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Abstract

To date, the nature of dark matter is still an open topic in modern physics. In the hy-
pothesis that dark matter consists of particles, they are hoped to be observed in detectors
on Earth. DARWIN is a planned detector using a dual-phase liquid xenon time projection
chamber at the 50t scale. It aims to observe such particles, or to constrain the cross section
of potential dark matter particles to the point where solar and atmospheric neutrinos will
become background. This work first introduces the evidence and search for dark matter. It
discusses Xenoscope, a DARWIN demonstrator built at the University of Ziirich. For the
instrumentation of DARWIN and Xenoscope, low noise photosensors are needed. The charac-
terisation of a set of VUV4 S13371-6050CQ-02 MPPCs produced by Hamamatsu Photonics
is presented in this work. These photosensors will be assembled into Xenoscope in an array,
which is discussed here. The results obtained from this characterisation are a breakdown
voltage of (46.5 4 0.5)V at 190 K, with a gain of (3 +0.2) - 10 at a bias voltage of 52V and
a temperature of 190 K. This gain is a substantial increase from the previous model [1]. At
this gain and temperature, the crosstalk probability was measured to be (15+1)%. The dark
count rate of O(Hz/mm?) is still considerably higher than for PMT candidates |1].



1 Introduction to dark matter searches

There is strong evidence that the matter that makes up our bodies, planets and stars, might only
be a small fraction of the total matter in the Universe. Dark Matter (DM) is a concept that states
that much of the mass in our Universe belongs to a different kind of matter to what is known to
us. It is not visible and presumably interacts very rarely with particles in the Standard Model
(SM). Yet, its gravitational effects are observed throughout the Universe.

Over the last century, the effort for explaining and detecting DM has become one of the most central
interests of astrophysics and astroparticle physics. The evidence for its existence is plentiful and
the effects of DM can be observed at many different size scales, fundamentally influencing the shape
and nature of our Universe. In the following sections, the most striking evidence for the existence
of DM, as well as theorised particle candidates, are briefly discussed. Furthermore, an insight
into detection experiments and the development towards the DARWIN observatory, is given. The
main part of this work focuses on the characterisation of Silicon Photomultipliers (SiPMs), and
discussing their usability as photosensors in Xenoscope, a DARWIN demonstrator being developed

by the Astroparticle Physics Group of the University of Zurich.

1.1 Cosmological evidence
1.1.1 Galactic scales

The most striking evidence for the existence of DM arises from the gravitational influence on the
rotational velocity of stars within a galaxy. From Newtonian dynamics, the velocity distribution

is to follow the relation
GM(r)
v(r) =/ ——, (1)

r

where

M(r) = 47r/p(r)7"2 dr, (2)

with p(r) being the mass density of a galaxy, r being the distance of the star to the centre of the
galaxy, and G the Gravitational constant. The overwhelming amount of visible matter we see in
galaxies is located around the centre of the galaxy. Thus, only little dependence of M (r) to r
is expected and the velocity is expected to follow v(r) o< 1/4/r. Instead, one observes that v(r)
is close to constant, which implies M (r) oc r and thus p(r) oc 1/r%. To match this difference in
luminous intensity seen from the galaxy and the movement of its stars, a model was introduced

which includes a halo of matter which does not interact with light, and whose mass accounts for
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Figure 1: (Left): Rotation curves for the galaxy NGC 6503. The dashed lines show the expected
curve due to luminous matter, the dotted line for the gas, and the dash-dotted line for the dark
matter halo. The sum of these three components agrees well with recorded data. Figure from [2].
(Right): Image of the Bullet galazy cluster. Coloured pink is the z-ray emission of intergalactic
gas clouds. Coloured blue is the mass distribution calculated by Chandra by observing gravitational

lensing effects [5]. Figure from NASA/CXC/SAO.

the flat distribution of rotational velocities, as seen in fig. [1}

1.1.2 Intergalactic scale

Already predicted by the theory of General Relativity, light is also attracted by gravity and thus
can bend in the presence of a gravitational field. This effect was observed during solar eclipses,
where the position of stars behind the Sun did non exactly line up with expectations|4]. On a
larger (and for this work more important) scale, we observe gravitational lensing. There, the light
of a whole galaxy is bent by the gravitational field of another galaxy located in front of it. The
distorted image, which shows differences to what is expected by the mass of the galaxy in the
centre, when only the luminous components are considered. A halo of non visible matter could
explain the discrepancy in this case as well [5].

A more recent and strong argument for the existence of DM is the image of the Bullet galaxy
cluster, taken by the Chandra X-ray observatory (see fig. . The observed centre of mass of

these two colliding galaxy clusters, determined by studying the effects of gravitational lensing in



the image, is different by over 8 o from the predicted centre of mass considering only luminous

intensity form x-ray emissions by the intergalactic gas clouds|3|.

1.1.3 Universal, non-local evidence

Whilst the evidence for dark matter discussed so far appears to be consistent at different scales, it
does only show its effects on a local scale, and does not quantify how much DM there is in relation
to luminous, baryonic matter.

Research in this field began fundamentally in the second half of the 20th century with the discov-
ery of the Cosmic Microwave Background (CMB) in 1964, leading to general agreement in the Big
Bang hypothesis, which states that the Universe expanded from a singularity of high density and
temperature. This model provides an explanation for the continuous expansion of the Universe,
the distribution of light elements across the Universe, as well as the small differences (anisotropies)
in the temperature readings of the CMB, depending on which direction the temperature was meas-
ured. The current temperature of 2.725 K is what remains of the high temperature of the Universe
in the first few thousand years after the big bang. The anisotropies, explained as quantum fluc-
tuations (now scaled up to the size of the Universe today), are a prime factor why pure-baryonic
(no dark matter or dark energy) models of the Universe had to be discarded. A second model saw
the Universe as a mixture of dark matter and light matter, which better predicted the formation
of galaxies and galaxy clusters, but required an expansion of the Universe lower than observed
[6]. After the discovery of the accelerated expansion of the Universe in 1998, a third model called
the ACDM model, was postulated and provides the best explanation for the formation of large
scale structures like galaxy filaments and cosmic voids, incorporating dark matter, as well as dark
energy [6]. Over the years, precise studies of the CMB have been conducted. The Planck satellite
currently provides the most accurate composition of the Universe, with 4% baryonic matter, 27%
dark matter, and 69% dark energy |[7].

Despite making up over a quarter of the matter and energy density of our Universe, little is
known about DM, and it has not been directly detected so far. DM could be composed of one
or more particles. Extensive research is being conducted to directly detect it by searching for its

interactions with baryonic targets.



1.2 Particle candidates

The effects attributed to DM could be explained by alternative theories which do not involve
adding new particles to the Standard Model. They explain the effects of DM by modifying our
current understanding of gravitational laws, such as MOND [8], and have even been expanded for
relativistic effects (TeVeS) [9]. The modifications however cannot predict all the discussed phe-
nomena simultaneously.

Similarly, one could argue that the observations from the luminous intensity of the galaxies could
be incomplete, as they do not account for massive baryonic, but non luminous objects, like planets,
black holes and others, jointly referred to as MACHO’s (Massive Compact Halo Objects). However
experiments like MACHO [10] and EROS [11] have concluded that MACHOs could account for no
more than a fifth of the observed dark matter.

Looking into particle candidates for dark matter, a logical first step is to start with the already
known and observed particles of the Standard Model. From all the particles in the SM, only one is
a realistic DM candidate, the neutrino. The neutrino is neutral and has very low interaction rates
with other SM particles. Combining the information provided by CMB and direct neutrino obser-
vations (solar and atmospheric), their mass is not sufficient to explain the DM content. Therefore,

we focus on new proposed particles and their potential detection.

One prime candidate is the axion, which was initially proposed after 1970 as a possible explana-
tion to the strong CP problem. CP violation has been observed in certain weak interactions, but
never at the Quantum Chromodynamic (QCD) level [12]. Nonetheless, there is no reason why CP
symmetry should be conserved only in QCD. The axion, although not yet observed, is a prime
candidate for dark matter, with numerous experiments built, trying to detect it |13} |14, [15].
Another well known theory is Supersymmetry, where Standard Model particles are assigned part-
ner particles with different masses and opposite spin, which provided DM candidates such as the
gravitino or the neutralino [16]. No experimental evidence supports so far the existence of Super-
symmetry.

This lack of evidence has led scientists to look for dark matter particles in a more broad spectrum.
Experiments such as XENON]|17], LZ|18|, PandaX|19] and, in the future, DARWIN|20] have been
designed to look for a wide range of particle masses, trying to observe the rare interactions these
DM candidates could have with atomic nuclei and electrons. Properties and detection methods of

these Weakly Interactive Massive Particles (WIMPs) shall be discussed in the following section.



1.2.1 The WIMP

Seeing that the effects of dark matter can be observed today and in previous stages of the Universe
by observing more distant galaxies, one can conclude that the relic density of DM in the Universe
has remained constant for most of the Universes lifetime. The reason the DM density has arrived
to this low and constant value is believed to be explained by the temperature of the Universe right
after the Big Bang [21]. For temperatures 7' >> m,, the mass of the DM WIMPs, its equilibrium
abundance is equal to that of photons |21]. Only when the temperature of the Universe decreases
below the dark matter WIMP mass, we have more annihilation of WIMPs than creation, propor-
tional to e ™=/T (see fig. , until it "freezes out" [21]. The previously discussed DM candidates
do also fall under the WIMP definition. There are currently no Standard Model candidates for
WIMPs.
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Figure 2: Dark matter density (left axis), and resulting thermal relic density (right azis) for a
100 GeV WIMP particle as function of temperature (bottom) and time (top). The solid line shows
the DM density becoming constant for increasing temperature (compared to the dashed line for
particles that would remain in thermal equilibrium) at the observed relic density of DM. Shaded
regions differ from this value by 10, 10* and 103. Figure from [29].

1.2.2 Direct detection techniques

Currently, there are three different approaches to look for DM: production at colliders, indirect

detection by detecting reaction products, and direct detection. Each uses different types of ex-



periments. In production by collision, two standard matter particles are collided such that the
collision energy is sufficient to produce WIMPs. The created WIMPs cannot be detected, but if
the summed up energies of the interaction products differs from the summed up energies of the
reaction partners, the missing energy could belong to a WIMP. In recent years, the ATLAS [23]|
and CMS [24] experiments at the Large Hadron Collider at CERN have conducted searches for
WIMPs, finding so far no evidence.|25|

Indirect detection focuses not on the detection of DM particles themselves, but instead on DM-DM
interaction products, which are expected to be SM particle pairs, like yv,vZ, vH, qq, among others
[26]. As DM exerts gravity, it is assumed to be locally more abundant in regions of high matter
density, such as galactic centres or stars. Thus, it is expected that there will be more DM-DM
interactions in these regions, and therefore more reaction products are expected from these dir-
ections. However, there are many other sources for the same possible reaction products, which
could make their attribution to DM problematic [27]. Experiments for indirect detection include
the FERMI-LAT satellite [28], the AMS-02 experiment on the ISS [29], or IceCube in Antarctica
[30].

As the name suggests, direct detection experiments aim to directly observe a DM particle in-
teracting with standard matter here on Earth. This interaction is in the form of a DM particle
scattering coherently with a whole nucleus, or in a spin-dependent interaction with only one nuc-
leon (proton or neutron) of a nucleus. In broad terms, detector designs can be attributed to one

of four types:

e Bubble chambers are being used for direct detection experiments, aiming to detect a DM
particle scattering with the superheated liquid, triggering a phase transition which might
release charged particles which leave bubble trails. One of these experiments is PICO at
SNOLAB in Canada [31].

e Cryogenic crystal detectors, where disks of certain semiconducting crystals are cooled. A DM
particle scattering on the crystal lattice would transfer enough energy to the lattice, such
that its temperature changes enough that attached superconducting thermal sensors detect
it. CRESST at the Laboratori Nazionali del Gran Sasso (LNGS) works with this principle
[32].



o (Crystal scintillators also use crystals, but their scintillating properties are used, as the scin-
tillation light emitted when a DM particle scatters off the crystal. This light can in turn
be detected by a photomultiplier. One of the crystal scintillators is the DAMA /LIBRA ex-
periment at LNGS, which has published results claiming to have detected a change in the
interaction rate measured. The change is attributed to the rotation of the Earth around the
Sun. In the course of a year, the Earths rotation around the sun is once opposite the rotation
of the Milky Way, and once in the same direction. The change in interaction rate would thus
be explained by the change of flux of DM particles the Earth gets over the course of one year
due to modulating rotational velocities around the galactic centre|33]. On the other hand,

similar experiments around the world have so far failed to confirm these results [34].

e Liquid noble gas time projection chambers (TPC) detect the scintillation and charge released
in the interaction from a DM particle with the target atom. The emitted photons are
detected by photosensors, while the released charge is drifted with the use of an electric
field and detected as a secondary proportional scintillation signal. The techniques of these
detectors will be discussed extensively in section 2. LZ and XENONnT are two running
experiments using this method |18, [17]. DARWIN is a planned experiment with even higher
sensitivity [20].



2 Xenoscope, a full scale vertical Demonstrator for DARWIN

2.1 The Dual-Phase LXe Time Projection Chamber

Dual-phase LXe TPCs are being used in many current direct detection experiments, such as
XENONT [17], LUX-ZEPLIN [18]|, and PandaX-4T [19], and DARWIN is set to follow this
trend.

The detection of particles using this setup starts with scintillation in LXe. A particle can interact
with a xenon atom leading to nuclear recoil (NR) or electronic recoil (ER) and both ionises and
excite the atom: The excited atom can combine with a second xenon atom to form a Xey molecule
in an excimer state. In the de-excitation, the dimer returns to two xenon atoms, and in this process
a characteristic 178 nm photon is released [35]. These 178 nm photons in turn do not excite xenon
atoms, which allows them to propagate through the xenon. The emitted photons can be detected
by the photosensor array on the top or bottom of the chamber. The side walls are designed in
such a way that the photons can be very well reflected, in order to maximise the detection of the
photons in the TPC. The first prompt signal from these photons is called S1. The number of
detected photons scales with the number of released ionisation electrons, which in turn scales with
the recoil energy and detection performance.

The interaction with xenon atoms also produces free charges released from the atoms. These elec-
trons then find themselves in an electric field (Egyg). The electron cloud drifts upwards until it
passes the gate, a grounded stainless steel mesh, where it experiences an even stronger electric field
(Eextraction) between gate and the anode mesh. Between the gate and the anode, the electrons tra-
verse the liquid-gas interface. Eqgtraction induces further scintillation, where again 178 nm photons
are emitted and detected as the secondary signal called S2.

Even when reflected, the photons are fast enough to be detected nearly instantly, and the time
difference between the S1 and S2 signal is solely dependant on the time the electrons take to drift.
In turn, this depends on the strength of the electric field and the position in the chamber where
the recoil happened (denoted as drift time in fig. . The position reconstruction is based on the
time difference thus allows us to directly calculate the Z coordinate of the recoil. The X and Y
coordinates are found by the pattern produced by the photosensors of the top array detecting the
S2 signal. As this signal is created in the narrow GXe phase, the sensors are close enough to cover
a sufficient altitude angle such that the origin of the signal can be estimated based on the hit
pattern (see fig. [3).

Depending on whether the signals come from ER or NR, the detected signal varies in width and
amplitude, most prominently the S2 signal. Thus, by comparing the sizes of S1 and S2, it can be
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Figure 3: Schematic of the dual phase TPC working principle. Figure from

determined whether the detected interaction was ER or NR.

In the cases of higher energy recoils, the signal can saturate, which is why further data analysis
tools are needed to estimate energies above 200keV [36].

2.2 The DARWIN project

DARk matter WImp search with liquid xenoN (DARWIN) will be a future observatory, with a
total of 50 tons of LXe target acting as a scintillator. DARWIN will be the next generation of
xenon based TPCs, such as XENONnT and LZ. The XENON collaboration has since 2002 been
developing dual phase TPCs of ever increasing size. XENON10 (2006) with a target of 14 kg of
LXe, XENON100 (2008) with 62 kg, XENONIT (2016) with 2 tons, and most recently XENONnT
with 5.9 tons, which is currently taking data [37]. DARWIN is set to be the final iteration of these

LXe DM detectors. The increase in LXe volume has resulted in increasingly smaller lower bounds
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for spin-independent WIMP-nucleus (SI) and spin-dependent (SD) WIMP-neucleon interaction
cross sections. DARWIN is hoped to decrease this lower bound by about an order of magnitude
from XENONNT for WIMP masses above 5 GeV /c? [20] (see fig. [4)).
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Figure /4: FExpected sensitivity for spin-independent (left) and spin-dependent (right) WIMP-
nucleon cross sections for DARWIN compared to other detectors. The v-line denotes the irreducible
neutrino background. Figure fromj20].

For cross sections in the order of 10%%cm? it is crucially important to further reduce any
background sources as much as possible, which is why several steps towards shielding against
background radiation have been taken. The most important background sources for DARWIN are
cosmogenic and radiogenic neutrons, intrinsic backgrounds of the target materials, and neutrino in-
duced backgrounds. DARWIN is planned to be constructed in the underground facilities of LNGS,
located below 1400 m of rock, which is an equivalent of 3400 m of water shielding. This provides
excellent shielding against cosmic rays. An active Cherenkov muon veto in a 12 m diameter water
tank will reduce the rate of cosmogenic neutrons to negligible levels [20]|. Sophisticated purification
techniques will allow levels of "Kr and ??°Rn to be reduced below necessary thresholds for WIMP
studies.

The neutrino flux cannot be shielded against going underground. Neutrino-nucleus and neutrino-
electron scattering will lead to an irreducible background (orange line in fig. , below which
the neutrino scatterings will dominate the recoil spectrum [20]. DARWIN is designed to reach a

sensitivity right up to this limit.
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2.3 Xenoscope

Xenoscope is an experiment designed and built at the University of Ziirich. In its final configura-
tion, its inner detector is a dual phase LXe TPC with a height of 2.6 m (see fig. , the same height
as the DARWIN baseline scenario. The main purpose of this facility is to demonstrate the drift of
electrons by an applied electric field, created by a lamp shining on a photocathode at the bottom,
over the whole distance of 2.6 m. The challenge is to transport electrons through LXe, which
therefore must be pure enough that they do not attach to impurities before they reach the top
of the detector. An elaborate purification system aims to decrease the number of electronegative
impurities in the LXe. The xenon is recirculated through this system in the gaseous phase, where

a large flow and high efficiency is key. Xenoscope aims to achieve a drift field of ~ 200 V/cm and

Figure 5: Render of Xenoscope, a DARWIN demonstrator built at Irchel Campus at UZH. Figure

from ,@
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a gas recirculation flow of 70 slpm [39]. A high voltage in the LXe is crucial, as it decreases the
drift time of the electrons. The purity of the xenon can be quantified by calculating the electron
lifetime. The electron lifetime corresponds to the time at which an initial charge population de-
creases by a factor e, as it attaches to the electronegative impurities diffused in LXe. Achieving a
high purity of the LXe will be obsered by a high electron lifetime.

In order to fulfil Xenoscope’s main purpose of observing a full distance electron drift, a xenon lamp
generates photons, which hit a photocathode at the bottom of the TPC, causing electrons to be
released through photoelectric effect, which then drift through the chamber. A grid of SiPMs was
designed to be installed at the top of the TPC to detect the photons created by these electrons
extracted to the GXe phase. In the following sections, the design of this top array and the working
principle of Silicon Photomultipliers is discussed, before presenting the setup and results of their
characterisation campaign conducted for this work.

Working towards achieving a full 2.6m drift, the project is split into two phases. First, a purity
monitor was instrumented in the LXe, with a drift length of 525 mm, for an initial measurement
of electron lifetime. In its second phase this drift distance is increased to the full 2.6 m [39|. In the
TPC phases of the project, the electrons are extracted into the gas phase, and a set of photosensors
at the top of the TPC will detect the created photons from the scintillation.

In future experiments, Xenoscope aims to benchmark further important parameters for DARWIN,
such as electron transport properties, drift speed, the Rayleigh scattering length and index of

refraction of xenon, and will be used for testing subsystems, such as the SiPMs in this work.
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3 Characterisation of SiPMs for the Xenoscope top array

For the main experimental part of this work, a set of Silicon Photomultipliers has been characterised
to asses their usability as units in the photosensor array at the top of Xenoscope, to detect the S2
signals (as discussed in section 2.2). First, a brief overview of the physics behind SiPMs is given
and the Xenoscope top array is presented. Next, the testing setup for the experiments is discussed

before presenting the characterisation techniques and their results.

3.1 The SiPM working principle

A Silicon Photomultiplier is a multi-pixel photon counter (MPPC) which consists of a matrix of
avalanche photodiodes (APD) connected in parallel. The size of one matrix and one APD (pixel)
depends on the model. In this work, the model tested is a VUV4 S13371-6050CQ-02 MPPC,

produced by Hamamatsu Photonics.

The APD is based on a positive intrinsic negative diode (PIN diode), which are p-n diodes, where
the p-n junction is separated by an undoped intrinsic semiconductor region i. In an APD, this
i region is now separated from the n region by another p region, making the APD technically a
PIPN photodiode. The reason for adding this p region lies in the space charge distribution, which
in this region is very high, with the electric field rising to a maximum right at the pn-junction.

The APD can thus be divided into two regions: The absoption region (i) and the multiplication
region (pn-junction). Typically the i region is much larger, to cover the largest amount of space
to detect more photons. A photon hits the absobtion region and creates an electron-hole pair
via the photoelectric effect. Due to the applied voltage, the hole drifts to the p region, whilst
the photoelectron drifts towards the multiplication region. Inside the i region, the electric field
strength is small and increases only slightly when moving closer to the pn-junction. Once it reaches
the highly doped p region, the field increases drastically, accelerating the electrons towards the n
region. The electron does impact ionisation with the semiconductor material, where the valence
electrons are elevated into the conduction band. The electron loses energy in the impacts, so if the
electrons initial energy was not sufficient, it will recombine and itself fall into the valence band.
As the energy of the electrons at the point of the impact is defined by their velocity caused by
the electric field, the voltage at which the APD is operated, determines whether the electron still
remains in the conduction band. If the voltage is high enough, each impact releases one additional
electron into the conduction band, which itself can again do impact ionisation. This process in

which the number of electrons increases exponentially (see fig. @ is called avalanche breakdown.
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Figure 6: Schematic of the APD working principle. A photon leads to the release an electron via
the photoelectric effect which then causes an avalanche by impact ionisation.

The number of electrons released in the whole avalanche is called the gain of the avalanche. This
gain can be saturated, and thus increasing the voltage would not result in increased gain. When
all the present valence electrons are released into the conduction band, an APD operated at such
a voltage is called Geiger-mode. The lowest possible voltage for Geiger-mode operation is called
breakdown voltage (BV). This can now be further extrapolated to the SiPM as a whole, with the
single APDs connected in parallel. The SiPM characterised in this work has quadratic APDs with
a side length of 50 ym. A microscope view of the APD pixels of the tested SiPMs is seen in fig. [7}

The BV and gain will be two of the main characteristics investigated in this work.

3.2 The Xenoscope top array

In order to detect the S2 signal in Xenoscope at the top of the TPC, an array of SiPMs has been
designed. It is set to hold 192 single 6 x 6 mm? detectors, which Hamamatsu delivers in a 2 x 2
package. These 48 2 x 2s are now arranged in 12 tiles, with each tile holding four 2 x 2s (so 4 x
4 detectors). The readout comes from a summing circuit through a printed circuit board, with an
incorporated low-noise OPA847 operational amplifier in a 20-fold pre-amplifier circuit, produced
in house and based on a design by Arneodo et al . Each tile has 5 power cables, three for the
pre-amplifier and two for the SiPMs. Additionally, there is one signal cable for the readout. With

this design of only twelve pre-amplifiers, the total number of cables is 72. For the characterisation,
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Figure 7: (left) 20x Microscope image of the quadratic APDs in the SiPM. Fach square has a
length of 50 pm. (right) A SiPM mounted on a PCB in the top array.

each 2 x 2 SiPM needs to be evaluated separately to determine its specific properties. As the tile
readout has a summing architecture, the testing is conducted in multiple runs, where a single tile
holds only one of the four possible 12 x 12 mm? MPPCs. This way, each module readout only
corresponds to data from one 2 x 2. Fig. [ shows a 2 x 2 SiPM mounted on a 4 x 4 amplifier.
The spacial resolution of a signal is limited by the covered space of all the tiles connected to one
pre-amplifier. Still, the spacial resolution can be better than the tile size when the whole pattern
of tiles is observed. As seen in fig. [8] the spaces between the tiles and modules will be covered
by a Polytetrafluoroethylene (PTFE) cover. To save time, the characterisation of the SiPMs is

combined with testing of the pre-amplifiers and the signal- and voltage-cables.
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Figure 8: A rendered image of the top array mounted in Xenoscope. The SiPMs are exposed
through cutouts in the PTFE cover. They are arranged to cover as much of the area as possible.

3.3 Testing with the Liquid Argon Setup

3.3.1 Description of the setup

The Liquid Argon Setup (LArS) is a testing facility in the H-floor lab of the Institute of Physics in
Zurich. LArS was first designed to test wavelength shifters for the GERDA experiment (LArS-I),
but has since been updated and repurposed as a general photosensor testing facility (LArS-1II). LArS
provides a temperature and pressure controlled dark space, which can be filled with a preferred
gas. This provides a suitable environment for the SiPM testing.

The core piece of LArS is the inner cell (see fig. E[), mounted on a frame. It is a cylindrical vacuum
chamber, with the top flange connected to the bottom part via a set of screws. A rubber O-ring
ensures that pressures in the order of a few 10~* mbar can be achieved via a connected vacuum
pump. The interior of the cell is 455 mm in height and 250 mm in diameter. The top flange
houses a number of feedthroughs, such as a connector to the vacuum pump, the connector to the
gas in- and outlet, the feedthrough for voltage and signal cables, as well as the cooling system.
The cooling system consists of an outside connector to a tank of a coolant (in our case liquid
nitrogen), which is then directed through a copper coil in the inside of the cell. This is where it
cools down the medium before going back out of the cell and being released into the atmosphere.

The temperature inside the cell is controlled by adjusting the flow rate of the coolant. This is done
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using a MKS 0248A-50000RV Flow Control Valve connected to a Cryocon Model 32 Cryogenic
Temperature Controller. The temperature is read via a PT100 temperature sensor mounted on
one of the tiles. Some components of the DAQ system were faulty and had to be replaced. These
include an ADC and some cables. Also, not all channels in the amplifier module worked. The
cables and connections are partly assumed to be the reason why certain tiles did not give a clean

readout, the other reason being a broken tile.

3.3.2 Procedure and data acquisition

For the operation of our SiPM tests, several hardware components had to be installed and built.

The goal of the setup was to be able to get readings of the SiPMs in two situations:

e All SiPMs being illuminated by a short pulse from a blue LED: The tested model has a re-
ported photon detection efficiency (PDE) of 20% for both the xenon scintillation wavelength
(178nm) as well as the blue LED light [41]. From these readings the breakdown voltage can

be calculated.

e All SiPMs with no illumination: In this configuration, theoretically no signal is expected to
be detected by the SiPM. However, signals due to thermal radiation of the electrons jumping
to the conduction band can arise and might be picked up by the SiPMs [42]. This gives rise
to the main problem of SiPM operation: Dark count rate (DCR). If the detected amount of
these unwanted signals (dark counts) is too high, no statistically significant statement can
be made, whether a detected signal in a detector is actually due to a WIMP interaction, or
just from a dark count. Traditionally this has been a major downside of SiPMs compared
to traditional PMTs, with dark count rates normalised per area of recent models still being
higher by a factor of 80 than the PMT alternative [1].

In this work, the DCR for the tested SiPM model was estimated. Studying dark counts also
allows for the observation of a further phenomenon of MPPCs: Crosstalk. A crosstalk signal
can occur when an electron released to the conduction band of one pixel is accelerated, scatters
with the material and releases another photon. If this photon then hits a different pixel, it can
trigger another avalanche. Crosstalks can be potentially observed, as they are detected at close
to the same time than the primary signal, increasing its amplitude. The quantity of crosstalk

is commonly expressed by the crosstalk probability (CTP) 42|, giving the rate of crosstalks per
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detected darkcount. In this work the external CTP of the tested SiPM was estimated. Setting up
LATS for this illumination of the SiPMs with the LED required a special setup shown in fig. [9]
The top flange had threaded holes from previous experiments, through four of which threaded
metal rods were fitted, extending just beneath the copper coil. There, a circular PTFE disk was
connected to them. This disk served to main purposes: First, it had a small circular hole in the
centre, through which the blue LED was put through. The threaded rods held the LED with tape

Figure 9: (left) A render image of the LArS cell with the full top array mounted in the testing
setup, tlluminated by the blue LED. Below the cooling coil inside the pressure vessel, the top array
1 held by metal rods to a PTFE disk, which at its center houses a blue LED, illuminating the
array. (right) A Photo of the opened LATS cell with the tested SiPMs mounted. The PTFE disk
is connected through the inside of the cooling coil to the top flange. As every 4 X 4 only gives one
output, there is only one 2 x 2 SiPM mounted to each one. Power and data cables are directed
outside through the top flange.
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and cable ties, which was right at the tip of the cable, and barely extended down from the bottom
of the disk. Second, it attached the top array to the assembly by eight shorter threaded rods,
screwed into the stainless steel baseplate of the top array. The distance from the top array to
the LED at the bottom of the PTFE disk was then ~20-25 cm. This was the maximum possible
distance, as on the underside of the top array, all the signal and voltage cables needed space to be
bundled and then led back upwards to the feedthroughs via a small cutout in the PTFE disk. A
larger distance between the array and the LED could have made the signal strength more homo-
geneous for the different SiPMs, as now the light intensity for the SiPMs directly below the LED

was much stronger than those on the sides.

3.3.3 Data acquisition

Before any data is taken, the baseline of the signal was calculated. The baseline is the average
noise level of the readout when the LED is off. This is done by running a dedicated program which
iterates over the bounds of this value until it is fixed for each channel readout. This level is then
set as a configuration in the DAQ. The used ADC is 14-bit (so a range of 16384), and as detected

signals are negative, the baseline is set to 15500.

For LED ON operation, the LED was set to square pulses of 30 ns, operated at the highest
possible amplitude, such that none of the SiPMs would saturate. In this case, the amplitude was
3.25 Vpp for a pulse. A new pulse cycle started every 10 us. The TTL sync was connected directly
to the ADC. The ADC could hence be set to start data-taking for a new waveform in a precise
time interval in respect to the pulse. The ADC recorded 50000 waveforms of 7000 ns in length, set
to trigger 3000 ns before the light was pulsed. The main peak of light in the waveform was thus
expected at 3000 ns. Data has been taken for operating voltages between 46.0 V and 51.5 V in

0.25 V increments, at temperatures ranging from 170 K to 200 K in 5 K increments.
For LED OFF operation, the ADC recorded 100000 waveforms of 0.1 ms without trigger, so
dark counts can appear throughout the waveform. Data has been taken for operating voltages

between 50 V and 54 V, at the same temperatures as for LED ON operation.

The whole DAQ setup can be seen in fig. [I0] The datasets were saved on the computer as
ROQT files. The DAQ software has been written in house.
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Figure 10: (left) Photo of the DAQ) modules of LArS: The white signal cables connect to the
outside amplifier module, which in turn sends the amplified signal via the brown cables to the ADC
in the bottom rack. (right) Schematic of the DAQ setup. For each module, a data cable connect
via the feedthrough to the amplifier, which then connects the x 20 amplified signal to the ADC,
where then the digital signal goes to the PC.

3.4 Characterisation techniques and results

In our data taking runs for LED ON and LED OFF operation, data was acquired for 12 SiPMs
out of the total 48 that will make up the top array. Out of these 12 loaded SiPMs, only 9 have
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produced analysable data. For the other three data channels there was a malfunction of one
component during the data taking process. Possible culprits could be the SiPM itself, the pre-
amplifier, the cables/connectors, the outside amplifier or the ADC. By trial and error with other
combinations of the cabling, the malfunction was determined to come from inside the cell, most
likely a pre-amplifier or a cable connector. Some of the components, including a SiPM window,
were damaged in a previous attempt to close the cell when the array pressed on the copper cooling
coil. The SiPM has been replaced, but non-visible damage to the pre-amplifier could not be ruled

out at the time. The improved setup seen in fig. [J] prevented further similar accidents.

3.4.1 File processing

The data analysis was performed in Python [43|, version 3.8.14. To read the ROOT file, the
package "uproot" [44] was used. In the read file, there are 50000 recorded waveforms for LED ON
operation, and 100000 waveforms for LED OFF operation. The processing of the raw data files
is the same for both LED ON and LED OFF runs. One LED ON waveform has 700 datapoints
corresponding to the amplitude of the signal for 10 nanoseconds of the waveforms duration. The
same is true for LED OFF waveforms, but their duration is 100’000 ns. The processing determines
what a peak is in the waveform, and what can be attributed to noise fluctuation. The baseline is
recalculated by using the median of the first 50 entries of the waveform (as the trigger position is
located at the 300th sample). If a dark count is located in these first 50 entries, the baseline will
be slightly skewed, but over the whole 50 entries the process is able to cancel out such effects. We
also calculate the root mean square (RMS) from these waveforms. An event is considered a signal
once it exceeds five RMS, as seen in fig.

The processing then produces a dataframe with all the identified peaks for a given SiPM

readout. For each peak it lists
1. its waveform number (from 1 to 50000, resp. 1 to 100000)
2. its peak number in the waveform, in case there is more than one peak

3. the length or width of the signal (given in number of consecutive samples above five standard

deviations above baseline)

4. the position of the peak (number of the first waveform above five standard deviations above

baseline), the time of the peak after the start of the waveform
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5. the area of the signal, given in units of integrated ADC counts.

Using these values, the aim is to determine the four main characteristics: BV (using LED ON
data) and DCR, gain and CTP (using LED OFF data). Also in specific cases, the gain can be

computed for low voltage and low temperature LED ON data.
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Figure 11: (top) Example of a LED OFF waveform with no detected signal. (middle) Example
of a LED ON waveform with detected signals. (bottom) Example of a LED OFF waveform zoomed
mto a region with a detected SPE peak. The yellow dotted lines denote one standard deviation
from the baseline, the red dotted lines 5 standard deviations, marking the threshold where a signal

15 detected. The blue shaded region is considered a peak.
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3.4.2 LED ON: Breakdown voltage

As mentioned before, the breakdown voltage is the voltage at which point the APD first functions
in Geiger-mode, thus where consistent signals can be recorded. To find this voltage, the areas of
the observed peaks are studied. Of importance to the calculation of the BV are only the primary
peaks by the LED, such as the first, large peaks in fig. (middle) and not the ones at higher
sample numbers, which are called afterpulses caused by electrons trapped in impurities of the
silicon layer, which are later ejected, producing new avalanches . The peaks to be included
in the statistics and plots are selected by filtering. For LED ON operation, these are done by
observing the histograms for length and position. In fig. [I2]left, the peaks of higher length signals
are clearly visible and distinguishable from the short length noise and afterpulse signals, which in
this figure go up to length values of 12 samples. Making a cut to only select signals with a length of
over 12 samples long would thus be applied to such a distribution. As some SiPMs are more or less
illuminated, these length values are not uniform, and length cuts have to be adapted accordingly
for different SiPMs. Also in the position histogram in fig. the afterpulse population is clearly
visible with a distribution at a peak around 450 ADC counts. Nonetheless, it does not imply

that afterpulses are most frequent at this position: As position data only records the start of the

Noise Signals
70000
40000
60000
30000
50000 »
€
2 ]
S <)
g 40000 8
S Afterpulses B 50000
a <
<C 30000 Afterpulses
20000
10000
10000 Signals
0
0 T T T 100 200 300 400 500 600 700
0 20 40 60 80 100 120 140
Length in number of bins Position

Figure 12: (left) Example of a typical LED ON length histogram each bin number corresponds to
length value. (right) Example of a typical LED ON position histogram. The primary signal peak
18 clearly visible at 300 samples, with afterpulses around 400-450 samples.
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signal, no new positions are recorded as long as the preceding signal is still above the 5 standard
deviations threshold. In reality, the afterpulses before 450 samples are included in the length and
area of the main LED signal, leading to slightly larger values for these main peaks.

Meanwhile, the primary LED signal sits around 300 samples, as expected by the coordinated
trigger. Signals before the primary LED signal are expected to be noise and dark counts. The
exponential increase in signals leading up to the 300 samples is still not well understood. Possible
explanations might be that this effect is due to different times that the LED takes turning on.
As the peak position is indifferent from illumination of the SiPMs, a general cut to only select
signals with positions between 290 samples and 320 samples has been made for every SiPM at
every voltage and every temperature.

With length and position cuts, the dataset is now mainly comprised by the primary LED signals.
As a first step, a histogram of a single channel at a temperature for different voltages is observed.
As seen in fig. the distribution of the areas appear to be Gaussian in shape, and can also be
fitted with Gaussian curves [1].
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Figure 13: Histogram of area curves, with a vertical line at the median value of the area distri-
bution for each wvoltage
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The breakdown voltage is defined as the voltage at which the peak of this area curve reaches
0. The peak can be calculated using a Gaussian fit of the curve, but can be approximated by
calculating the median of the dataset. In fig. [I3] the median of the area curve for each voltage is
depicted by a vertical line at that value. Plotting these median areas against their bias voltage,

we observe a trend which can be fitted using a y = a/x + bx + ¢ function, seen in the red dotted
line in fig]14]
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Figure 14: Fxample of the fitted regression for median area values of different voltages.

The breakdown voltage is found by evaluating the fitted function at x = 0 (which corresponds
to area = 0). This process is now done for each SiPM at different temperatures. A plot of the
different calculated breakdown voltages and their temperature dependence can be seen in fig. [I5]
As the figure shows, the values for breakdown voltages and their respective uncertainties — due to
the fit function not always being able to fit the data — show considerable discrepancies of up to
1 V. Although precise statements about the BV uniformity through the sample of MPPCs cannot
be made, a clear linear increase with increasing temperature can be observed. Even the highest
BVs does not exceed 47.5 V at 195 K, thus voltages above 50 V would pose optimal operating
conditions, as it was observed with previous SiPM models |1]. A future study of BV data for all

48 SiPMs for the top array will provide more information about this trend.
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Figure 15: Breakdown voltages at different temperatures for eight datasets. The number in the
legend is the number given to a specific SiPM. The plot shows a linear increase in breakdown voltage
with increasing temperature

3.4.3 LED ON: Gain extrapolation

The strength of a signal is determined by the number of photons that hit the SiPM, namely how
many APD are triggered in the MPPC matrix, and the operation voltage. Observing the area of
the signals at lower voltages, distinct peaks can be identified for different numbers of photoelectrons
released, as seen in fig. [16]

The gain is calculated as

G=-, (3)

Q
e

with ¢, the elementary charge and

1 ADC
= [ Idt=—"— dt = ranee ADC countsdt, 4
Q / R'Famp/v R'Famp'ADCres/ ¢ ' (>

where Q is the total charge released throughout all avalanches in the SiPM, R is the impedance
of the ADC (50 ), Famp is the total amplification factor (x 10 for the pre-amp andx20 for the
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Figure 16: (left) Example of an area histogram with distinct PE peaks to the left of the median
line. (right) Zoom into the histogram to visualise the different peaks.

amplifier module for a total of 200 x), ADC, is the resolution of the ADC (14 bit, hence 16384),
ADC,ange is the total voltage range of the ADC (2.25V) and ADCoounes is the difference between
the mean area value for an n PE peak and an n + 1 PE peak. This corresponds to the mean area
for a single photoelectron (SPE) peak, as the gain is defined as the number of released electrons
by the avalanche caused by one photon hitting the MPPC. As the number of photoelectrons
which comprise the peaks in fig. [L6|is unknown, the distance between two peaks is calculated, by
smoothing the histogram and taking the peaks of the resulting curve, as seen in fig. [I7]

This method allows us to consider multiple peaks and the distances between them. To get a
singular value, the mean distance between these selected peaks is taken, as seen in fig. [I8]

Using this ADC .ounts value of 14116 4+ 481 in in eq. , we arrive at a charge ) = (1.922 £+ 0.004) -
10'® C and a gain of G = (1.20 £ 0.05) - 10° for this SiPM at 47.5 V and 170 K. Repeating this
process at 48.5 V and again 170 K, we arrive at a gain of (1.92 4 0.05) - 10°. Assuming gain
increases linearly with voltage (which LED OFF data will strongly suggest), we can extrapolate
this trend to higher voltages. Unfortunately, at voltages exceeding 49 V, this method fails, as
the distinct PE are no longer recognisable, as the area histogram smooths out, as seen in fig. [13]
However, using the extrapolation, an estimate can be made assuming the suggested increase of
gain by (0.72 4+ 0.05) - 10°/V. Therefore, at 170 K and 52 V, a gain of around 4.5 - 10° would be

expected. As will be seen below, this is a slight overestimation.
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Figure 17: Multiple PE peaks in black and the data with smoothing filter in blue. The dotted lines
denote the local mazximas and minimas of the smoothed histogram.
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3.4.4 LED OFF: Dark count rate

With the LED turned off, all the light signals the SiPMs detect will be dark counts and noise,
the difference being that dark counts are spontaneous detections of light signals where none are
expected, often caused by thermal or quantum mechanical effect. Noise on the other hand denotes
false signals caused by electric components or external interference, for example. Using similar
cuts as with the BV tests, we arrive at a set of signals indistinguishable from those by the LED.
Fig. shows the area histogram for one SiPM without any cuts made. Noise can be clearly
seen as the peak around area equal 0. The red vertical lines highlight the median area of the 1
PE and 2 PE peak. The 3 PE peak is no longer clearly recognisable. Behind each peak follows
a "shoulder" of signals, the origin of which is not clearly understood, but was also reported in
literature characterising the same MPPC model . To select what is considered a dark count
and not noise, the rule is to count all the signals with an area larger than half the median area of
the 1 PE peak, so the "0.5" PE area. What is then selected as dark counts is what could hardly
be distinguished from actually wanted signals.

To determine the precise position of the 1 PE peak, an adequate signal width cut is determined.
Because triggers happen at random times, the position of the signal is no longer bound to the
time trigger as before. Fig. shows the region around the SPE peak with various cuts. Ideally,
the cut is chosen such that all the signals before the clearly visible Gaussian peak are removed,
without removing signals within the peak. In this case, lengths of 12 bins and over result in a clean

selection. The area histogram can now be integrated over all the number of datapoints starting at
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Figure 19: LED OFF Area histogram with no cuts. The red vertical lines indicate the 1 PE and
2 PE peaks. Noise is seen as the peak around an Area of 0.
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Figure 20: Histogram of LED OFF peak area with different cuts. No cut includes too much noise,
whilst only selecting lengths of > 20 also cuts away a large portion of the SPE peak.

different area values, and then the derivative of the resulting curve can be determined. As most
of the events are in the 1 PE peak (notice that the y-axis in fig. is in log scale), we expect a
sharp peak in the derivative at that point. As seen in fig. [21], this peak is indeed very prominent
and allows for a clear definition of the SPE peak.

Knowing the centre of the peak from the minimum of the derivative (dotted line in fig. ,
a Gaussian fit can now be applied to the peak with the parameters of the fit allowing for the
calculation of the DCR. Thus the median ;o gives the position of the peak from which the 0.5
PE position can be determined. The DCR is now the number of detected signals above 0.5 PE,
divided by the area of the SiPM and the acquisition time. The DCR can be computed for the
acquired datasets for temperatures ranging from 170 K to 200 K and voltages ranging from 50 V
to 54 V. These are typical operation voltages, with temperatures in the TPC gas phase expected
to be around 190 K. The DCR can be directly plotted against the voltage at which the data was
taken. This voltage can be expressed as the voltage above BV, or over voltage. As seen in fig.
there is a linear increase in DCR with increasing over voltage, with DCR decreasing for lower
temperatures.

As the top array will only be operated at a single voltage, it makes sense to compare the data for
different channels at a specific bias voltage, in this case 52 V. As visible in fig. 23] the variation in
DCR values for different SiPMs can change substantially, especially for higher temperatures (note
that the y-axis is in log scale). The DCR remains very high compared to PMT candidates .
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Figure 22: DCR for different temperatures versus over voltage. The DCR increases for higher
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they result in more thermal radiation.
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Figure 23: DCR for different channels at different temperatures at 52V. The plot shows some
variance between different channels, but a general increase of DCR with increasing temperature.
In the x.yy format, x stands for module number, and yy for the channel number in this module.
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3.4.5 LED OFF: Gain

As mentioned in section [3.4.3], the gain for higher voltages and temperatures cannot be calculated
with LED ON operation, but only estimated by extrapolation. Using LED OFF data, the gain
can be directly calculated for all temperatures and voltages. The ADCeounts value in eq. [4 simply
becomes the ;1 value of the Gaussian fit of the SPE peak, as discussed in section Plotting
the gain against the bias voltage (see fig. , we see a clear linear increase of gain with increasing
bias voltage, and a decrease in gain for increasing temperature. The data for T=190 K appears
inconsistent with the data for other temperatures. From the evolution over time, we infer that the
measurement was started when the temperature in the cell was still 185K, and during the course

of the measurement gradually increased to 190 K.

leb

Gain

50.0 50.5 51.0 51.5 52.0 52.5 53.0 53.5 54.0
Bias voltage [V]

Figure 24: Gain versus bias voltage. The gain clearly increases linearly with bias voltage and at
the same rate for different temperatures. The data points are connected with lines to demonstrate
the spacing due to different temperatures.

However, if we can plot the gain against the over voltage (see fig. , we see that there is very
little temperature dependence for the same over voltage. Having gain and DCR increasing with
increasing voltage poses a problem, since high DCR should be avoided, whereas high gain is ideal.
We can compare the relation of gain and DCR by plotting them against each other. From the

linear dependence of DCR and over voltage, and the linear dependence of overvoltage and gain, a
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Figure 25: Gain versus over voltage. Whilst gain still increases linearly with increasing voltage,
there appears to be no more temperature dependence, as there is no spacing between the data points
connected with lines.

linear dependence between DCR and gain is expected. Fig. shows that the data in fact follows
this trend.
As with DCR, it makes sense to observe the gain differences for the different channels. Again at

52 V, fig. shows that gain remains similar across the different channels.

3.4.6 LED OFF: Crosstalk probability

Even for the highest recorded DCRs here, the probability that two dark counts hit the same cell
at the same time is very small. The fact that 2 PE or even larger signals are detected, can thus

mostly be explained by crosstalks. The crosstalk probability is calculated as

DCRi 5P

CTP = Z——_1OFE
DCRospE

()

where DCR; 5p is the DCR, but only for signals above 1.5 PE, set as the threshold for signals
closer to the 2 PE peak than the SPE peak. DC Ry 5pr is the DCR as calculated above. Plotted

against the gain in fig. 28] a linear increase of the CTP with increasing gain is visible. This is
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Figure 26: Dark count rate versus gain. The DCR increases with increasing gain. The slope of
the increase becomes steeper with increasing temperature due to there being more thermal radiation.

because crosstalks are caused by the electrons released into the conduction band and releasing
a photon when scattering with the material. As the released electrons account for the gain, a
linear dependence between gain and CPT was to be expected. For low gains, the CTP appears to

approach zero, although a base CTP for very low gain cannot be ruled out.
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4 Conclusion and Outlook

A set of VUV4 S13371-6050CQ-02 MPPCs produced by Hamamatsu Photonics where character-
ised using the Liquid Argon Setup at the University of Ziirich. The results obtained from this
characterisation are in agreement with results of characterisation of previous models and show
improved performance in certain areas, such as gain [1]. The breakdown voltage of the SiPMs has
not decreased by a significant amount, being on average (46.5+0.5) V at 190 K. However, the gain
at 3-10% at a bias voltage of 52 V and a temperature of 190 K has increased substantially from
previous models [1|. At this gain and temperature, the crosstalks were measured to happen in 15%
of all signals. The main argument against the use of SiPMs in DM detectors, namely the high
DCR of O(1Hz/mm?) at 190 K is still an important factor in this latest generation of photosensors.

In terms of the setup, several improvements could be made. The illumination of the SiPMs by the
LED was uneven, where the SiPMs right below the LED nearly saturated and the SiPMs on the
outside had only small signal peaks. The 2 x 2 SiPMs were mounted on a ceramic holder, which
is problematic for ultra low background experiments, as the ceramic is known to be radioactive.
For this experiment, this could be ignored, as the background noise from the electronics was large.
In general, LArS proved suitable for the characterisation, but the diameter of the cell was rather
small.

The full top array was installed into the Xenoscope assembly for the TPC phase of the project.
In parallel, a decision will be made whether SiPMs will be replacing the PMTs in the DARWIN
baseline design, or whether further improvements to the VUV MPPCs DCR have to be made,

until they are a viable alternative to PMTs.
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