impact ionization and the rate at which they exit the high-field
region and are collected. If the magnitude of the reverse-bias voltage is below a value

7
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Figure 2.1: Band-gap diagram for zero bias (top), forward bias (middle) and reverse
bias(bottom) of a silicon p-n junction. The depletion zone decreases for forward
bias making the junction conductive and increases for reverse bias making the
junction non conductive.

known as the breakdown voltage, the collection dominates, causing the population of
electrons and holes to decline.

Figure 2.2 illustrates the process of electron-hole generation, drift, and collection for an
APD. The electron trajectories are represented by black arrows, and the hole trajectories
by red arrows. When a photodiode is used to detect light, the number of electron-hole
pairs generated per incident photon, a value defined as quantum efficiency (QE) is at
best unity. Losses due to reflection or absorption in regions with low or zero electric
field lower the QE.

2.2 Operation of APDs and SiPMs
Silicon photomultipliers (SiPMs) consists of several pixels connected in parallel; one
pixel is a combination of an APD and a quenching resistor RQ connected in series, as
illustrated in figure 2.3.

It is operated with an external reverse-biased voltage (VBIAS), that is up to a few volts
larger than the breakdown voltage (VBR) of the APD. In this mode the electrons and
holes multiply by impact ionisation faster than they can be extracted. The overvoltage,
∆V = VBIAS - VBR, is one of the most important adjustable parameters affecting the
performance of the detector.

The following two subsections describe in detail, the operation of an APD and a SiPM
for VBIAS > VBR.

8
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Figure 2.2: Different doped layers of a reverse biased APD showing the corresponding electric
field strength. The photon absorption, impact ionisation and avalanche formation
are visualized. The electron trajectories are represented by black arrows and the
hole trajectories by red arrows.

Figure 2.3: Equivalent circuit of a SiPM. A single pixel is a series combination of an avalanche
photodiode (APD) and a quenching resistor (RQ). All the pixels are connected in
parallel.

9



Sandro D’Amato

2.2.1 Avalanche photodiode in Geiger mode
When the applied bias voltage VBIAS to an APD exceeds its breakdown voltage VBR,
the APD is said to be in Geiger mode [34]. McIntyre (1961) and later Haitz (1964) [35]
developed an electrical model for an APD operating in this state. Geiger-mode APDs
are modelled by the circuit depicted in figure 2.4, where the main components are: the
capacitance CJ of the depletion region of the APD, a switch S, a voltage source VBR,
and a series resistance RS that is equal to the combined resistance of the undepleted
regions in the APD. The value of RS depends on the voltage over the diode since the
latter controls the total length of the undepleted regions. RS is on the order of several
hundred ohms at zero bias and decreases to tens of ohms for bias around VBR.

Figure 2.4: Equivalent circuit of an APD in Geiger mode in series with a resistor RQ. CJ is
the capacitance of the depletion region of the APD, the switch S closes when a
photon is detected, the voltage source VBR produces the signal pulses, and the
series resistance RS is equal to the combined resistance of the undepleted regions
in the APD.

In the absence of light, the switch S is open and CJ is charged to VBIAS. The voltage
on the APD is ∆V = VBIAS−VBR above VBR, and the APD is ready to detect a photon.
Suppose that the APD absorbs a photon and the resulting charge carrier, either an
electron or a hole, triggers an avalanche as seen in figure 2.2. At this instant, the switch
S closes and CJ begins to discharge through RS, which tends to lower the voltage across
the APD. However, since the APD is biased by a constant voltage source VBIAS, a current
begins to flow through the terminals of the APD reaching a steady state value of ∆V/RS.
This current will persist unless VBIAS is reduced to VBR, restoring the APD to the light-
sensitive state. The role of RQ is to extinguish or quench the avalanche bringing the
APD back to Geiger mode, hence the name quenching resistor. The time dependency
of the described current flow through the APD is shown in figure 2.5.

The avalanche begins at t = ti. The leading edge of the current pulse increases with
the time constant RS × CJ and reaches a maximum value of
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Figure 2.5: Current flowing through the terminals of the APD as a function of time. The
pulse is asymmetric around t = tmax because of RQ � RS.

Imax = VBIAS − VBR

RQ +RS
≈

∆V
RQ

(2.1)

at tmax. At around this time the avalanche stops or is quenched because of RQ. After
tmax, CJ recharges to the nominal voltage of VBIAS while the current decreases with a
time constant RQ×CJ. Because RQ � RS, the leading edge of the pulse is steeper than
the declining edge, making the pulse asymmetric around t = tmax. For a more detailed
discussion of the electrical behaviour of Geiger-mode APD see [35].

2.2.2 SiPM operation
A SiPM is an array of light-sensitive elements – pixels – that are all connected in parallel
and externally biased by a single voltage source, VBIAS. Each pixel is a series combination
of an APD and a quenching resistor RQ, as described in detail in Section 2.2.1. By design,
all pixels are identical. The pixels are operated in Geiger mode (∆V > 0).

Figure 2.6 shows the equivalent circuit of a SiPM; the dashed rectangle delineates
a single pixel. In the absence of light, all the switches are in the OFF position, and
the voltage is VBIAS on each APD and is zero on each RQ. Suppose that a single APD
absorbs a photon and the process triggers an avalanche. At this instant, the switch in
the equivalent circuit of that APD in figure 2.4 goes to the ON position, and the current
pulse begins to flow through the terminals of the SiPM as shown in figure 2.5. The
resistor RQ of that pixel quenches the avalanche, and the pixel is restored back to the
”ready” state. If two (or more) photons simultaneously trigger avalanches in two (or
more) distinct pixels, the current pulse flowing through the terminals of the SiPM is a
superposition of the current pulses. Instead, if a single pixel absorbs simultaneously two
or more photons, the resulting current pulse is identical to the one produced by a single
photon.

11
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Figure 2.6: Equivalent circuit of a SiPM. Every pixel correspond to an APD with a quenching
resistor RQ in series. All the pixels are connected in parallel and operated in
Geiger mode.

When a pixel recovers from the avalanche, its CJ recharges to the nominal voltage
VBIAS. At the outset of the recharge process, the current flows from VBIAS but also from
the junction capacitors of all other pixels. The latter current keeps lowering ∆V on the
other pixels until the value is equal to the ∆V on the recovering pixel. At this instant,
VBIAS becomes the only current, and all of the pixels recharge together to VBIAS.

2.3 Performance parameters of a SiPM
Important parameters of a SiPM are: the gain M , the breakdown voltage VBR, the
quenching resistance RQ, the junction capacitance CJ, and the noise components such
as the dark count rate (DCR), the optical cross-talk probability (CT) and the after-pulse
probability (AP). The following sections define these parameters, as well as introduce
experimental techniques to quantify them.

2.3.1 Experimental evaluation of operational parameters
Quenching resistor RQ The forward-bias current-voltage (I-V) characteristics of a
SiPM (see figure 2.7 left) can be used to measure the value of RQ. The I-V characteristic
can be obtained with a setup shown on the right side of figure 2.7. Assuming that RQ
is the same for each pixel and that RQ >> RS, the slope of the linear dependence in
the forward-bias region equals to N/RQ, where N is the number of pixels. So RQ can
be measured as

RQ = N

slope
. (2.2)
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Figure 2.7: (left) Forward and reverse I-V characteristics of a SiPM. (right) The electrical
circuit to obtain a forward-bias I-V characteristic, which contains information
about RQ. The SiPM must be shielded from light in a temperature-controlled
environment.

Gain M , breakdown voltage VBR and capacitance CJ The gain M is defined as the
number of carriers contained in the single-cell current pulse, since this is the number of
carriers generated during the avalanche in response to an absorbed photon. Integrating
the current pulse shown in figure 2.5 over time yields the total chargeQ that is transferred
between the terminals of one SiPM pixel. Since the transfer was triggered by a single
charge carrier, the gain is equal to

M = Q

e
. (2.3)

A detailed analysis shows that

Q = CJ ×∆V, (2.4)

and thus,
M = CJ ×∆V

e
. (2.5)

The setup necessary to measure the gain is shown in figure 2.8 (left). The current
pulses generated by the SiPM can be transformed with a read-out circuit into voltage
pulses, and read out by a voltage analog-to-digital converter (ADC). The characteristics
of possible read-out circuits is described in detail in Chapter 3. The acquired data is
stored on a computer for further analysis. A histogram of the measured charge Q of
the signal pulses gives a photoelectron (p.e.) charge spectrum of a SiPM (see figure
2.8 middle); it can be used to determine the gain M of the device, using the following
equation:

M = UU × tU
e×R×Kamp

× 1p.e. (2.6)
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Figure 2.8: (left) Experimental setup to measure the gain and the breakdown voltage. (mid-
dle) Sketch of a charge photoelectron (p.e.) spectrum with 5 visible p.e. peaks.
The position of the 1 p.e. is used to calculate the gain. (right) Sketch of the gain
versus bias voltage of a SiPM. A linear fit can be used to determine the breakdown
voltage and the junction capacitance.

where UU is the voltage per channel of the ADC, tU is the time of one sample of the
ADC, 1p.e. is the position of the single photoelectrons peak in the charge spectrum,
Kamp is the amplification factor of the electronics, R is the input impedance of the ADC
and e is the electron charge. The gain M can be determined as a function of VBIAS by
collecting photoelectron spectra for various settings of VBIAS. The expected relationship
between M and VBIAS is linear as shown in figure 2.8 (right). Fitting a straight line to
the data yields the values of CJ and VBR using the slope and the vertical interception
respectively:

VBR = VBIAS at M = 0,

CJ = slope× e.

(2.7)

2.3.2 Noise components of a SiPM
Noise in SiPMs is represented by output current pulses produced in absence of incident
light. A SiPM generates three different noise components: dark noise also called dark
counts (DC), optical cross-talk (CT) and after-pulses (AP). Figure 2.9 is a screen shot
of an oscilloscope output while acquiring data of a SiPM in a dark environment [36].
The discrete structure of the 1 p.e. 2 p.e. and 3 p.e. becomes visible. The 1 p.e.
signals, arising from the primary dark noise, are more abundant than the 2 p.e. and 3
p.e. signals induced by optical cross-talk. The visible signal pulses following the primary
signals are detected after-pulse events.
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Figure 2.9: Oscilloscope screen shot with visible noise components. Figure adapted from [36].

In the following paragraphs a detailed description of the different noise components
is given and their measurement methods are presented.

Dark counts In silicon, there is a finite probability p(T ) for charge carriers to be
generated by thermal excitation, given by

p(T ) = CT 3/2exp
(
− Eg

2kBT

)
, (2.8)

where T is the absolute temperature, Eg is the bandgap energy, kB is the Boltzmann
constant and C is a proportionality constant depending on the material and the techno-
logical parameters. Such a generated electron or hole originates inside the active region
of a pixel of the SiPM and can trigger an avalanche, producing an observable output
pulse. This primary noise event is called a dark event. The number of dark events
per unit time is the dark count rate (DCR). From equation 2.8 one can deduce that,
in SiPMs, the thermal generation of carriers doubles approximately every 10◦C, and
so does the DCR. Moreover, the DCR scales with the SiPM area and is an increasing
function of the overvoltage. In a SiPM, dark events have 1 p.e. amplitude and are
hence indistinguishable from a photo-generated event. Since the primary noise scales
with the silicon area, the DCR can be given as Hz per unit area, with overvoltage and
temperature always specified.

The measurement principle of the DCR is explained in the next paragraph.

Optical cross-talk (CT) Optical cross-talk involves photons emitted during avalanche
multiplication by recombination of an electron-hole pair. For silicon the wavelength of
the produced photons lies within the range of 450 and 500 nm. This photons are re-
absorbed in neighbouring cells or even in the inactive region of the same cell and cause
additional current pulses.

Direct-CT occurs when an emitted photon reaches the active region of another cell
triggering an additional avalanche practically at the same instant of the original one.
The result is the double pulse (2 p.e.) in figure 2.9. Delayed-CT involves photons that
are re-absorbed in the inactive regions of the SiPM. The generated electron (or hole)
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must then diffuse to the active region of a cell before being able to trigger an avalanche.
The correlated pulse has therefore a certain time-delay (of the order of few ns) with
respect to the original one.

In the absence of light, 2 p.e. (or greater) waveforms originating from a SiPM can
be either due to random dark noise occurring in two or more pixels simultaneously or
cross-talk. The probability of the former is very small and is therefore neglected. Hence,
counting the number of pulses above the 1 p.e. threshold per second yields the cross-talk
rate.

Figure 2.10: (left) Experimental setup to measure the dark count rate (DCR) and the
cross-talk rate (CTR). (right) Sketch of the threshold-dependent dark count
rate.

Figure 2.10 left shows the experimental setup to measure the rates (and probabilities)
of cross-talk and the DC. The SiPM is reverse-biased by a power supply and placed inside
a temperature-controlled and light-tight black box. The output signal from the SiPM is
amplified and the resulting signal is fed to a discriminator. If the input crosses a user-
specified threshold level, the discriminator issues a logical output pulse which the scaler
module counts. Figure 2.10 (right) shows a sketch of the resulting dark count rate as a
function of the threshold level. The curve shows that the noise rate decreases with the
increasing discriminator threshold levels showing a characteristic step-like dependence.
The vertical red dashed lines delineate the values of the DC rate for the corresponding
thresholds 0.5 p.e., 1 p.e, 1.5 p.e. and 2 p.e. Setting the threshold level to 0.5 p.e.,
which is above the electronic noise, but below 1 p.e., gives the rate of the total detected
dark noise (DCR). Setting the threshold to 1.5 p.e. gives the rate of the events due to
cross-talk (CTR). The probability of cross-talk PC is therefore given by

PC = DCR1.5p.e

DCR0.5p.e.

= CTR
DCR . (2.9)

The cross-talk probability PC depends on the overvoltage ∆V . The experimental setup
depicted in Figure 2.10 (left) can be used to determine this dependence. The procedure
is to measure PC as outlined above for different values of ∆V , which is controlled by the
power supply.
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After-pulses (AP) After-pulsing is due to charge carriers trapped in silicon defects
during the avalanche multiplication that are released later or during the recharge phase
of the SiPM pixel. The net effect is that a new current pulse is observed on the tail of
the original pulse, see figure 2.9. After-pulse probability increases more than linearly
with the overvoltage. The amount of charge released in an after-pulse depends on the
time delay ∆t between the primary and secondary avalanches, or the recovery state of
the pixel. A standard method to measure the probability of after-pulses in a SiPM is
by replacing the scaler from the setup in figure 2.10 with a Time-to-Digital Converter
(TDC), which measures the time difference for consecutive pulses coming from the dis-
criminator. The model used to determine the after-pulse probability using this method
is discussed in detail by [37].

However, in the scope of this thesis a different approach has been developed to measure
the after-pulse probability by further investigations of the gain calibration data. The
analysis approach used to determine the after-pulse probability is presented in Chapter 4.
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3 Read-out electronics and tested
SiPM prototype

There is great freedom in the choice of SiPMs and their read-out circuits. Since the
performance requirements of SiPMs depend mostly on the type of experiment in which
they are employed, circuits can be designed to suit the specifications. It is a common
practice of research groups to be strongly involved in the R&D process with manufac-
turers, as this allows them to fabricate dedicated hardware to fit the special needs of the
experiments.

For the future xenon-based dark matter search experiment DARWIN, the main re-
quirements for SiPM candidates and the design of a suitable read-out board are the
following:

• high gain (∼ few ×106)

• low noise (DC, CT, AP)

• low intrinsic radioactivity

• stable operation in liquid xenon

• high photosensitive area coverage

• optimal sensitive area per channel ratio

To address the second and the last three requirements listed above, three different
types of read-out boards have been designed and tested. This chapter presents the
investigated SiPM prototype from Hamamatsu in the next paragraph and the different
designs of the read-out circuits for this specific SiPM are motivated and presented in
the sections 3.1 and 3.2.

Hamamatsu 10943-3186(x) Type A SiPM The Hamamatsu 12×12mm2 SiPM 10943-
3186(x) is an array of 4 separate 6×6mm2 vacuum ultraviolet sensitive SiPMs merged in
one device (see figure 3.1). Each 6× 6mm2 SiPM (segment) has its own 2 pins (cathode
and anode). This gives the possibility of reading every segment separately or in various
combinations.

Figure 3.1 shows a technical drawing of the tested SiPM. The specifications given by
the manufacturer are listed in table 3.1.
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parameter min typical max unit
spectral response range - 130 - 900 - nm
peak sensitivity wavelength - 430 - nm
pixel pitch - 50 - µm
effective photosensitive area - 5.95 x 5.85 - mm2

recommended operating voltage 60 70 80 V
detection efficiency at λ = 178nm 20 25 - %
dark count/segment - 7.0 21.0 MHz
capacitance/segment - 1200 - pF
Gain at VBIAS = 70V - 1.25× 106 - -

Table 3.1: Specifications of SiPM 10943-3186(x) Type A at T = 25◦C, provided by Hama-
matsu.

Figure 3.1: Technical drawing of SiPM 10943-3186(x) Type A, provided by Hamamatsu.
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3.1 Single-channel read-out electronics
In order to characterize every segment separately, a so called single read-out circuit
board was designed. The board contains four exact copies of the schematics shown in
figure 3.2 (left) and allows to bias each segment separately. A low-pass filter stabilizes
the bias voltage coming from the power supply and cuts off high frequency noise. A
SiPM produces small current pulses, as shown in the previous chapter in Section 2.2.
In order to measure these pulses with a voltage-ADC, the current signals are fed to a
read-out-capacitor, which is equivalent to charging an RC circuit. This process gener-
ates measurable voltage signals in the circuit. The arising voltage signals are amplified
externally with a commercial low noise amplifier on their way to the voltage-ADC. The
prototype PCB-board design is shown in figure 3.2 (right).

Figure 3.2: (left) Schematic of the single read-out circuit (1 channel). (right) PCB board
routing with all four channels. The red and blue lines correspond to the front and
back side of the PCB-board respectively.

If the single read-out method would be employed inside a large-volume time-projection
chamber, the high number of channels would be a disadvantage: Every channel would
need cabling, an amplifier and an ADC input channel. In a dual-phase TPC the, xy-
reconstruction of an event is performed by using the information of the light intensity
distribution across the top photosensor array. Hence small and abundant photosensors
result in a high resolution. A simulation of the XENON1T TPC, using a neural network
for the position reconstruction trained with 5×103 photons, showed a typical resolution of
4.5 mm in the x-y plane [38]. Considering that the area of the XENON1T PMTs is about
30 times bigger than the area of all the four segments of the given SiPMs, there will be no
need to read the segments separately in DARWIN. The required xy-position resolution
of a few mm allows it to combine more SiPM segments in one channel, reducing the total
number of read-out channels. This gives the motivation to find a suitable method of
reading more segments per channel. In order to evaluate the optimal sensitive area per
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channel ratio further investigations are necessary. In the following sections the methods
of reading all four segments of the SiPM simultaneously are discussed.

3.2 Multi-channel read-out electronics
There are different ways of merging the signals of all segments of a SiPM into one read-
out channel. The simplest examples are to put all segments in parallel or in series. The
following paragraphs show the consequences of these two choices and introduce a more
advantageous method of a combined read-out.

Parallel connection The configuration of all four segments in parallel is equivalent to
a single SiPM with a four times larger area. This increases the capacitance of the SiPM
by the same factor. As seen in figure 2.5, the time-constant of the pulses is proportional
to the junction capacitance CJ, leading to longer signal pulses (see figure 3.3 orange
line). The decay time for a single segment is ∼50ns, while four segments in parallel
show ∼200ns. This can be an issue for high-rate measurements (above 5 MHz) and
might worsen the performance of the SiPM.

Serial connection On the other hand, a serial connection of all four segments would
reduce the capacitance. Hence it would improve the time characteristics (decay time of
∼30ns) of the SiPM (see figure 3.3 blue line). A drawback of this configuration is that
the bias voltage is shared by all the segments, leading not just to a higher overall voltage
but to the fact that the different segments are no longer on the same electrical potential.
Possible electric discharges between the segments become an issue.

Figure 3.3: Signal pulse shape of a SiPM for serial, single and parallel read-out with respective
decay times of ∼30ns, ∼50ns and ∼200ns.

The so-called hybrid read-out circuit [39] combines the advantages of a serial and a
parallel connection of the four segments (see figure 3.4). By powering the segments in
parallel, the danger of discharges between the segments disappears. The signals on the
other hand are connected in series by decreasing the overall capacitance of the circuit,
providing short signal pulses and therefore increasing the performance of the detector.
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Figure 3.4: (left) Schematic of the hybrid read-out circuit. (right) PCB routing of the hybrid
read-out. The red and blue lines correspond to the front and back side of the
PCB-board respectively.

Performance test In order to test the hybrid read-out prototype circuit, a gain mea-
surement using the dark count data was performed in a black-box. The signal pulses
in the acquired waveforms are shown in figure 3.5 (left). The resulting photoelectron
spectrum did not show any peaks, hence the measured pulse areas were exponentially
distributed. This makes it impossible to perform a gain calibration. The SiPM manu-
facturer (Hamamatsu) explained this behaviour as the result of a not stable baseline of
the device. This means that after a signal pulse, the previous baseline is not reached fast
enough before another pulse occurs. This results in a random integration of the pulses,
which results in a charge spectrum without resolved p.e. peaks as shown in figure 3.5
(right). The next-prototype SiPM generation should no longer show this behaviour.

3.3 Pre-amplifier read-out electronics
New generation dark matter search experiments increase the target mass to increase
the sensitivity. Since usually the data acquisition system is placed far away from such
big detectors, the signal cables can become very long. This will be the case with the
DARWIN experiment, as it is already with XENON1T. Long signal cables mean also
larger signal damping, distortion and noise pickup. This makes it more important to
place the signal amplifier as close as possible to the detector. The ideal place of the
amplifier is directly on the read-out circuit, such that the damping of the signal before
being amplified is reduced to zero. This was the motivation of developing a pre-amplifier
read-out circuit. The prototype presented here is a first version with four output channels
amplifying the output voltage of each segment separately. The schematic of one channel
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Figure 3.5: (left) Waveform acquired with the hybrid read-out board, containing numerous 1
p.e. events and some higher p.e. cross-talk events. The first 200ns of the waveform
are used to calculate the baseline. If a signal exceeds the threshold of 3 times the
baseline, the peak is integrated (red shades area) and stored in an output file.
(right) Photoelectron spectrum acquired with a hybrid read-out board, without
resolved p.e. peaks.

is shown in figure 3.6. The central piece of the circuit is a Texas Instruments low noise
operational amplifier OPA847 [40], used as a non-inverting voltage feedback amplifier.

Figure 3.6: Schematic of single read-out pre-amplifier circuit with a gain of 20. The central
piece is a non-inverting voltage feedback operation amplifier.

Non-inverting voltage feedback operational amplifier In the amplifier configuration
shown in figure 3.7 (left), the input voltage signal (Vin) is applied directly to the non-
inverting (+) input terminal which means that the output gain of the amplifier becomes
“positive”. The result of this is that the output signal is “in-phase” with the input signal.

Since an operational amplifier has very high gain, the potential difference between
its inputs tends to zero when a feedback network is implemented. To achieve a reason-
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able voltage at the output (and thus equilibrium in the system), the output supplies
the inverting input (−) (via the feedback network) with enough voltage to reduce the
potential difference between the inputs (+) and (−) to microvolts. In other words V1
in figure 3.7 is a “virtual earth” summing point. Because of this virtual earth node the
resistors RF and RG form a simple potential divider network across the non-inverting
amplifier.

Figure 3.7: (left) Schematic of a non-inverting voltage feedback operational amplifier. (right)
Illustration of the corresponding potential divider network across the non-inverting
amplifier.

Then using the formula to calculate the output voltage of a potential divider network,
the closed-loop voltage gain G of the non-inverting amplifier is determined as follows:

V1 = RG

RG +RF
× Vout, (3.1)

with V1 = Vin and G = Vout/Vin. The gain G becomes:

G = 1 + RF

RG
, (3.2)

where RF is the feedback resistor and RG is the ground resistor. The choice of RF =
750 Ω and RG = 39.2 Ω leads to a gain G of 20.

One can see from equation 3.2, that the overall closed-loop gain of a non-inverting
amplifier will always be greater than one (unity) and is determined by the ratio of the
values of RF and RG.

Performance test At the first stage of the R&D process the pre-amplifier read-out
board was tested at room temperature in a dark environment. A sketch of the setup
used for this test is shown in figure 3.8 (left).

Using the dark count data, a photoelectron spectrum (see figure 3.8 right) was pro-
duced using no additional amplifiers in the electronics. One can clearly identify the
various photoelectron peaks. This makes it possible to perform a gain calibration, rep-
resenting the success of the implementation of this prototype. Future low temperature
tests of this amplifier have to be performed, which exceeded the scope of this thesis.
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Figure 3.8: (left) Pre-amplifier performance test setup at room temperature. The SiPM and
the pre-amplifier were placed inside a black box and biased by external power-
supplies. The DC data was amplified only by the pre-amplifier and directly fed
to the ADC. (right) Photoelectron spectrum of the SiPM with visible noise peak
and p.e. peaks.
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4 Measurements and Results
This chapter introduces the experimental set-ups and analytical methods used to mea-
sure the performance parameters introduced in Chapter 3 of the Hamamatsu 10943-
3186(x) SiPM prototype and summarizes the obtained results. This parameters were
measured in a light tight temperature-controlled cryostat, that can be operated in vac-
uum or gaseous and liquid xenon.

4.1 Forward-bias I-V characteristics
The forward-bias current-voltage (I-V) characteristics have been measured using a volt-
age controlled Array 3646A power supply with a resolution of 10 mV and a Picotest
M3510A pico-ampere-meter with a resolution of 10 nA. The measurement was per-
formed in gaseous xenon (GXe) at room temperature (23.5◦C) and in liquid xenon (LXe)
at −99.5◦C. As expected, the curve behaves linearly for forward voltages above ∼0.7 V
(see figure 4.1). Since the SiPM is designed to have the same values of RQ for every
pixel and the same number of pixels, all segments show exactly the same slope. From
the slope of the two curves the values of the quenching resistor RQ at both temperatures
were determined. Considering [11.8 - 14] thousand pixels per segment one gets Rwarm

Q =
[13.1, 15.7]MΩ and Rcold

Q = [14.7, 17.5]MΩ. This corresponds to a significant increase of
the resistance of about 10 % within a temperature interval of 123◦C.

Figure 4.1: (left) Forward-bias voltage I-V characteristics of all segments at 23.5◦C tempera-
ture, leading to a value of Rwarm

Q = [13.1, 15.7]MΩ. (right) The same at −99.5◦C
temperature, leading to a value of Rcold

Q = [14.7, 17.5]MΩ.
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4.2 Gain calibration
The experimental set-up (see figure 4.2) used to measure the gain M of the SiPM
segments as a function of the overvoltage ∆V consists of a custom-made cryostat that
can be operated filled with gaseous or liquid xenon. The insulating vacuum is produced
by a turbo-pump and it is set below 10−5 mbar. The SiPM is fixed on a PTFE (Teflon)
holding structure inside the cryostat (see picture 4.2 right). The external Array 3646A
power supply is connected via five SHV feedthroughs (four bias, one ground) to the
SiPM read-out board and can be adjusted in 0.01 V steps. The signals pass the cryostat
via four BNC feedthroughs and are amplified each by a 100 times commercial low noise
amplifier (Rf Bay LNA-1440) before going into the CAEN V1730 flash ADC. The ADC
is triggered by a Telemeter TG4001 pulse generator, that is used to operate a blue LED
(λ = 470 nm) inside the cryostat with a frequency of 2.5 kHz. The LED is used for
the gain calibration in liquid xenon, since the DCR is too low to be used for the cold
measurement. For each set bias voltage (0.1 V steps) the ADC acquires 106 trigger
events and stores the raw data on a computer.

Figure 4.2: (left) Experimental setup for the gain measurements. The temperature-controlled
custom-made cryostat can be filled with gaseous or liquid xenon. The SiPM seg-
ments are separately biased by a power supply. A pulse generator triggers the
ADC and drives an LED for the measurement in LXe. The four signals are am-
plified and fed to a computer-controlled ADC. The operation of only one segment
is shown, although all segments were operated simultaneously. (right) Picture of
the SiPM on a single read-out board fixed on a PTFE (Teflon) holding structure.

Data processing The acquired data consist of so-called waveforms, containing all the
measured signal pulses produced by the SiPM and the electronic noise events. In figure
4.3 (left), one can see an example of such a waveform containing a 1 p.e. event. The
first 200 ns are used to calculate the baseline. If there is a pulse inside this interval (on
the left of the purple vertical line) the whole waveform is discarded in the later analysis
by an applied cut. Once the baseline is known, the peak processor program searches the
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waveform for excursions above 3 times the RMS of the baseline (green horizontal dashed
line). If this threshold is exceeded, the processor starts to integrate the pulse. As soon
as the same threshold is undercut, the integration ends (see the red shaded area). All
integrated peaks are then stored in an ROOT [41] output file, where not just the area,
but also the peak position, the peak height and the peak width are stored. The histogram
of the peak areas (charge of the pulses) shows populations of discrete peak areas with
their abundance with respect to other areas. Figure 4.3 (right) shows such a histogram,
called photoelectron (p.e.) spectrum. One can clearly identify the electronic noise peak
at the very left (symmetric around zero) and the following photoelectron peaks. This
spectrum is used to determine the gain M of the corresponding SiPM segment at a given
overvoltage.

Figure 4.3: (left) Example of a waveform with one single (p.e.) event. The region to the
left of the purple line is used to calculate the baseline. The horizontal green
dashed line corresponds to 3 times the RMS of the baseline. The red shaded area
contains the single peak and marks the integration time window. (right) Example
of a photoelectron spectrum with the dominant noise peak around zero and the
following p.e. peaks. The red curve is the Gaussian fit for the 1 p.e. peak used
for the gain calibration.

Gain calibration results The gain value is determined by fitting the 1 p.e. peak with
a Gaussian using ROOT [41] as shown in figure 4.3 (right). The function is equal to

f(x) = A× exp
(

(x−M)2

2σ2
M

)
,

(4.1)

where A is the peak height, M the peak position (gain) and σM the standard deviation
of the Gaussian. Figure 4.4 shows the behaviour of the gain of all segments as a function
of their overvoltage ∆V at room temperature 23.5◦C in GXe and in LXe at −99.5◦C.
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Figure 4.4: (left) Gain calibration curve in GXe at 23.5◦C with overvoltages from 1.4-3.5 V.
(right) Gain calibration curve in LXe at −99.5◦C with overvoltages from 3.1-5.3 V.

Segment V 23.5◦C
BR [V] V −99.5◦C

BR [V]
1 -64.0 -56.4
2 -64.2 -56.2
3 -63.8 -56.3
4 -64.0 -56.2

Table 4.1: The breakdown voltages VBR for each segment in LXe and GXe. Note the
∼8 V drop from warm to cold and the remarkable agreement between different
segments (error ±0.1V).

As expected the gain grows linearly with the overvoltage. The data has been fitted
using the linear function

g(x) = p0 + p1 × x, (4.2)

where p0 is the y-axis intercept and p1 the slope of the function. The different segments
show slightly different gains, but the same behaviour. The breakdown voltages (VBR =
p0
p1

) corresponding to the plots in figure 4.4 are shown in table 4.1. At liquid xenon
temperature, higher overvoltages can be reached and thus higher gains. This is because
the much lower DCR is keeping the baseline more stable. The peak resolution of one
fitted p.e. Gaussian is given by;

Res = σM

M
× 100[%], (4.3)

and is therefore an indicator of the peak width normalized by the gain. Figure 4.5 shows
the peak resolution as a function of the overvoltage. There is clearly a maximum at
around 2.1 V for the measurements at 23.5◦C and at around 4.5 V for the measurement
at −99.5◦C. The resolution quickly worsens after reaching the optimum (especially in
the warm measurement) due to the unstable baseline that makes impossible to integrate
the measured waveforms properly. Note that the resolution in cold is better by a factor
of ∼ 3 respect to warm. This is because an LED was used for the gain calibration in
cold due to a very low DCR. The employed blue LED produces a photon spectrum with
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a narrow wavelength peak around λ = 470nm, which enhances the corresponding peak
resolution of the gain measurement.

Figure 4.5: (left) The 1 p.e. peak resolution as a function of the overvoltage at 23.5◦C, with
an optimum at about 2.1 V. (right) The 1 p.e. peak resolution as a function of
the overvoltage at −99.5◦C, with an optimum at about 4.5 V.

4.3 Dark count rate
Experimental set-up In order to measure the DCR as a function of the overvoltage, the
same custom-made cryostat shown in Section 4.2 was used. The ADC has been replaced
by a CAEN V895B discriminator and a CAEN V830AC scaler module connected to
a computer (see figure 4.6). The discriminator produces an output signal if the input
exceeds an adjustable threshold. The scaler module counts the events per units of time
and stores the event rates in a ROOT file on the computer.

Data acquisition and analysis By sweeping through different thresholds of the dis-
criminator and acquiring the data with the scaler module during a fixed time-window,
the threshold-dependent DCR can be measured (see figure 4.7 left). Since one expects
discrete pulse areas (see figure 4.3 right), one expects also discrete pulse heights. These
p.e. populations in height manifest themselves in DCR plateaus. Once the threshold of
one p.e population is exceeded the rate drops drastically to a lower plateau. By acquiring
datasets for different overvoltages one can see the resulting curve evolution, represented
in figure 4.7 (left) with different colors.

As mentioned in Chapter 2, the DCR is defined as the dark count rate at 0.5 p.e.,
threshold. In order to know exactly the value of 0.5 p.e. the gain calibration data were
used to fit the peak height at each overvoltage (see figure 4.7 right). The fit technique is
the same as used for the gain calibration using equation 4.2 as a fit function. Knowing
the threshold value of 0.5 p.e. one can extract the overvoltage-dependent DCR from the
spectra shown in figure 4.7 (left). Since the used discriminator has a threshold resolution
of only 1 mV and the calculated 0.5 p.e. threshold resolution is 0.1 mV, the used values
are given by the TGraph Eval ROOT [41] function that interpolates in between the two
most proximate real measured DC rates.
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Figure 4.6: Experimental setup for the DCR measurements as a function of the overvoltage
and threshold. The temperature-controlled custom-made cryostat can be filled
either with gaseous or liquid xenon. The SiPM segments are separately biased
by a power supply. The signals are amplified and fed to a computer-controlled
discriminator module. The scaler module measures the DC rates for given over-
voltages and thresholds. The operation of only one segment is shown, although
all segments were operated simultaneously.

Figure 4.7: (left) Measurement of the threshold-dependent DCR of segment 1 in warm. The
coloured curves represent different bias voltage settings. (right) Pulse amplitude
p.e. spectrum. The first two p.e. peaks are fitted by a Gaussian to determine the
0.5 p.e. and the 1.5 p.e. thresholds respectively.
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DCR results The expected DCR overvoltage dependency is exponential, but the mea-
sured segments of the SiPM show an almost linear behaviour (see figure 4.8). Note the
∼ 5 orders of magnitude drop of the DC rate between the measurement at 23.5◦C and
at −99.5◦C temperature. This is the reason for the much larger error bars in the cold
data. The rate is too small to reach a comparable statistic within a reasonable time.

Figure 4.8: (left) Overvoltage-dependent DC rate at room temperature (23.5◦C). (right)
Overvoltage-dependent DC rate at LXe temperature (−99.5◦C). Note the ∼5
orders of magnitude drop of the DCR from warm to cold.

The average dark count rate per unit area of the tested SiPM prototype is ∼50
kHz/mm2 at room temperature (23.5◦C) and ∼0.3 Hz/mm2 at liquid xenon temper-
ature (−99.5◦C).

4.4 Cross-talk probability
Data analysis and results In order to evaluate the cross-talk probability the same
data from the DCR measurement can be used. The cross-talk probability PC is defined
as the DC rate at 1.5 p.e. over the DC rate at 0.5 p.e. threshold as shown in equation
2.9. By fitting the 2 p.e. peak in the pulse-height spectrum in figure 4.7 (right), one can
evaluate the exact threshold for the 1.5 p.e. plateau, analogous to the 0.5 p.e. threshold
from Section 4.3.

The cross-talk probability increases linearly with the overvoltage as shown in figure
4.9. As expected there is no temperature dependency, since the overvoltage overlap of
the warm and cold measurement show comparable values of PC. As a general statement
one can say that the cross-talk probability of about 50 % is rather high, since other
tested SiPM models with a 3 × 3 mm2 active area show values of few % or less [42].

4.5 After-pulse probability
As mentioned in Chapter 2, a new developed approach was used in this thesis to evaluate
the after-pulse probability (AP). There was no need for additional data acquisition, since
the AP probability was extracted from the gain calibration data.
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Figure 4.9: (left) Overvoltage-dependent CT probability at room temperature (23.5◦C).
(right) Overvoltage-dependent CT probability at LXe temperature (−99.5◦C).
Note the linear dependency and the consistent values in the overlapping inter-
val between 3.2 V and 3.4 V.

Most after-pulses in SiPM occur very fast after the primary pulse (few ns), making
them hard to detect by the peak finder software introduced in Section 4.2. Since these
two peaks are so close together, the integration threshold is not undercut and the peak
finder integrates them as if they are one single peak. Figure 4.10 shows an example of
a primary peak with an after-pulse event integrated as one single event. The standard
technique explained in Chapter 2 using a Time-to-Digital Converter (TDC) can easily
separate this two events. However, there is a way of exploiting the data acquired form
the gain calibration to evaluate the AP probability.

Figure 4.10: A waveform with an after-pulse event. Note the after-pulse peak occurs a few
ns after the primary peak. Since the integration threshold (dashed line) is not
undercut in-between the two peaks, the peak-finder algorithm integrates them
as one event. This integrated peak, has the same hight as a normal 1 p.e. event
but a larger area, since more charge was released.
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After-pulse analysis A pulse as shown in figure 4.10 has a similar amplitude (height)
of a normal 1 p.e. event, but since an after-pulse was integrated within this pulse,
the charge (area) is larger. The later the after-pulse occurs, the larger is the area of
the integrated pulse (reaching a maximum at the 2 p.e. area). As soon as the after-
pulse is ”late” enough, the peak-finder identifies it as a 1 p.e. event. Thus, the key
lies in illustrating the acquired data in a pulse-area (charge) versus pulse-height plot
like in figure 4.11. The dominant two-dimensional Gaussian distributed events are the
normally integrated 1 p.e. events. The events with similar height but a larger charge are
the after-pulse events. By defining an elliptical cut, one can evaluate the ratio between
single events and after-pulse events, leading to the after-pulse probability.

Figure 4.11: (top) Pulse-charge versus Pulse-height representation of the 1 p.e. peak of seg-
ment 1 at −99.5◦C. The plot range was chosen such that only the 1.p.e. events
including the after-pulse events were considered. The three black ellipses on the
distribution are the 1 sigma (inner), 2 sigma (middle) and the 3 sigma (outer)
line of the 2D-Gaussian fit.

The two-dimensional Gaussian used to fit the dominant 1 p.e. distribution is defined
as:

f(x, y) = A× exp
[
−
(
a(x− x0)2 + 2b(x− x0)(y − y0) + c(y − y0)2

)]
,

with

a = cos2 θ

2σ2
x

+ sin2 θ

2σ2
y

;

b = −sin 2θ
4σ2

x

+ sin 2θ
4σ2

y

and;
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c = sin2 θ

2σ2
x

+ cos2 θ

2σ2
y

,

(4.4)

where A is the amplitude and x0 and y0 are the pulse height and integrated charge at
the center of the ellipse respectively. σx and σy are the width parameters in x and y
direction and θ is the angle with which the ellipse is rotated in the xy-plane.

The elliptical cut function is then defined as follows:

(x · cos θ − y · sin θ)2

a2 + (x · sin θ + y · cos θ)2

b2 < 1, (4.5)

where the major axis a, the minor axis b and the angle θ are defined by the 3 sigma
contour of the fit function 4.5. The events inside this ellipse are the primary 1 p.e.
events, and all the events outside the ellipse in figure 4.11 are the after-pulse events. By
taking the ratio of the after-pulse events over the primary events, one gets the after-pulse
probability

PAP = APev

1p.e.ev
. (4.6)

AP-probability results Figure 4.12 shows the evaluated after-pulse probability as a
function of the overvoltage. The expected exponential behaviour and the temperature
invariance is confirmed, validating this analysis technique. Nevertheless this method
underestimates the real after-pulse probability, since the 1 p.e. population contains also
after-pulses, that are well separated from the primary signal peak. Hence those after-
pulse events are not distinguishable from the primary events and therefore reduce the
after-pulse probability estimated in equation 4.6.

Figure 4.12: (left) The after-pulse probability as a function of the overvoltage at 23.5◦C. The
dashed lines are fit functions to illustrate the exponential dependency. (right)
The after-pulse probability as a function of the overvoltage at −99.5◦C. Note the
consistent values in the overlapping interval between 3.1 V and 4.0 V, confirming
a temperature invariance of the after-pulse probability.
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4.6 Scintillation light detection in LXe
In order to confirm the ability of the 10943-3186(x) Type A Hamamatsu SiPM to detect
the scintillation light of xenon (λ = 178 nm), a 30 Bq 241Am source was inserted inside
the cryostat. It was attached to the bottom of the cryostat about 2 cm below the SiPM.
In figure 4.13 the modified set-up is shown.

Figure 4.13: Experimental setup for the xenon scintillation light measurement. The 30 Bq
241Am α-particle source is placed inside the cryostat ∼2 cm below the SiPM
while the LXe level was set above the SiPM. The geometry was not optimized
for a high light yield, since the main purpose was to measure the presence of
scintillation light.

The 241Am source mainly decays via alpha emission combined with a gamma-ray. The
α-decay is shown as follows:

241
95 Am −→ 237

93 Np + 4
2α

2+ + γ (4.7)

About 85% of the generated alpha particles have an energy of 5.486 MeV. The energy
spectrum of this source was measured at PSI [43] and is shown in figure 4.14. The γ-ray
has an energy of ∼59.5 keV.

The energetic α-particles may hit the xenon nuclei in the LXe and deposit their
energy. Since xenon is a scintillating material, this energy deposition creates photons
(see Chapter 1). The wavelength spectrum of the scintillation photons shows a single
peak centred at 178 nm, with a width of approximately 10 nm [44].

If the SiPM is sensitive to the wavelength of the scintillation light, an acquired charge
spectrum should show a dominant peak at high charge values. Since the energy of the α-
particles is known, one can assign an energy to the corresponding peak in the measured
spectrum. With this energy calibration, one can determine the light yield of the setup.
The light yield is defined as the number of detected photons per deposited energy. This
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Figure 4.14: Energy spectrum of the employed 241Am α-particle source, measured by [43].

value is wanted to be as high as possible in TPCs and can be optimised by the geometry
and the choice of the used materials inside the detector.

Figure 4.15: Acquired α-particle spectrum of the 10943-3186(x) Type A SiPM. The x-axis is
in units of photoelectrons (p.e.) and the α-peak shows a mean value of ∼299
p.e., corresponding to a light yield of ∼54.5 p.e./MeV.

In figure 4.15 the acquired charge spectrum is shown. The α-particle population is
in the high-energy region and has a mean of ∼300 photoelectrons. This confirms that
the investigated SiPM is able to detect xenon scintillation light. Performing an energy
calibration of this spectrum using the α-particle energy from figure 4.14, leads to a
light yield of the setup of ∼54.5 p.e./MeV. Such a low value was expected, since the
geometry and the materials of the setup were not optimized for a high light yield. The
sole purpose of the setup was to confirm the ability of the investigated SiPM to detect
xenon scintillation light.
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5 Conclusions and outlook
It is clear that to fully satisfy the requirements on photosensors that are imposed by
the ambitious objectives of the future dark matter experiment DARWIN, more R&D
is to be performed. In Section 5.1 of this chapter the results on the characterized
performance parameters are shortly discussed and compared to state-of-the art PMTs.
A brief summary of the performed read-out electronics tests is given in Section 5.2 and
suggestions of future R&D proceedings are presented in Section 5.3.

5.1 Performance parameters
The gain of the 10943-3186(x) Type A SiPM model in LXe is ∼0.9×106 operated at
its best 1 p.e. resolution of ∼6% (4.4 V overvoltage). This value is lower than the typical
gain of ∼5×106 of the XENON1T 3” PMTs (Hamamatsu R11410-21). This is an issue
that can be compensated with low noise amplifiers and is therefore no urgent parameter
to be improved from the manufacturers side.

The dark count rate (DCR) at a temperature of −99.5◦C is on average ∼12 Hz per
segment, corresponding to an DCR per unit area of ∼0.3 Hz/mm2. The accidental
coincidence probability of two dark count p.e. triggering a S1 event in DARWIN would
be ∼3.5× 106 events per year. The Hamamatsu R11410-21 PMT has a lower DCR by
∼2 order of magnitude, lowering the accidental coincidence to ∼350 events per year.
Reaching those low DC rates in future SiPMs is a challenge for the manufacturers. In
some cases the research groups are deeply involved in finding new solutions, although
mostly the dialogue is hindered by the strict secrecy of the company, needed to be a step
ahead of their competitors.

The cross-talk probability (CT) measured to be ∼50% for the 10943-3186(x) Type A
SiPM, is a poor result. Having a high CT can highly affect the measurement, especially
faint light signals. A typical value of the CT probability of other SiPM models from
the same manufacturer are in the few % range [42] and need to be improved for future
prototypes of the SiPM model tested here.

The After-pulse probability (AP) was measured with a non-standard technique that
tend to underestimate the real value. This leads to a lower limit of ∼ 32% of the AP
probability at an overvoltage of 4.4 V. This value needs to be lowered as well, since other
SiPM models show values of ∼10% and lower [42]. The after-pulses of a PMT usually
arise from residual gases inside the tube and are an indicator of a vacuum leak. Those
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pulses are well separated (few µs). This is in contrast to the SiPM after-pulses, arising
extremely fast after the primary pulse (few ns) and therefore not easily identifiable.

5.2 Read-out electronics
The single read-out board is a purely R&D device, developed to characterize the
segments of the 10943-3186(x) Type A SiPM separately. It works properly in liquid
xenon and produces clean signals. Future SiPM models with the same geometry will be
characterised with the procedures and read-out boards presented in this work.

The hybrid read-out is the first step to increase the sensitive area of the SiPM per
channel, needed for the future dark matter experiment DARWIN. The read-out board
works properly in liquid xenon and produces clean signals. However, the performance
test was not successful, since no peaks appeared in the acquired charge spectra. Hama-
matsu’s statement about this behaviour was a not stable baseline of the SiPM, and that
the next prototype will perform properly with the hybrid read-out technique.

The pre-amplifier read-out was a first test at room temperature to include an am-
plifier on the read-out board. The test measurement was a success, showing a proper
photoelectron spectrum. A next step would be to test the device in liquid xenon.

5.3 Future R&D plans
During the working process, several ideas for additional measurements and hardware
projects emerged, that exceeded the extent of this thesis. In this section, some ideas to
carry on the R&D with SiPMs are presented.

Further tests

• The same measurements as presented in this work can be easily repeated for
the next prototype generation, since the hardware and techniques are well es-
tablished. The characterization of the newest Hamamatsu 12×12 mm2 SiPM pro-
totype 10943-4372 has already being started.

• The pre-amplifier could be tested in a temperature controlled cryostat to evaluate
its temperature working range.

• Photons produced by recombination of electron-hole pairs (λ = 450-500 nm) can
also exit the silicon layer, analogous to the light emission of an ordinary LED. This
micro-light-emission of a SiPM could be measured using a well understood PMT
facing the SiPM in a dark environment. This measurement could be performed at
room temperature in a black box and/or in a cryostat at LXe temperatures.
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More advanced read-out electronics

• After the hybrid read-out board is confirmed to work with one SiPM, the next
step would be to construct a hybrid board that connects more than four segments
together, creating a larger hybrid array. The current hybrid board is already
designed to form larger arrays like a puzzle.

• The pre-amplifier should be included in the hybrid board, once it is confirmed to
operate in liquid xenon.

• Once the two points above are implemented, one could start to design a small SiPM
dual-phase xenon TPC as a proof of principle, using a cryogenic pre-amplified
hybrid read-out board. At this stage a 4π sensitive area coverage could already be
tested.

• The intrinsic radio-activity of the used materials needs do be very low and well
known to estimate the total radioactive background of the experiment. Therefore
the electronic components and the SiPMs themselves needs to be screened.
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