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3 Abstract

Over the past two decades, noble-liquid detectors have come to play a leading role in several fields of
physics requiring rare events detection. Typical examples are neutrino physics and dark-matter searches.
Particle interactions in noble liquids result in light and charge signatures, which can propagate with little
attenuation over large distances. This, along with their high density and scalability, turns them into a
preferred option for experiments requiring large target masses with ultra-low background, event topology
reconstruction, and high sensitivity to radiation-induced low-energy depositions. The leading noble-liquid
detectors instruments are dual-phase Time Projection Chambers (TPC). While many TPC-signal readout
technologies exist, there is concern regarding their scalability into the planned multi-ton size experiments.

The novel concept of the Liquid Hole Multiplier, LHM, the topic of this thesis work, was conceived as a
single-element sensor for combined detection of radiation-induced ionization charges and scintillation
light in a noble-liquid detection media. It suggests detection of ionization-electrons and UV-induced
photoelectrons, through electroluminescence (EL) occurring in a gas bubble trapped under a Csl-coated
perforated electrode immersed in the noble liquid.

The work done during the course of this Ph.D. aimed at deeper understanding of the mechanisms
governing the operation and performance of the “bubble-assisted Liquid Hole Multiplier”. Most of the
research has been carried out in liquid xenon (LXe). The first chapter in the results section establishes the
experimental procedures performed in order to build and operate an LHM detector. It is followed by a
comparative study of different electrode geometries in terms of light yield, energy resolution, timing
resolution and relative photon detection efficiency. It is followed by a study of the photon detection
efficiency and of radiation imaging using Silicon Photomultipliers. A first demonstration of LHM operation
in liquid argon (LAr) is also presented. The last three chapters present new ideas related to the LHM
detector concept: a double-stage LHM, an LHM with a vertical electrode and generation of EL between
two parallel meshes.

Each chapter concludes with a short discussion. The final discussion summarizes all achievements, the
remaining open questions to be investigated (along with some experimental suggestions) as well as some
ideas for possible implementation in future Dark Matter experiments.

In addition, a second concept for charge multiplication, the cryogenic Resistive Plate WELL detector
(RPWELL), has been suggested. The work however could not be completed due to difficulty in obtaining
suitable resistive materials. Work in this context appears as an appendix to the thesis.



4 Introduction

Over the past two decades, noble liquid detectors have come to play a leading role in several fields of
physics requiring rare events detection; examples are in direct dark matter (DM) searches [1-3], neutrino
experiments [4] and rare hypothetical processes such as neutrino-less double beta decay [5], proton decay
[6] and the u = ey decay [7]. Noble-liquid detectors are also applicable in Compton medical-imaging
cameras [8] and gamma & neutron radiography in homeland security [9-11]. Particle interactions in noble
liquids result in large light and charge signals, which can propagate with little attenuation over large
distances. This, along with their high density and scalability, turns them into a preferred technological
option for experiments requiring large target masses with ultra-low background, event topology
reconstruction, and high sensitivity to radiation-induced low-energy deposition [3].

4.1 Interaction with the noble liquid

Detection of particles and radiation in noble liquid detectors begins with their interaction with the noble
liquid atoms. This primary interaction may lead to the emission of charged particles, depositing their
energy in terms of heat, ionization and excitation. The two latter are the detectable form of energy
depositions relevant to this work. The nature of the primary interaction depends on the particle, its energy
and cross section for different processes. Photons, for example, interact with matter mostly through the
processes of photoelectric absorption, Compton scattering or pair production [12]. All three interaction
channels result finally in the emission of an electron inside the liquid volume. Neutrons on the other hand,
interact mainly through scattering off the liquid nuclei [13]. Interactions can be either elastic, resulting in
a recoil of the entire nucleus, or inelastic when energy reaches (or exceeds) the MeV scale. Neutrinos,
depending on their flavor and energy, may show different channels of interaction. For example, GeV scale
V. interact in three main channels [14]: elastic scatter off electrons, charge current interaction resulting
in an inverse beta decay or neutral current interaction resulting in a 7° decaying into two gammas which
interact with the noble liquid at some distance from the original interaction point. Weakly Interacting
Massive particles (WIMP), which are hypothetical particles searched for in various DM experiments are
expected to produce elastic nuclear recoils in the noble liquid.

Charged particles emitted by the primary interaction travel through the media, depositing their energy in
the form of ionization and excitation along their track. The mean energy loss per unit distance was first
described by the Bethe-Bloch formula [15]:

dE A nz? [ e? \ 2m,c?p? Eqn. 1
<—>=-——— [ . |In[==2) - p2
dx meyc? p?% \4meg, I-(1-p2%)

where m, is the electron rest mass, c is the speed of light, n is the mean electronic density, § is the
relativistic velocity and I is the mean excitation potential. Since, according to the above formula, the
energy loss depends directly only on S, different particles traveling in the liquid with the same energy,
will show different ionization patterns. For example, a 5.5 MeV alpha particle will deposit its energy along
a 40 um long track [16], while an electron with similar energy will travel ~1.2 cm [16]. Since the same
energy is distributed along different track length, this also means that different particle result in different
ionization densities. As will be discussed later, this is an important tool for particle identification and
background suppression in noble liquid detectors.



4.2 Scintillation signal

In the absence of an external electric field, the electrons liberated by the decelerating charged particle
recombine with the ions and the excited atoms return to their ground state. These processes however are
not direct and involve a long chain of chemical reactions, the end of which are the formation of excited
bound states of two atoms called excimers. Excimers can be formed either in a singlet or in a triplet
molecular bound state. The dissociation of the excimer into two neutral atoms is accompanied by the
emission of an energetic photon in the VUV range. This light pulse is normally referred to as prompt
scintillation or S1 pulse. The processes are shown in details in Table 1 below (from [3]).

Table 1 Deexcitation and recombination processes in LAr and LXe. R stands for LAr or LXe atom. Taken from [3].

lon recombination Deexitation
R*+R+R->Rf +R R*+R - Ry

- + *% % %

e +R; >R"+R Ry"+R->R;+R

R™ 4+ R ->R*"+ R+ heat
R*+R+R—> R+ R+ heat
R; > R+R+hv

R;->R+R+hv

(R - purely electronic excitation) (RyT - excited states including vibrational states)

The timescales for photon emission (i.e. of the excimer dissociation) depends on the molecular bound
state (R; in Table 1). Excimers in the singlet state decay faster than those in the triplet state. The
wavelengths and relevant time scales for the scintillation processes in LXe and LAr are summarized in
Table 2. The ratio of excimers found in the singlet state to excimers in the triplet state is strongly
correlated with the ionization density. In principle, the denser the ionization is, the more excimers are
found in the singlet state. Specifically in LAr, as can be seen in Table 2, the two emission timescales differ
by two orders of magnitude making it easy to measure. Therefore, the primary ionization density can be
inferred by measuring the ratio of the long lived to the short lived excimers. This effect can be used, for
example in LAr based DM detectors, to distinguish between the densely ionizing nuclear recoils (the signal
the detector is looking for) and more sparsely ionizing electronic recoils (background) [17].

Table 2 Summary of important physical parameters of LXe and LAr.

LXe LAr

Liquefaction temperature (@ 1bar) 165° K [18] 87°K [18]
Scintillation wavelength 175 nm [3] 128 nm [3]
Scintillation timescale (singlet / triplet , E=0) 34/34 ns [3] 6.5 ns /1000 ns [3]
Scintillation timescale (singlet / triplet , E#0) 2.2ns/27ns [3] 5ns /860 ns [3]
Refraction index for scintillation wavelength 1.69 [19] 1.36 [20]
Scintillation yield (5.5 MeV a particle, E=0) 3.1-10° [2] 2.0-10° (2]
Energy gap for electrons: liquid-to-vapor 0.67 eV [3] 0.2eV [3]
Electroluminescence threshold (vapor @ 1 bar) 1.6 kV/cm [3] 2.1kV/cm [3]
Electroluminescence threshold (in liquid) ~ 400 kV/cm [21] No info found

4.3 lonization signal
Upon application of an external electric field, some of the electrons liberated in the primary interaction
escape recombination and can be detected, as will be explained below, either directly or through some




amplification process. The energy deposited in the primary interaction is distributed between scintillation
and ionization, leading to anti-correlation between the two signals. In many experiments, this anti-
correlation can be used to more precisely evaluate the energy deposited in the interaction [2, 3]. In
addition, denser ionization results in a smaller fraction of electrons able to escape recombination. In LXe-
based WIMP searches, this effect is used to distinguish between a signal of nuclear recoil and background
electronic recoils (leading to sparser ionization and a lower light—to-charge ratio) [13, 22].

Furthermore, the relatively low diffusion of electrons from the interaction site until they arrive to their
readout, retains to some extent the event ionization structure. Thus, with a spatially resolved charge
readout, one can reconstruct the XY event topology. Knowing the drift velocity of electrons in the liquid
and adding to the XY data also the time of arrival information (normally with respect to the prompt
scintillation signal) allows a full 3D reconstruction of the event topology. This structure is called Time
Projection Chamber (TPC) and is the basis of most noble liquid detectors today [2, 3].

There are many different advantages to understanding the energy deposition structure (or point, in the
case of low-energy deposition) in a detector. First, it can be used to calibrate the energy response of the
detector based on event location. Second, it can be used to reconstruct the event topology, such as is
necessary for LAr-based neutrino experiments, where, upon an energetic neutrino interaction, one could
reconstruct the identity, direction and energy of all outgoing particles [14]. Third, it can be used to exclude
events based on their location. Examples for this are in WIMP DM matter searches where only event
occurring at a central volume (the “fiducial volume”) are considered signal events, while events occurring
outside of this are more likely to be neutrons-generated background events [13] [23].

However, not all the free electrons drifting from the interaction point reach the readout. Impurities in the
noble liquid, and more specifically impurities which have a large electron affinity such as Oxygen and
Water, tend to bind to the free moving electron, turning them into a negatively charged ion, drifting much
slower than the free electron. Over a large drift path in the liquid, this effectively results in an exponential
attenuation of the charge signal from the interaction point to the readout. This attenuation is usually
measured in terms of “lifetime”, i.e. the time it takes for a drifting charge to be reduced by 1/e.
Continuous purification of the liquid reduces the amount of these electron capturing species and elongate
the lifetime of electrons. To date, the XENON1T reported lifetime of 650 us [24] in LXe and the protoDUNE
demonstrators have reported a lifetime reaching 4 ms [25] in LAr.

4.4  Electrons extraction to vapor phase

Due to the density of the noble liquid media and the short mean free path of electrons when drifting in
the liquid compared to gas, amplification processes such as electroluminescence (EL, detailed in the next
section) and avalanche multiplication require extremely high (and mostly impractical to achieve) electric
fields. Threshold values for EL in LXe were reported to be ~400 kV/cm for LXe [21]. Avalanche
multiplication of course require even higher fields. Therefore, when charge amplification is required,
electrons are drifted from the liquid and extracted into a gas phase, where EL and avalanche multiplication
are possible.

Of specific interest to the forthcoming results and discussion presented in this thesis is the process of
electron extraction from the liquid to the gas phase. In the presence of a free charge, the liquid in that
vicinity is polarized, thus effectively generating a potential well [26] (note that this behavior is observed
in liquid argon, liquid krypton and liquid xenon but not in liquid neon or liquid helium [26]). The depth of
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the potential well is 0.69 eV in LXe and 0.2 eV in LAr [3]. It is therefore clear that one needs an intense
electric field in order to effectively extract electrons from the liquid into the vapor phase.

To the best of our knowledge, all the work done in this regards were in the context of the classical dual
phase TPC (will be discussed below in details), namely when the electric field extracting the electrons is
perpendicular to the interface. Efficiency of charge extraction was measured as a function of the electric
field and are summarized in Figure 1 (taken from [3]). The time structure was measured by Buzulutskov
et al. [27] only in LAr showing a slow (few us) and a fast (less than ns) emission component. The fast
component being hot electrons heated by the electric field and the slow component being thermionic
emission of cold electrons. According to [28], no slow component has been observed in LXe and LKr,
probably due to the larger potential well.

Ar

0sal (fast component)

Extraction efficiency

02

0.0 1 L 1 1
0 1 2 3 4 5

E, kV/em

Figure 1 Extraction efficiency of electrons from the liquid phase into the vapor above it, as function of the electric field in the
liquid. Figure taken from [3].

4.5 Electroluminescence

Once electrons have crossed the interface into the gas phase, electroluminescence (EL) can occur in the
gas phase, under appropriate field intensity. In order for the EL to occur, electrons accelerating under the
influence of the electric field need to accumulate enough energy between consecutive collisions with the
gas atoms to excite the atom they collide onto. EL occurs above threshold field values; the threshold
depends on the gas and on its pressure (or density); the photon yield, i.e. the number of photons emitted
(to 4m) per unit drift length is given by the following formula [3]:

dNpp
dx

=aE—-pP—y

Where E is the electric field, P is the pressure and the parameters «, 8, y depend on the gas and are given
in Table 3 below.

Table 3 EL parameters for Xe and Ar vapor. From [3].

Parameter Ar Xe
alvt] 0.0819 0.137
Blbar1-cm™1| 139 177
y[em™1] 30.6 45.7
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The EL process is linear with the electric field; the threshold value (E;;) can be computed by solving the
equation:
0= deh Eqn. 2

dx

The total EL yield is then given by the integrating:

dN
ph
- dl
f dx

Eqn. 3

along the trajectory of the electrons, and is valid only where the electric field is larger than the threshold
field.

4.6 Detection technologies

There are many existing technologies for the detection of the scintillation signals. Most common today
are the vacuum photomultiplier tubes (PMT) [3] and solid-state based multi-pixel photon counter (MPPC,
also referred to as silicon photomultiplier — SiPM) [29]. Both technologies offer single photon sensitivity
with high photon detection efficiency. Other existing technologies are the avalanche photodiodes (APD)
[30] and the cryogenic gaseous photomultiplier (GPM) [31, 32], which has been under development in
recent years in our group.

A few types of particle detection schemes are currently in use. The single-phase scintillation-only
detectors, apply no electric field and record only the scintillation signal. An example for such an
experiment is the MEG calorimeter searching for the non-standard model process u = ey [7]. While this
scheme offers a simple and readily scalable design, it cannot provide accurate topological information
about event position, multiple-scattering events, or about the structure of charge particle tracks. This
additional (and sometimes vital) layer of information can be obtained, however, in detectors employing a
TPC as discussed above.

In a single-phase TPC (depicted in Figure 2, left), when an electric field is applied, the ionization electrons
that have escaped recombination at the interaction location drift towards charge readout planes. The
simplest form uses two parallel planes of wires for charge readout, one behind the other, and at an angle
to each other. The charge is drifted towards the last plane (the “charge collection plane”), while, when
traversing the first one, itinduces a charge signal on it (“induction plane”). The XY position is reconstructed
according to the charge signal on the two wire planes. The Z coordinate is determined from the time
difference between the primary scintillation signal and the charge signal (referred to as “S2” signal). This
is the scheme used, e.g., in the ICARUS experiment [6] and in the MicroBooNE experiment [33] and is
planned for the first two modules of the future DUNE neutrino observatory [14] where a full interaction
products characterization and calorimetry is required.

While in energetic neutrino experiments the charge signals are large (e.g. for a minimally ionizing particle
in LAr, at 0.5 kV/cm, the liberated charge is ~5,000 e ~ /mm [6]), in other experiments, e.g. in DM searches,
the deposited energy is in the keV scale, meaning that only few electrons are eventually detectable. The
main limit to the single-phase TPC as described is the large amount of charge needed to overcome the
electronic noise of a readout channel. This problem is alleviated in the dual-phase TPC scheme, like the
ones employed in DM searches (see Figure 2, middle) such as XENONIT [13] and LUX [34]. The free
electrons drift towards the gaseous phase above the liquid. They are consequentially extracted in a high
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field region into the vapor phase, where they induce a secondary electroluminescence (EL) light signal
(“S2” signal) [2, 3]. The XY position of the event is reconstructed according to the hit pattern on the top
array of photosensors; the Z coordinate is calculated using the time difference between the S1 and the S2
signals. Current DM experiments employing the dual-phase technique are XENONIT [13], LUX [34] and
Panda-X [35] using liquid xenon (LXe), and ArDM [23] and DarkSide [36] using liquid argon (LAr).

A second concept of a dual-phase detector uses charge amplification in the vapor phase (see Figure 2,
right). An example for this is the WA105 technology demonstrator [37] investigating prototypes for future
neutrino experiments. Charge extracted into the gaseous phase undergoes avalanche multiplication in a
Large Electron Multiplier (LEM), a structure identical to a Thick Gas Electron Multiplier (THGEM) discussed
below [38], recorded using position sensitive charge readout electronics. Such gain, may allow for better
S/N in the readout electronics and therefore will allow for a longer drift of the electrons, lower price for
the electronics and higher sensitivities to low energy events (e.g. Supernovae neutrinos) [37]. The charge
signals can also be detected optically, by recording avalanche photons with appropriate photosensors
[39].

Photosensors Photosensors Charge Readout

[ [ W |
F\\ x. _)j/' Vapor Cg'ge %Itipg v

Vapor

Photosensors Photosensors Photosensors

Figure 2 Left: Conceptual demonstration of the operation principle of a single-phase TPC. Particles interacting in the detector leave
a cloud of ionization and excitation in the liquid. The deexcitation induces primary scintillation photons recorded on two arrays of
photosensors at the top and at the bottom of the cryostat. The remaining electrons, drift upwards to two wire planes. When the
charge drifts across the first plane (called “induction plane”), it induces a signal on the wires. The charge is then collected on the
second wire plane (“collection plane”) inducing a second charge signal. The planes are inclined at angle such that a full XY
reconstruction of the event is possible. The Z coordinate is reconstructed according to the time difference between the primary
scintillation and the charge signal. Middle: operating principle of a dual-phase TPC. Primary scintillation is read on two arrays of
photosensors (top and bottom of cryostat). The charge is drifted towards the gaseous phase. It is extracted into the vapor using a
high electric field where it induces an EL signal read out using mainly the top array of photosensors. XY position is reconstructed
according to the hit pattern on the top array and the depth is reconstructed according to the time difference of the two signals.
Right: operation principle of a dual phase TPC with charge amplification and readout in the vapor phase.

4.7 Next generation detectors

Scaling up of the detector size, although a well-motivated natural step-forwards from the physics point of
view, poses technological challenges from the points of view of construction, reliable operation and signal
readout [14, 22]. Specifically, scaling up detector size necessarily causes a reduction in the detectable
radiation-induced scintillation-light and charge signals, causes an increase in intrinsic noise of the readout
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thus affecting the signal-to-noise ratio. Combining these with the cost of today’s state of the art ultra-
sensitive light sensors and low noise charge readout, one is highly motivated to look for new solutions
and concepts for future large-scale experiments.

Weizmann Institute scientists are members of today’s largest LXe-based DM experiment XENONIT [13]
and XENONNT [40]. Our group is involved in DARWIN, the next-generation ultimate dark matter
observatory; it is planned to employ a 50 tons dual-phase LXe TPC [22]. While the baseline readout of
DARWIN relies on vacuum PMTs, other readout solutions are currently evaluated, among them SiPMs
[41], CMOS sensors [42], large-area Abalone hybrid vacuum photosensors [43] and our Liquid Hole
Multipliers (LHM) concept [22]. Future Liquid Argon (LAr) based neutrino experiments are planned to
reach 150 kton target with the Deep Underground Neutrino Observatory (DUNE collaboration) [14]. The
DUNE baseline design incorporates single-phase TPC with wire readout; the third TPC is foreseen to
employ the dual-phase technology with a LEM based readout [44]. Other, newer technologies will be
considered for the remaining module.

This Ph.D. work focuses on the R&D of a novel ideas for charge and light detection in future large volume
noble liquid detectors. The Liquid Hole Multipliers (LHM) offer a solution for a combined detection of
scintillation light and ionization charge in a single module immersed in the noble liquid. Though the R&D
is still generic, the work was originally motivated by future large volume LXe based detectors for multi-
ton dark matter searches and is carried out under the framework of the DARWIN collaboration [22]. In
addition, during the course of this period, some work was also done towards demonstrating the operation
of a cryogenic Resistive-Plate WELL (RPWELL) [31] detector, proposed as a possible solution for stable,
enhanced avalanche-gain charge readout in future large volume dual-phase argon TPC detectors for
neutrino experiments. The work on this project was very limited mainly due to the difficulty in finding
material with suitable resistivity at cryogenic temperature, which is in the heart of the RPWELL detector.
The work done in this context is therefore documented as an appendix to this thesis. Though not
complete, it will, hopefully, serve as a first step for future investigation in this direction.

4.8 The Liquid-Hole Multiplier (LHM) project

The bubble-assisted LHM is a recent concept, proposed for the combined detection of ionization electrons
and primary scintillation photons generated along charged-particle tracks in noble liquids [45-48]. A
conceptual scheme of an LHM module is depicted in Figure 3. It consists of a perforated electrode, e.g., a
gas electron multiplier (GEM) [49], or a thick gas electron multiplier (THGEM) [50] immersed inside the
noble liquid, with a bubble of the noble gas trapped underneath. The top surface of the electrode is
optionally coated with a VUV-sensitive photocathode such as cesium iodide (Csl) [51]. Heating elements
(such as a plane of resistive wires) below the electrode generate the bubble on-demand. Once formed,
the bubble fills the space below the electrode and remains stable as long as the system is in
thermodynamic steady state, with buoyancy pushing it upward and surrounding walls confining it from
its sides. The top and bottom surfaces of the electrode, as well as the heating wires, are held at different
potentials, creating a dipole-like field in the electrode’s holes and a transfer field between the electrode
bottom and the wire plane. The drift field above the electrode is set by the potential difference between
the top surface of the electrode and a distant drift electrode (cathode plane) above.

Particle interactions in the liquid lead to a prompt VUV scintillation signal (S1) and to the release of
ionization electrons. These drift towards the LHM and are focused by the local field into its holes. Once
they cross the liquid-gas interface into the bubble, they induce EL light (S2) in the gas, in the high-field
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region close to the bottom of the hole. Similarly, S1 photons impinging on the photocathode release
photoelectrons (PEs); these are focused into the LHM holes, inducing an EL signal (S1’) shortly after S1
(and typically long before S2). The S1’ and S2 EL signals can be recorded by a position-sensitive photon
detector (e.g., a Silicon Photomultipliers, SiPM, array) located below the electrode.

Particle interaction point _%Sﬂ, Noble liquid
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position-sensitive photosensor
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Heating w

Figure 3 Conceptual scheme for an LHM module, comprising a perforated electrode (e.qg., GEM or THGEM) coated on top with a
photocathode (e.g., Csl), a grid of heating wires for forming the bubble and a position-sensitive photon detector below. The
bubble is supported by buoyancy against the bottom of the electrode. lonization electrons focused into the holes create EL light
(52) once they cross the liquid-gas interface into the bubble. Primary VUV scintillation (S1) photons impinging on the
photocathode release photoelectrons which are focused into the holes and create similar EL signals (S1°). The lateral coordinates
of the S2 and S1’ signals are reconstructed by the position-sensitive photon detector.

Previous works performed with a configuration similar to that shown in Figure 3 demonstrated the idea,
using GEM and THGEM electrodes immersed in liquid xenon (LXe), with alpha-particle tracks providing
primary scintillation light and ionization electrons. It was shown that bubbles can indeed be formed
on-demand by Ohmic heating and that once formed, they remain stable as long as the system stays in a
thermodynamic steady state.

This research work aimed at deeper understanding the properties of the bubble-assisted LHM detector.
The experimental work carried out in a dedicated LXe cryostat, accompanied by computer simulations,
may shed light on some of the aspects that could become crucial for future experiments incorporating
LHM detectors. A full report of the work done during the Ph.D. period is presented in the following
chapters of this thesis. Every chapter is followed by a small discussion of the results and, then, finally, a
discussion merging all the data and providing outlook for the project.

5 Research overview

During this thesis period, the research performed on the bubble-assisted LHM can be coarsely divided into
six subchapters, each looking into a different aspect of the study of this novel detector concept. Except
for the first demonstration of LHM operating in LAr, most of the work was done in LXe. The subchapters,
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as listed below, are discussed separately and integrated at the end to establish a complete body of work
- with a full discussion of future work to be done beyond the scope of this thesis.

Comparative study of LHM electrodes (chapter 6.1)

This chapter first presents the concept of the LHM in detail, including the experimental setups,
methodologies and analysis techniques. It outlines in detail the procedures developed for a successful
operation of an LHM prototype. Then it outlines a long study done, with alpha particles, investigating
different electrode structures (differing in geometry, dimensions and materials) operated as LHM
elements in LXe. The analysis focuses on radiation-induced light yields and energy resolution of the
different electrode structures, their timing properties and the relative photon detection efficiency. The
purpose of the study is double, first to ‘blindly’ scan for electrodes yielding superior physical properties,
and second to use the differences among them to provide a glimpse into the physics processes governing
the performance of the detector.

Study of photon detection efficiency of LHM (chapter 6.2)

Since the LHM coated with a photocathode is a photon detector with potential use in experiments
requiring single-photon detection, it is of utmost importance to establish its photon detection efficiency
(PDE) for scintillation light. The study here included establishing the effective quantum efficiency (QEe#)
of a UV-sensitive Csl photocathode immersed in LXe, followed by an estimation of the expected PDE of an
LHM element (15-20% depending on the electrode). Then, the PDE was directly measured using a single-
photon source (PDE=2-4% depending on electrode). The discrepancy between the two values and its
possible origins are discussed in length.

Position reconstruction (chapter 6.3)

Many of the experiments using noble-liquid media operate the detectors in a TPC mode. This requires
establishing an X-Y position sensitive readout system for the LHM light output. The work on position-
sensitive readout started with a self-written Matlab-based toy Monte Carlo simulation code. It was
followed by imaging of an 2!Am alpha source in a THGEM-based LHM in LXe, using a quad-SiPM readout
system and a simple center-of-gravity position reconstruction technique. The scalability of this technique,
a discussion of its limitations and suggestions for future improvements and studies are discussed.

First proof of LHM operation in LAr (chapter 6.5)

Here, we present a first proof of a bubble-assisted LHM operation in LAr. The first demonstration was
done only for charge readout (i.e. without a Csl photocathode) using a THGEM electrode. The chapter
includes study of pulse shape, energy resolution and a first demonstration of imaging. It also discusses the
differences between LXe- and LAr-based LHM detectors properties.

Double stage LHM (chapters 6.6)

The double-stage LHM consists of two independent LHM detectors one on top of the other, each
electrodes with its heating wires below and its bubble. The bottom element is coated with a Csl
photocathode. The top element was not coated with Csl in this set of experiments. VUV photons from the
EL generated by the top electrode extract photoelectrons from the bottom photocathode, generating EL
in the second electrode. The structure has so far not shown any improvement compared to a single-stage
LHM.
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Other ideas for bubble confinement (chapters 6.7 and 6.8)

In a more general sense, the novelty of the LHM is the encapsulation of a gas bubble inside the liquid
volume. The two concepts presented here, take this concept in two different directions. First, the vertical
LHM is the attempt to generate a bubble between a vertically oriented hole-electrode and a wall on the
other end. Second, trapping of a gas bubble between two meshes, thus generating in practice a parallel
plate detector. The studies of both concepts did not mature enough, but have helped shedding light onto
some aspects of the bubble confinement and electron transmission.
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6 Summary of main results

6.1 Comparative study of different LHM electrodes

In the current study, we have focused on investigating the light yield (number of photons per ionization
electrons drifting towards the electrode), energy resolution, relative photon detection efficiency (PDE)
and timing resolution of LHM elements. Different types and sizes of electrodes were investigated in our
MiniX LXe cryostat - in an identical setup; all have undergone similar treatments and procedures. In
particular, careful attention was made to create high-vacuum conditions prior to Xe filling and to maintain
high gas purity. Most of the results shown here have been published in [52]. The procedures discussed
here have become the “standard guideline” for assembly and operation of an LHM prototype.

6.1.1 Experimental setup and procedures

The experiments were conducted in a dedicated LXe cryostat designed and assembled by me, the Mini
Xenon apparatus (MiniX), described in detail in [53] (see scheme in Figure 4). It comprises a 100 mm-
diameter, 100 mme-tall cylindrical LXe volume filled with ~250 ml of LXe. The rest of the volume is equipped
with instrumentation and PTFE holders and spacers. The detector assemblies are suspended from the
topmost flange. The cryostat has a window which allows viewing the detector from below at 60° with
respect to the vertical axis. A camera (CALTEX intruments VIP-50-HD60) is attached in front of the window
to enable observation of the bubble formation and dynamic.

Xenon liquefaction is done on the LN>-cooled cryostat wall. During operation, Xe is continuously circulated
through an SAES hot getter at ~1.5 standard liters per minute. Before mounting detector assemblies
incorporating Csl photocathodes, the cryostat was pumped down to high vacuum using a turbo-molecular
pump and a LN,-cooled cold finger to reach a water partial pressure below 10~° mbar (verified using a
residual gas analyzer). Assembly of the detector setups in the cryostat was done under constant Ar
flushing, to minimize water contamination. Subsequent steps included pumping down the cryostat
overnight, filling pure Xe gas at ~2.5 bar, circulating the gas through the SAES purifier (SAES MonoTorr
PS3-MT3-R/N) for 1-2 days, cooling down, further filling of gas under Xe liquefaction, thermal stabilization
(~12 hours), circulation of the liquid through SAES purifier for at least two days and bubble formation by
Ohmic heating of a wire-grid. Measurements were normally conducted at a liquid temperature of 173 K,
corresponding to the vapor pressure of 1.6 bar. For each investigated configuration, measurements were
carried out over several days. For most setups, the measurement taken two days after liquefaction was
repeated at the end of the data taking series (few days), making sure that the liquid purity (and other
parameters such as PMT response) have not changed during the data taking period.

Four different LHM electrodes were investigated: a THGEM, a standard GEM with bi-conical holes and two
single-conical GEM electrodes (SC-GEM) of different thicknesses [54]. The Cu surfaces of all electrodes
were Au-plated. The geometrical properties of the investigated electrodes are listed in Table 1, and 3D
models of their respective unit cells are shown in Figure 5. The four electrodes were measured in series,
the THGEM being the first. In order to gain the confidence in the stability of the system (in terms of PMT
responses, gas purity etc.), the THGEM measurements was repeated at the end, after all other electrodes
have been measured. No significant change was observed.
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Figure 4 Schematic drawing of the MiniX cryostat.

A 300 nm-thick Csl layer was vacuum-deposited on the top surface of each electrode investigated, for the
study of UV-photon detection (the SC-GEM was Csl-coated on the side with the smaller holes). The Csl-
coated electrodes were transferred in dry N, from the deposition chamber into a dry N; filled glove box
for assembling the detector setup (~1h assembly time), which was then quickly transferred (~20 s in
ambient air) into the Ar-flushed cryostat (argon purity of 99.97%). The measured quantum efficiency (QE)
value of all photocathodes investigated was in the range of 18-23% at 175 nm in vacuum; the relative loss
in QE during transfer to the N»>-box and to the cryostat was measured to be below 10%.

Table 4 Specifications of the three electrodes used in this study.

Standard GEM Single-conical GEM Single-conical GEM
Insulator FR4 Polyimide (Kapton®)  Polyimide (Kapton®) Polyimide (Kapton®)
Thickness 0.4 mm 50 um 50 um 125 pum
Hole diameter(s) 0.3 mm top/mid/bottom top/bottom top/bottom
70/50/70 pm 300/340 um 300/400 pm
Hole pitch 0.7 mm 140 pum 600 um 600 um
Cu thickness 20 um 5 um 5 um 5 um
Hole rim 50 um none none none
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Figure 5 3D models of unit cells of the three LHM electrodes used in the experiments and in the accompanying simulations. The
electrodes are immersed in LXe; the region below each electrode (in light blue) is Xe vapor, with a liquid-gas spherical interface
penetrating into the holes. Note the different scale for the THGEM compared to the GEM and SC-GEM.

The detector assembly (Figure 6) comprised the Csl-coated LHM electrode, a spectroscopic ~180 Bq, 4
mm diameter *!Am alpha-particle source located 7.9 mm above it, a field-shaping ring between the
electrode and the source and a resistive-wire plane underneath. The field-shaping ring (inner diameter 20
mm) was introduced for creating a fairly uniform field across the central region of the photocathode,
without the need for an intermediate mesh (the latter would have resulted in partial blocking of the
drifting ionization electrons, or alternatively require an intense field between the mesh and electrode,
thus interfering with photoelectron extraction from the photocathode). The potentials on the source, field
shaping ring and the top of the electrode where calculated using COMSOL Multypysics® [55]. The active
(perforated and Csl-coated) area of the GEM and SC-GEM was 14 mm in diameter; for the THGEM the
active Csl area was 20 mm in diameter. The resistive-wire plane, located 1.6 mm below the electrodes,
served two purposes: (1) allow for bubble formation by Ohmic heating, and (2) set the value and direction
of the transfer field (E:) below the electrode (allowing to either pull the electrons through the bubble or
push them towards the electrode bottom); as discussed below, the transfer field can also serve to amplify
the EL light by a large factor. Once formed, the bubble extended from the electrode bottom to the wires,
filling a 30 mm-diameter region, as shown schematically in Figure 6.

Light signals were recorded by two Hamamatsu R8520 photomultiplier tubes (PMTs). The top PMT
recorded S1 photons reflected off the PTFE ring and served as the trigger. The PMTs were operated mostly
at -600V (lower than their recommended operating voltage of -800V) to avoid saturation of the
electronics. At high voltages on the detectors, the resulting pulses were large enough to saturate the PMT
readout. These high pulses were recorded at lower PMT voltages. Measurements taken at lower PMT
voltages were then scaled to match the PMT gain of -600V and presented on the same figure. Readout of
the S1 photons passing through the electrode’s holes, as well as of the S1’ and S2 EL signals, was done by
passing the bottom PMT signal through a Phillips 777 linear amplifier (set to minimal gain of 1.8) and then
digitized using a Tektronix MS0O5204B oscilloscope. The digitized waveforms were post-processed using
dedicated Matlab scripts.
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Figure 6 Schematic setup for the comparison between the THGEM, GEM and SC-GEM (shown here as an example)
electrodes as horizontal bubble-assisted LHM elements; dimensions not to scale.

6.1.2 Results

6.1.2.1 Bubble formation and dynamics

The images presented in Figure 7 were taken with the camera looking at the bottom part of the LHM,
equipped with a THGEM electrode. The detector assembly was very similar to the one shown in Figure 4
or Figure 6 except for the bottom PMT being placed at a larger distance from the detector assembly,
enabling the full view of the bottom part of the THGEM. Figure 7A presents the view of the bottom part
of the THGEM and the heating wires below it, without a bubble and with the heating wires turned off.
Figure 7B presents small-bubbles formation with current passing through the heating wire (in this
particular setup, current was passed only through the middle wire). The heating of the wires causes bubble
to form, to travel upwards and to be stopped on the bottom face of the THGEM where they coalesce into
a larger “macroscopic” bubble. Figure 7C is the result of stopping the heating before the bubble has
managed to grow enough to cover the entire surface of the electrode. Figure 7D is a full bubble covering
the entire surface of the electrode. One can clearly observe both the heating wires and their reflection
due to total internal reflection at the liquid-to-gas interface.

Upon formation of the bubble under the THGEM electrode, the heating wires are turned off and the
bubble is left to stabilize for 2-3 hours. During this time, it “breathes” up and down, covering and
uncovering the heating wires in few-seconds period. Finally the bubble remains stable with only very small
remaining “breathing” (i.e. up and down motion of the bottom interface), estimated by eye to be a
fraction of a mm in magnitude. The breathing is probably due to small pressure fluctuation, and it exists
with and without recirculation of the liquid. The bubble, with its small breathing movement, remains
stable for the rest of the time. The longest time we held a bubble was 10 days, before the cryostat had to
be freed for a different experiment. We therefore expect that a bubble could remain stable (under given
operational conditions) for unlimited period.
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Figure 7 Typical images recorded by the camera: (A) without bubble, heating wires “off” (B) with the heating wires “on”, bubbles
start to form and coalesce into a larger bubble at the surface of the THGEM. (C) A bubble covering a fraction of the THGEM
bottom surface, heating wires “off” (D) A bubble covering the entire surface of the electrode. One can observe the image of the
wires as well as their total internal reflection from the liquid-to-gas interface.

6.1.2.2 EL from ionization charges and photoelectrons

6.1.2.2.1 Pulse shapes and energy spectra

As discussed above and shown schematically in Figure 6, for the Csl-coated LHM electrodes the waveform
recorded by the bottom PMT, for each alpha particle emitted into the liquid, comprises three signals: (1)
primary-scintillation light passing through the electrode holes (S1, green in Figure 8); (2) EL light generated
inside the bubble by photoelectrons extracted from Csl following the absorption of primary scintillation
photons in it (51’, red in Figure 8), and (3) EL light generated inside the bubble by ionization electrons
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liberated along the alpha-particle track, which drift towards the LHM and are focused into its holes —
inducing EL in the bubble (S2, black in Figure 8). The nominal drift field in Figure 8 was Eq = 0.5 kV/cm
for all electrodes and transfer field of E; = —1 kV/cm. Note that the transfer field values in this work are
quoted as if the gap between the electrode and the resistive-wire plane is a parallel plate. This however
is only indicative as the wires are spaced 2 mm apart and the gap is only 1.6 mm.

Typical Waveform showing S1, S1’ and S2
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Figure 8 Sample waveform in a SC-GEM in LXe, showing three signals: the prompt scintillation signal (S1, green), the photoelectron-
induced EL signals from Csl (S1°, red) and the ionization- charge-induced EL signal (S2, black).

For given drift- and transfer fields, the voltage across the electrode was varied gradually, with typically
10,000 waveforms recorded at each voltage step. The integrated pulse area under S2 and S1’ was
computed for each waveform, serving to build a histogram of pulse areas for each voltage setting. For the
amount of charge generating S1’ and S2, the pulse area is a more precise measure as opposed to the pulse
height as the former is insensitive to the pulse shape. This enables a direct comparison S1’ and S2 areas
without the need to correct for different pulse shapes. Also, since photoemission is a stochastic process,
the pulse height is much more sensitive to fluctuation while the pulse area reduces this effect by averaging
over the entire period of the pulse. A Gaussian fit was applied to each histogram, giving the mean E and
standard deviation o of the S2 and S1’ distributions. Histograms for the S1’ and S2 signals of the 125 um
thick SC-GEM, taken under the voltage configurations which yielded the best RMS resolutions, are shown
in Figure 9. The Gaussian fit to both distributions was applied over the range starting one standard
deviation to the left of the peak and ending four standard deviation to its right; it was done to exclude the
low-amplitude contribution of events in which part of the alpha-particle energy was deposited inside the
source substrate. When fitting the S2 data we also excluded the ‘hump’ on the right side of the peak,
resulting from coincident emissions of alpha particles and 59.5 keV gamma rays from 2*!Am. The best
resulting RMS values for S2 and S1’ were 5.5% and 6.5%, respectively.

23



800

S1’ area histogram
700 o
Single Conical GEM (t=125 ;z m) ° Single Conical GEM (t=125 ;. m) \
00k AV = 1,400 V L AVgey =140V o/E =6.5%
eE % o /E=5.5% oor ¢ b
E,=05kV.cm ﬁ-’? E, =05kV/icm b |
600 =-1kV/.cm % Cl 500 F Et =-1kV/cm ‘&I)
1
500 Vpyr =600V “ ‘ﬁi Vg = 600 V b
£ ) C"e £ 400 |
g o - 3 [ 3
o Partial b T O 300 ) ‘
100 artialenergy i 4 coincidence Partial energy j ®
_deposmon of o # | deposition of o q 'w,‘
200 in source matrix fo 200 in source matrix o 4
\@ o '
\ | ® \ ° dl
100 M \-\ %:) 100 oﬁp 4
— S
, B N , o &% o . ‘
0 100 200 300 400 500 0 20 40

S2 area histogram

60

80

100

Sz area(mV- ps) Sirarea(mV- ps)

Figure 9 Spectra of S2 (left) and S1’ (right) from a single-conical GEM biased to 1,400 V.

6.1.2.2.2 EL dependence on electrode voltage

Figure 10 shows the mean magnitude E (integrated pulse area) of S2 and S1’ as a function of the voltage
across the four investigated electrodes, for the above nominal drift- and transfer fields. The data in Figure
10 is given in ‘raw form’ on the left horizontal axis, i.e., as the measured pulse areas. Estimates of the
corresponding effective EL yields of the four electrodes (number of EL photons per electron entering the
electrode holes, emitted over 4m) are discussed below in the next section. The 125um SC-GEM showed
saturation in S2 signal starting from ~1,800V across the electrode (seen as a slight jump in the S2 signal
magnitude). Therefore, Starting from 1,900V, data was acquired with Vppr = =550V and a scaling
correction factor was applied according to the ratio of S1’ pulse recorded at either voltages.
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Figure 10 S2 and S1’ signal amplitudes vs the voltage difference across the electrodes. Data was recorded at E; = 0.5 kV /cm,
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At a given voltage, S2 magnitude is the largest for the thick SC-GEM: up to ~5 times larger than for the
standard GEM (at the highest applicable voltage) and the THGEM. The maximal S2 value for the THGEM
is similar to that of the thin SC-GEM, and is reached at roughly 3.5 higher voltages. The deviation from
linearity starting at ~1kV for the thick SC-GEM (not visible for the other electrodes) is attributed to small
avalanche multiplication within the bubble. It reaches an estimated maximum value of ~1.8 at 2200 V (by
comparing the measured curve to a linear extrapolation from lower voltages).

The measured S1’ signal is also the largest for the 125 um SC-GEM: up to ~10 times larger than for the
THGEM, at the same applied voltage. The maximal value of the SC-GEM S1’ is ~5 times larger than that of
the THGEM. For the S1’ curves, the departure from linearity is attributed to two effects: small avalanche
multiplication (similar to the effect seen in S2) and an increase in the field on the surface of the Csl
photocathode, leading to a higher overall photoelectron extraction efficiency into the liquid (as in [56]
and in chapter 6.2.3). The much larger measured value of S1’ for the 125 pm SC-GEM compared to the
THGEM is attributed to the higher surface field of the former (as verified by COMSOL calculations). This
effect is also clearly visible as discussed in chapter 6.2.5.

When analyzing the difference in light yields between the electrodes, one should also explore the effect
of electron diffusion. For smallest geometry, namely for a GEM, a fraction of the electrons (either
ionization electrons or photoelectrons) could be lost by transverse diffusion to the hole’s insulating walls.
However, had this been the major factor in explaining the difference between the S2 response of a GEM
and the SC-GEMs, then it is not consistent with the GEM and THGEM showing similar S2 response.

Note that in light of the low alpha-particle emission rate (~90 Hz) and the fact that the number of
participating holes is 1-2 orders of magnitude larger than the number of photoelectrons per event (e.g.,
for the GEM the active area contains ~40,000 holes, while the number of PEs per event is ~1000), charging
up effects during typical measurements lasting 1-2 hours should be minimal and can be neglected.
Furthermore, measurements of S1’ signals over ~12 days showed no reduction is signal magnitude (it did
show ~10% increase of signal magnitude, probably due to cleaning of the liquid during this period).
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Figure 11 S2 and S1’ resolutions vs the voltage difference across the electrodes. Data was recorded, for all 4 electrodes shown, at
E; =05kV/cm, E, = —1kV /cm and Vpyr = —600 V. The sudden degradation of the resolution at 1,900V in the thick SC-GEM
is due to change in the PMT voltage.
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The RMS resolution o/E of S2 and S1’ magnitude (pulse area) as a function of the voltage across the
electrode is shown in Figure 11 for a drift field of 0.5 kV/cm. The PMT voltage was -600 V except for the
125 um thick SC-GEM, where above 1,900V the PMT voltage was reduced to -550V resulting in a slight
degradation of the energy resolution of the PMT. Initially the resolution improves as a function of the
voltage, indicating a larger number of collected electrons into the holes. The best S2 resolution is ~5.5%
RMS for the thick SC-GEM. The best S1’ resolution is also obtained for the thick SC-GEM ~6.5% RMS. Note
that the expected resolution just from Poisson statistics on the number of free primary electrons (without
instrument effects) is 1/1/6,800 = 1.2%.

6.1.2.2.3 Timing properties

The timing properties of the electrodes was estimated by digitally applying a constant fraction
discrimination procedure. This was done by integrating the S1’ pulse and then numerically searching for
the time point at which 30% of the integration is reached. The threshold value of 30% was chosen since
the timing properties showed only few percent jitter when applying thresholds between 20% and 50%. A
histogram of all time points from all waveforms was plotted and a Gaussian fit was applied. Figure 12
presents the standard deviation of this distribution for the different electrodes. When looking at the
figure, one clearly observes two effects. First, the larger the pulse, the better the timing resolution. This
is expected as higher photon emission smoothens the integral of the pulse (smaller deviations due to
better statistics of the light emission) and therefore results in a more accurate timing result. Second, the
timing properties is correlated with the hole size and spacing. The larger they are, the wider the spread in
time of arrival of the electrons from the electrode to the bubble, resulting in a larger time spread.
Eventually, the timing properties are theoretically limited by the number of photoelectrons and the fact
that different photoelectrons are extracted from different places on the PC and thus have different
trajectory lengths before generating EL. We therefore expect the timing resolution to saturate at large
enough EL signals.

81’ timing
201
¢ THGEM
: 8C-GEM {t=50 ;» m)
5 © ¢ SC-GEM (t=125 ym)
- Standard GEM
®
c
© 10} S
£ _
'_ ()(:.. ) o V
ot “ o D0 A O o
5 ‘-'@@9‘60900UOOO‘?@:)OO oo o0 0 o
0 | | ! |
0 1000 2000 3000 4000

AV electrode (V)

Figure 12 Timing properties of the different electrodes.

6.1.2.2.4 S1’ and S2 dependence on drift field

For completeness, we present here in Figure 13 the effect of drift field on the pulse area for both charge
(S2, left) and light (S1’, right). While obviously at negative drift field no charge is being transferred to the
electrode, the increase in pulse area with increasing electric field is a direct result of larger escape from
recombination probability of the electrons at the site of interaction [3]. An interesting effect can be
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observed in the S1’ response of the THGEM electrode, where at modest negative drift fields, a slight
increase in the signal magnitude is observed before other effects (e.g. S1 light dependence on electrical
field) degrade the signal.
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Figure 13 S1’ and S2 signals as a function of the drift field.

6.1.2.2.5 S1 dependence on electrode voltage

Finally, it is worth also presenting the effect of the electrode voltage on the S1 pulse as detected from the
PMT located below the electrode. The effect was reported in [46] (see Figure 14, left). The introduction
of a bubble below the electrode reduces the S1 pulse by a factor ~2 compared to an electrode without a
bubble. Furthermore, the application of voltage across the electrode results in a slight change of the S1
pulse. We attribute this effect (though further proof is necessary) to total internal reflection of photons
when passing from the liquid to the gas phase. The slight variation in transmission with varying electrode
voltage could be due to electrostriction forces altering the shape of the liquid-to-gas interface, thus
modifying the reflective surface. It is interesting to note that the two different vapor pressures (1.3 bar
and 2.1 bar) show different trends of the S1 signal with electrode voltage. This effect is not yet understood,
but will be a part of future studies as will be discussed in the next chapters. A similar effect was observed
for all electrodes. The results are presented in Figure 15 and show similar trends for the THGEM, the GEM
and the 125 um thick SC-GEM. The 50 um thick SC-GEM S1 spectra seemed to consist of two partially
overlapping Gaussians, therefore simple averaging was used to derive the mean instead of a Gaussian fit
to the data. The double Gaussian structure however did not show neither in the S1’ spectrum nor in the
S2 spectrum.
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Figure 15 The effect of electrode voltage on the S1 pulse transmitted through the electrodes holes.

6.1.2.3  Amplification in the transfer gap

The threshold EL field in Xe vapor at 1.6 bar is 2.4 kV/cm [3]. At modest transfer fields between the bottom
of the LHM electrode and the wire plane, the only region in which the local field is larger than the EL
threshold one is within the bubble, at the bottom of the hole (at the liquid-gas interface). A major
enhancement in the EL yield can be obtained by increasing the transfer field, pulling the electrons towards
the heating wires. At first, additional EL occurs close to the wire surface, where the local field grows as
1/7 (r being the distance from the wire center); at higher transfer voltages the field across the entire gap
exceeds the threshold, causing EL light generation along the full electron drift-path across the bubble.

This effect is demonstrated for a 125 pm SC-GEM biased at 1,800 V with a drift field of 0.5 kV/cm. The
nominal transfer field (E:, voltage between the GEM bottom and wires, divided by the distance), was
varied in steps between 0 and 15 kV/cm. The bottom PMT was operated at -450V, to avoid signal
saturation throughout the range of applied voltages. Figure 16 shows the average waveforms acquired at
increasing E: values. Initially, the waveforms look similar to those in Figure 8, comprising S1, S1’ and S2
signals, where the latter two are produced in the bubble, close to the bottom of the hole. Increasing the
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transfer field, one observes delayed EL contributions appearing after both S1’ and S2. These are EL signals
produced in the bubble, at the vicinity of the wires, in addition to those produced close to the holes.
Further increase of the transfer field above the EL threshold along the transfer gap itself, merges both
latter EL signals. The merged EL signals grow in magnitude and diminish in width; the latter results from
the increase of electron drift velocity in Xe vapor [57]).
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Figure 16 Average EL-signal waveforms for increasing values of the nominal transfer field between the bottom of a thick SC-GEM
operated at 1,800V and the resistive-wire plane (1.6 mm below the electrode). The drift field is 0.5 kV//cm and the bottom PMT
voltage is -450V.

The mean area of the amplified S1’ and S2 signals for the different electrodes as a function of the transfer
field are shown in Figure 17. Starting at ~2kV/cm (corresponding to a transfer voltage of 320V) an
exponential trend appears, suggesting small avalanche charge gain, either at the bottom of the holes of
the electrode, at the vicinity of the wires or even in the gap itself. The last points in the 125 um SC-GEM
and in the THGEM seem to saturate, however at these high field values instabilities might have caused
voltage drops. At the highest E:value, the light yield of a thick SC-GEM is estimated to be ~2,200 photons/e’
/4.
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energy resolution vs. E;.
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Along with the enhancement in light yield, the amplification in the transfer gap is also accompanied by a
reduction in energy resolution. There are a few effect which may contribute to this. First, it is well known
that avalanche multiplication statistics is worse than that of EL. Second, in this specific setup, the transfer
gap is far from being a parallel plate configuration. Combining this with the shadowing effect of the wires,
one should expect a reduction in resolution. In addition, the data points presented here were recorded at
different PMT voltage to prevent signal saturation, however reduction in PMT voltage is known to
adversely affect the energy resolution. A complete study to understand the behavior of the energy
resolution has not been performed. Still, even if the energy resolution deteriorates at large transfer
voltages, for a detector that is built for single photon/electron counting, one could compromise the energy
resolution for an enhanced light output.

The pulses generated in the vicinity of the heating wires also hint towards interesting physics. In principle,
when the pulses generated in the hole of the electrode and the pulse generated next to the heating wires
are separated in time, the latter should not depend on the specific details of the electrode. This occurs at
transfer field of ~4 kV/cm. At such conditions, if the pulses generated next the heating wire are different
for the different electrodes, this may indicate on differences in the amount of charge transferred to the
wire. Indeed, when computing the pulse-area only for the EL generated on the wires, the results are
120 mV - us for the 125 um SC-GEM and 57 for both the standard GEM and the 50 um SC-GEM.

6.1.2.4  Estimation of absolute light yield

The effective EL yield of the LHM electrodes, i.e., the number of EL photons emitted per electron drifting
in the liquid towards the electrode hole, over the full solid angle, can be estimated as follows. We denote
by N.(E;) the number of ionization electrons escaping recombination along the alpha-particle track,
which depends on the drift field E;. €.0;(AV.um, Eq, E¢) is the collection efficiency of electrons into the
hole, which depends primarily on the voltage across the electrode AV, yy, depends probably mildly on
the drift field, on the transfer field, and could be affected by electron diffusion. We denote by &;,terrace
the probability of an electron to hop from the liquid into the gas phase. Yg; (AV yu) is the number of
photons emitted over 41 per electron entering the bubble, and is assumed to depend primarily on AV, 4,
(the effect of E; on Yg, is assumed to be small and E; at small values was measured to have negligible
effect); P ym—pur is the probability that an EL photon emitted in the bubble reaches the PMT (depending
mainly on the geometry of the problem); QEpyr is the quantum efficiency of the PMT at 175 nm, i.e. the
average number of photoelectrons (PEs) emitted from the photocathode per photon hitting the PMT
window. The number of PEs recorded by the PMT is given by:

Npg = N " €co1 * Einterface " YeL * PLum—pur " QEpmr Eqn. 4
The effective EL yield is defined to be:
NPE Eqn. 5
YEe[f =Yg €cor - Einterface =

Ne " Pryypmr * QEpyr

Npg in a given EL signal is the pulse area of the signal divided by the average pulse area of a single-PE
event in that PMT. The single-PE spectrum of the PMT was measured at LXe temperature by setting a low
trigger level on its dark count pulses. The average pulse area corresponding to the single-PE peak, was
found to be 0.024 mV - us for Vpyr = —800 V (transferred through the Phillips 777 amplifier). Since all
the data were typically acquired at Vpy = —600V, we further calibrated the PMT response at the
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different voltages. This was done by recording LHM signals in constant voltage setting but for different
values of Vp 7. It was found that the mean value of the recalibrated S1’ pulse area at Vpyr = —600 V is
smaller by a factor of ~0.1 than that at Vppr = —800V; this factor represents the ratio between
corresponding PMT gain values.

The QE of the bottom-PMT was measured using a vacuum UV monochromator, versus a calibrated (NIST-
traceable) photodiode. It was found to be 34% at 175 nm (with a relative error of the order of 5%). The
probability that a photon emitted from the bottom of the LHM reaches the PMT was calculated using a
dedicated Monte-Carlo simulation (which included refraction and reflection on the bottom interface of
the bubble, assuming photons are emitted from the bottom of the electrode), giving P;yy—pmur = 0.32.

We used the measured S2 signals in the setup described above (Figure 6) as a basis for calculating the EL
photon yield. Adopting the data from [58], for E; = 0.5 kV/cm the charge yield of an alpha-particle track
is 1.3 electrons/keV. Taking the average alpha-particle energy of the spectroscopic ?*Am source to be
5.48 MeV, this results in N, = 7.1 X 103 electrons. The maximum S2 pulse area of the thick SC-GEM at
1,800V is 767mV - ps for Vpyr = —600 V. Using the measured dependence of the PMT gain on its
voltage and the single-PE response of the PMT at —800 V, we get: Npp = 767/(0.1 - 0.024) = 3.2 x 10°

PEs. From Eqn. 1 we get Y;[f = 410 photons/e’, over 4m. This value is noted in Figure 10, showing the
maximal effective photon yield of a 125 um SC-GEM.

6.1.3 Discussion

This section presents the results from a systematic study done, aiming at deeper understanding of bubble-
assisted LHM detectors. The study was performed under “standard conditions” of assembly, of operation
and of data recording and analysis. This enable the comparison of four type of electrodes as LHM
elements: the THGEM, the GEM and SC-GEM of two different insulator thickness. The parameters in
guestion in this study were mostly the achievable light yield, energy resolution and timing properties. Best
results have so far been achieved with the 125 pm SC-GEM. It showed ~400 photons emitted per electron
deposited in the liquid, with no amplification in the transfer gap. For a reasonable light collection
efficiency and light detection efficiency of, say, a SiPM array recording the LHM output light, 400 photons
are sufficient for detecting even single-electron pulses at practically 100% efficiency. Should one introduce
amplification in the transfer gap, when up to ~2,000 photons are emitted per single electron, the structure
could offer larger flexibility in designing the readout for accommodate different demands (possibly
compromising other parameters such as energy and time resolutions etc.). In terms of energy resolution,
o/E = 5.5% is still not as good as the 3.8% achieved in XENON100 for alpha particles of the same energy
[59] and the limit of 1.2% given by Poisson statistics on the number of primary electrons. The origins of
this broadening of resolution is still not clear. Best timing resolution (~2 ns RMS for few thousands of
photoelectrons) was achieved in a GEM due to its smallest dimensions.

While a large fraction of the physics involved in signal generation in an LHM detector is understood, there
are still some effect presented in this part which lack satisfactory explanation. Most important is the
difference in light yields of the different electrodes. Throughout the analysis of the results presented here,
we have taken careful attention to mention that the issue of the probability of electron transfer from the
upper side of the electrode hole into the bubble, through the liquid-to-vapor interface, & terrace is yet
unresolved. The data presented in chapter discussing amplification in the transfer gap also hints towards
difference in electron transmission between the different electrodes. A deeper understanding of the
interface dynamics and electron transmission may explain the low energy resolution we see here
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compared to the one achieved in XENON100. Furthermore, the slight breathing of the bubble may also
results in variations in signal magnitude, either due changes in bubble protrusion into the hole and/or due
to change in the refractive interface for EL photons traveling towards the PMT. These matters will be
discussed in length in the upcoming chapters as more data is presented.

6.2 Photon Detection Efficiency of LHM

6.2.1 Background

Quantum Efficiency (QE) is defined to be the average number of electrons extracted in vacuum from a
photocathode (PC), per impinging photon of a given wavelength. However when a photocathode is
immersed in a liquid (or placed in a gas), the resulting effective QE value (QE.ss)varies [56]. The issue of
QE.sr of Csl photocathodes immersed in LXe was addressed by Aprile et al. in a series of works; their results
are summarized in their paper [56]. Two methods of measuring the effective QE in the noble liquid are
presented here followed by their results.

The first one is by immersing a PC in LXe and placing an 2*Am alpha source in front of it. The 175nm VUV
scintillation photons, induced by the alpha particles (non-spectroscopic source emitting alpha particles
with an average energy of 2.9 MeV) stopped in the liquid (1.6 - 10° photons/4m, calculated using Table 1
in [3]) interact with the Csl film, resulting in photoemission. The photoelectrons’ induced current is
recorded by a picoammeter. An effective QE value of 31% was calculated, in this work, by normalizing the
signal to the solid angle, to the alpha emission rate and to the number of photons emitted by an alpha-
particle event in the LXe.

A second method was based on measuring the photocurrent from the Csl photocathode using a mercury
lamp in vacuum (185nm emission line), comparing it to the response of a calibrated photodiode - and
then, measuring the Csl-photocathode photocurrent when immersed in LXe. In [56], vacuum
measurements yielded QE=8%, and in LXe: QE=24%. This was explained in [56] by a change in the work
function of the photocathode when immersed in LXe. Note that these photocurrent measurements were
performed at 185nm, compared to that with alpha-particles with LXe scintillation occurring at 175 nm.
According to [56], when multiplying this number by the ratio of photocurrents in vacuum for the
corresponding wavelengths, one recovers the effective QE=31% value at 175nm.

6.2.2 Comparing photocurrent in vacuum and LXe

6.2.2.1 Setup and procedures

A THGEM electrode with vacuum-deposited Csl on one of its surfaces was placed in the LXe cryostat with
the Csl facing downwards (see Figure 18). A 85% transparent electroformed mesh was placed underneath
the THGEM. The voltage difference applied between the photocathode and the mesh determined the
electrical field for electrons extraction. An external Hg lamp (flushed with N,) was used to illuminate the
Csl at 185nm wavelength. High voltage was applied to the mesh while the THGEM/Csl surface was kept
at ground potential through a Keithley 610C picoammeter. Photocurrents where measured both in
vacuum and in liquid, before during and after liquefaction.
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Figure 18 Setup for measuring photocurrent from a photocathode in vacuum and immersed in LXe.

6.2.2.2 Results

Before assembly in the cryostat, the QE of the PC was estimated to be 18%. The photocurrent as a function
of the electric field was measured 4 times: (i) in vacuum before Xe liquefaction, (ii) immersed in LXe, (iii)
in vacuum directly after LXe extraction (PC at ~250K), and (iv) in vacuum 12 hours after LXe extraction (PC
at RT). One should however note that prior to this measurement, the same photocathode had undergone
a cooling cycle, possibly compromising its overall QE.

The results are given in Figure 19. One clearly sees that the photocurrent in LXe is larger than that of
vacuum for high enough field values. At the highest point (19 kV/cm), LXe photocurrent exceeds that of
vacuum by a factor of 1.17. One should however notice that the photocurrent before the introduction of
LXe and after its extraction has dropped by ~25%. Since this electrode had undergone a cooling cycle prior
to this measurement, it is reasonable to assume that the photocurrent had dropped in this first cycle and
the values measured in vacuum are due to a lower QE than that when the photocathode was first
deposited. Still, the qualitative conclusion remains, that the ratio of vacuum-to-LXe currents is larger than
one, showing an enhancement of the effective QE in LXe compared to QE in vacuum (as observed in [56]).
This effect is explained in [56] by the polarizability of LXe, which generates a potential well for electrons,
effectively lowering the work function of the PC in the liquid medium.
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Figure 19 Photocurrent as a function of the electric field at the surface of the photocathode.
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6.2.3 Measuring photocurrent with intense alpha source

6.2.3.1 Setup and procedures

A second method relied on recording photocurrent induced on a Csl photocathode by the scintillation in
LXe, from alpha-particles of an intense 2*!Am source immersed in LXe (Figure 20). The Csl photocathode,
deposited on gold plated copper on an FR4 substrate, was placed below the source, with a 85%
transparent woven stainless steel mesh separating them. The interaction of the alpha particles in LXe
induces scintillation light; a fraction of which (depending on the solid angle) impinges on the
photocathode, inducing photoelectron emission. The Pyrex cylinders in Figure 20 were placed to ensure
measurement of photons emitted only within the defined solid angle (Pyrex is known not to transmit the
VUV light). Upon application of an electric field between the photocathode and the mesh, a photocurrent
is induced and measured on the photocathode using a Keithley 610C picoammeter.
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Figure 20 Setup used to measure the effective quantum efficiency for the extraction of a photoelectron from a Csl photocathode
immersed in LXe. Scintillation photons from the interaction of 5.5 MeV alpha particles extract photoelectrons form a Csl
photocathode. The photocurrent is directly proportional to the number of electrons emitted from the photocathode. The
experiment was repeated with a PMT of known QE, replacing the Csl photocathode.

The photocurrent is given by the following formula:

E

; (Q)T - . 0E Egn. 6
—st in e” - QEesy

Where:

- E is the average energy of alpha particles emitted from the source. The average energy of the
alpha particles of our non-spectroscopic source was measured to be 2.9 MeV (with a solid-state
detector and by comparing scintillation pulses from this source to that of a spectroscopic one [60].

- W; is the average amount of energy needed to generate a scintillation photon at zero electric
field. Five different values for this parameter are found in [3], four are within close agreement
(17.9,19.6 + 2.0,16.3 + 0.3,17.1 £+ 1.4 eV); a fifth one is standing out, being 39.2 eV . For our
purposes, the average of the first four was used.

- fisthe emission rate of the source. It was measured using a PMT placed in front of the source by
counting scintillation pulses in LXe. We have concluded a counting rate of 6.7 kHz

Qy . . . o
- (E) is the solid angle of photons emitted from the source towards the Csl sensitive area It was

computed from the geometry.
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- T is the optical transparency of the mesh. Measured to be 85%.

Throughout the measurements, the source plate and the mesh were kept at equal electrical potentials to
avoid electrons or ions from the interaction point to drift towards the photocathode and distort the
photocurrent measurements.

6.2.3.2 Results

The electric field on the surface of the photocathode, in this simple configuration (Figure 20) is ratio of
the voltage between the mesh and the photocathode divided by their distance. The photocurrent
measured vs electric field is shown in Figure 21. At its maximum value (~14 kV/cm), the photocurrent of
~30 pA corresponds to the effective QE of ~30% and seems to grow mildly afterwards.

Photo-current from Csl

~ 0,
QEeff 30%

Photo-current (pA)

0 5 10 15

Electric Field (kV/cm)

Figure 21 the photocurrent as a function of the electric field on the surface of the photocathode immersed in LXe. At its maximum,
a QE of ~30% was calculated (see text).

6.2.3.3 Caveat —validation with PMT

In order to gain confidence in the systematics and reliability of the setup above (Figure 20), the Csl
photocathode was replaced with a pre-calibrated PMT (Hamamatsu R8520-406 LV1626). The
photocurrent recorded in this setup was ~2 fold larger than the one expected from the known QE of the
PMT. The discrepancy suggests a systematic error, putting in doubt the effective QE=30% acquired
previously with a simple flat Csl photocathode.

Two possible explanations have been raised to explain this discrepancy, both are still pending
experimental proofs.

a. Itis known that Pyrex (see location in Figure 20) does not transmit VUV light at 175nm. However,
it is not exactly known what the index of refraction is at this specific wavelength. Should the index
of refraction be much different than that of LXe, it is possible that photons at low grazing angles
are not being absorbed in the bulk but rather reflected off the surface, thus contributing to the
photocurrent.

b. Itis known that some metals have non-vanishing reflection coefficients for photons at 175 nm.
Stainless steel for example shows ~57% reflection, while copper reflects 22% or much less
depending on its surface-oxidation state [3]. Reflection of photons off the alpha-source plate can
therefore increase the amount of photons impinging on the photocathode per event, thus
increasing the measured photocurrent.
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6.2.4 Estimating LHM-PDE from Csl QE

Based on the measurement presented in Figure 21, one can calculate the field on the surface of a
photocathode and assign a local QE,f ¢ value for each point on the surface of the photocathode. Figure
22 presents such a computation of the electrical field on the surface of a photocathode for two different
electrodes (a THGEM biased to 2.1 kV and a GEM biased to 1 kV). Similar computations were also
performed for the two SC-GEMs. The expected QE.s as a function of voltage across the electrode is
presented in Figure 24 below for E; = 0.5 kV /cm and E; = —1 kV /cm (to accommodate the operation
conditions of section 6.1).
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Figure 22 Electrical field on the surface for a unit cell of a THGEM electrode (left) biased to 2.1 kV and that of a standard GEM
electrode (right) biased to 1 kV as simulated using COMSOL®.
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Figure 23 Local effective QE on the surface of a THGEM biased to 2.1 kV (left) and on a GEM biased to 1 kV (right).
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Figure 24 Expected average QE.g across the entire surface of an electrode, as a function of voltage across the electrode.
Computed for E; = 0.5 kV /cm and E;, = —1 kV /cm using COMSOL®.

6.2.5 Estimating LHM PDE using S1'/S2

6.2.5.1 Experimental Setup and Methodology

In a setup where both light and charge are detected in an LHM element from the same event, it is possible
to deduce the photodetection efficiency, PDE, value by comparing the photoelectron signal to the charge
signal; i.e. S1’/S2 in Figure 10. The experimental setup is the one described in the comparative study
section above and depicted in Figure 6.
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As discussed in the above section on estimating the light yield of the different electrodes, the number of
photoelectrons at the PMT is given by Eqn. 5.

The magnitude of the S1’ signal is somewhat more complicated, as the EL photons are emitted in this case
from holes across the entire active area of the LHM, rather than only its central 4 mm.

S1'(Eq, AViyy) = Eqn. 7

Npp(Eq) - P(src > 7) - QEysr - €e5f (75 Eq, AViym) - Ygr (7 Eq, AViyy)

Csl area

Here: Ny, (E4) is the average number of primary scintillation (S1) photons emitted into 4r from the alpha
particle track; P(src - 7) is the average probability for an S1 photon to reach a point on the LHM
electrode at 7; &,¢¢(7; Eq, AViypy) is the probability that a photoelectron emitted from Csl at 7 will be
successfully drifted into the bubble averaged over an LHM unit cell (the dependence on # is introduced
because of the variation of the external field, defined by the source holder, field shaping ring and top LHM
electrode); in Yy, (7; E4, AV ) the variation in the external field may, in principle, affect the degree of
bubble penetration into the hole, but this is likely a small effect; P(# —» PMT) is the probability that an
EL photon emitted from the bubble at # will reach the PMT window.

While P(¥ - PMT) is fairly easy to estimate form a simple self-written Monte Carlo simulation,
P(src — 7) is far more elaborate in the setup we have been working with. Specifically, the holders and
spacers which are made of PTFE and the stainless steel field shaper all have a high reflectivity to VUV
photons [3]. The accurate estimation of the probability of a photon to reach a certain point on the
electrode is therefore a matter for an elaborate Monte Carlo simulation.

6.2.5.2 Results

All electrodes where placed in the same setup with the same distances to source and PMT. All electrode
except for the THGME had an active area of 14mm in diameter, the THGEM had an active area of 20mm.
In order to be able to compare the $1’/S2 ratio of the THGEM to that of the GEMs, resulting S1’/S2 data
shown in Figure 25 were normalized to the solid angles according to

- (1 —cosb,) Fan- 8
= =0.66

N =N =

(1 —cos6,)

Where 6, , are the half-angles defining the cone in which scintillation photons are emitted towards the
respective photocathodes.
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Figure 25 Ratio of photoelectrons signal to that of ionization electrons S1°/S2. THGEM datum was scaled according to the solid
angle, to match the data of the other electrodes.

As discussed above, the complete evaluation of the PDE using this method relies on a few different
assumptions (S2 charge collection into the holes) and a few photon-tracking simulations which haven’t
yet been carried out. We are therefore left here with a comparative figure of all electrodes. Knowing
however the absolute PDE of any of these electrodes at even a single voltage configuration, will enable
one to convert the S1’/S2 values to PDE values. The following third method explains how this is done using
a single-photon source. This will later be compared to the results obtained using the discussed simulations
once done.

It is however worth mentioning that previous naive studies (where the geometry was less controlled than
here and the light transport simulations have not been fully carried out) have shown with the same
methodology a PDE of ~3% for a THGEM and ~5% for a standard GEM. Much less than expected from the
integrating QEe# according to the simulated electric field map on the top surface of the photocathode.

6.2.6 Measurement of LHM PDE with single-photon source

6.2.6.1 Methodology

A major difficulty in the measurements of single-photon response is the generation of a reliable single-
photon source. The solution suggested here relies on inducing a small scintillation pulse in an enclosure
immersed in LXe. A small pinhole is placed at a distance from the radiation-interaction site, and the solid
angle is designed such that the probability of a photon, generated in a scintillation event, to pass through
the pinhole will be small (usually P<10%). This way, the probability of two photons passing in a single
event is even smaller (x P?). A PMT is placed inside the enclosure, registering the number of events. The
total number of photons that have passed through the pinhole at a specific time interval is simply the
product of the number of triggers recorded by the PMT and the probability of the photon to pass through
the pinhole. The detector under test is placed in front of the pinhole. The number of events seen by the
detector will be as follows:

#events in detector = Eqn. 9
= #triggers in PMT X P(photon passing pinhole) X PDEgetector
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Counting the number of events on the detector, the number of triggers (PMT inside enclosure) and
knowing the probability of a photon passing through the pinhole - determines the PDE of the detector.

In the schematic view of the “single photon source” (Figure 26), an 2**Am source with a 1mm thick stainless
steel filter was placed inside the enclosure; it passes mostly 60 keV gamma through, to interact in the LXe,
with an attenuation length of 0.4mm [61]. Pulse-area analysis was carried out from the top (trigger) PMT.
Only events falling 20 around the main 60 keV peak were considered in the data analysis. 60keV x-ray
conversion in LXe result in ~4020 VUV photons emitted over 4m [3]. According to the geometrical
dimensions, there is a chance of 5.7% for a single photon to pass through the pinhole per converted 60
keV event.

With the 1mm thick stainless steel filter, the rate of the source was estimated to be ~150 Hz. Each
measurement consisted of recording ~90,000 waveforms during ~20 min.

14.3 mm

LXe

200 um

N — I Filter

—sl ®

Figure 26 Schematic view of the “single-photon source”. The probability of a photon resulting from the conversion in LXe of a 60
keV photon (from an 2*1Am sources covered with 1Imm thick stainless steel filter) to pass through the pinhole in this geometry is
estimated to be 5.7%.

6.2.6.2 Validation of setup with known-QE PMT

Before the introduction of a “detector under test”, a PMT (Hamamatsu R8520-406 LV1626) was placed
after the pinhole (see setup in Figure 27). The PMT’s QE of ~34% was measured in advance in a vacuum
monochromator by comparing it to a NIST-traceable photodiode. This setup was used as a sanity check,
as it allows comparing the photon transmission of the pinhole calculated from geometrical consideration
to that measured by the photomultiplier.
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Figure 27 Setup for the validation of the “single-photon” source. The “detector under test” located in LXe was a PMT who’s QE
was measured in advance in comparison to a NIST-traceable photodiode.

The anode pulses of the PMTs where digitized using a Tektronix MSO-5204B oscilloscope. The typical
pulses as seen by both PMTs are depicted in Figure 28. The orange pulse is that of the trigger PMT and
the blue pulse is a single-photoelectron induced signal, seen by the bottom PMT. Analysis of the
waveforms was done using dedicated Matlab scripts. An automatic peak finder algorithm was applied to
the waveform of the bottom PMT investigated.

Single Photon event correlated with 60 keV event
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Figure 28 Typical pulses seen by the two photomultipliers. The orange line is a 60 keV gamma event in LXe, as seen by the trigger
PMT. The blue line is a single-photon response of the bottom PMT, which is the detector under test.

When using the bottom PMT as a calibration device, there are two subtleties that needs to be taken into
account. The first being the dark pulse rate. In order to estimate the dark counts, the peak finder algorithm
was applied twice, once on the real time window and once on the time window preceding the trigger. The
latter gives an estimation of the randomly-occurring pulses. The dark-pulse rate was estimated to be 1 -
107> per 200 ns, which is the time window during which a single-photon pulse is expected.

The second point is the difference between the single-photon detection efficiency of the PMT and its QE.
At large photon energy, the bi-alkali photocathode has a probability of emitting two electrons per event.
The effect was reported in [62] and was easily measurable in our setup. The single-photon spectrum
derived from the measurements (Figure 29) was fitted with two Gaussians where the mean of the second
one was forced to be twice that of the first. The ratio of their heights gave an estimate for the probability
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of a two-electron process. Therefore, since the QE is the average of number of electrons emitted per
incoming photon, the QE and the PDE are connected via QE =PDE - (1:(1 —Py.) +2:P,.) = PDE-
(1 + P,.) where P, is the probability of two-electron process. From the fit of the spectra we derived
Pe = 19.8%.
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Figure 29 Single-photon spectrum with a double-Gaussian fit. The probability of double photon process is the ratio of the two
photon peak amplitude to the sum of the amplitudes.

A set of 90,000 events triggered by the top PMT were recorded, digitized and processed. Out of the total,
events were selected to be within +20 around the mean value of the 60 keV peak. The transmittance of
the pinhole can therefore be extracted from the following relation:

#events in detector = Egn. 10
= #triggers in PMT

E
X (P(photon passing the pinhole) x (1(3_ o) — #expected dark pulses
Plugging in the measured numbers, one concludes that the geometrically-computed 5.7% probability for

a photon to pass through the pinhole in a 60 keV event is reliable and can be used to estimate the PDE of
an LHM setup.

6.2.6.3  Experimental Setup with an LHM detector

After validating the reliability of the “single-photon” source, an LHM element was placed in front of the
pinhole. The setup is shown in Figure 30. The LHM consisted of a THGEM electrode (a=0.7, d=0.3, t=0.4,
h=0.01mm). Underneath the electrode, two sets of resistive wires where placed (55 microns diameter,
2mm spacing). The bottom set of wires was used to generate the bubble. The top set was used to generate
high transfer field in the gap below the electrode. Two sets of wires were used in this setup in order to
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make sure that the top wires set is completely surrounded by the bubble such that the high field region
in the vicinity of the wire can be fully exploited for EL generation. Note that since the wires are 55 microns
in diameter, spaced 2mm apart and the distance between the bottom of the electrode and the wire is
1.5mm, the field changes substantially over the transfer gap. Therefore the values quoted here are that
of the voltage differences between the bottom of the electrode and the wires.

Top PMT
(trigger)

Bottom PMT
(signal readout)

Figure 30 Schematic view of setup for measurement of PDE of LHM with single photons.

A PMT (Hamamatsu R8520-406 LV1626, the same as used in the experiment of the single-photon source
validation) was placed 2 mm underneath the bottom array of wires. It recorded the pulses resulting from
the LHM element. The PMT anode signal was directly digitized using a Tektronix MSO 5204B oscilloscope.
Waveforms from this PMT were recorded in correlation with the waveforms of the single-photon source
(“trigger”) PMT and saved. Data analysis was done offline using dedicated Matlab scripts.

The Csl photocathode was evaporated on the THGEM in a vacuum deposition setup. The QE in vacuum of
the Csl was measured by comparison to a NIST-traceable photodiode (Ball Aerospace photodiode, serial
no. 1-926) to be 18.5%. The setup was installed in a dry nitrogen glove box and transferred, with minimal
exposure (few seconds) to atmosphere, into the Ar-flushed cryostat. The chamber was then evacuated
using a turbo-molecular pump and a cold finger dipped in LN, to remove water pressure to be below 1 -
107® mbar. Gaseous Xenon was then introduced into the chamber and circulated through the purifier
for ~2 days. After Xe liquefaction, the liquid was circulated through the purifier for two more days, after
which the bubble under the electrode was formed. The bubble was left for two hours to stabilize before
starting an experiment.

6.2.6.4  Results

The recorded waveforms from both the trigger PMT and bottom PMT reading the LHM element were
processed offline. The top PMT waveform was used to determine whether the event was within +2¢
around the 60 keV line. A peak-finder algorithm was applied to the waveform of the bottom PMT. Figure
31 depicts such a waveform recorded with 2kV across the THGEM and 5 kV in the transfer gap (i.e.
between the bottom of the THGEM and the top-wires array). The orange trace is the trigger pulse, the
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blue trace is the bottom PMT signal and the circles are the peaks detected by the peak finder algorithm.
The time difference between the trigger and the LHM response is due to the time it takes the
photoelectron to travel from the photocathode, through the LXe and into the EL region in the bubble.

In order to understand the background for this experiment, data was recorded also with zero voltage with
respect to ground on all electrodes. However since the PMTs were both biased to -800V, data was also
taken when all electrodes where biased to -800V, thus minimizing the electric fields in the structure.

A histogram of the number of peaks (i.e. number of photoelectrons in the PMT) within a time window of
4 us after the trigger pulse was plotted. Figure 32 shows three histograms in 3 different voltage
configurations. In Yellow are the histograms recorded where all the voltages on the electrodes where at
ground potential. In blue are the histograms with minimal electric fields, namely when all the electrodes
are biased to the PMT voltage of -800V. In Cyan, green and red are the histograms with 2 kV across the
THGEM and with increasing transfer fields of 1.5, 3.5 and 5.0 kV.
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Figure 31 Waveforms of a single-photon response of the LHM element. Recorded at 2kV across the THGEM and a transfer voltage
of 5 kV. The orange trace is the trigger PMT pulse. The blue trace is the signal from the PMT below the LHM element. Circles are
the single-photo-electron pulses detected by the peak finder.

By looking at the spectra on the left side, one clearly sees that turning on the voltage across the THGEM
(even with very low transfer field) results in an increase in the number of events showing a few
photoelectrons in the histogram. However, since the increase in the number of events is very small
compared to the number of background events (note the logarithmic scale), the error on the number of
“real” events would be very large. By increasing the transfer field (middle and right spectra), one sees that
the added events drift towards the right and are clearly separated from the background events. Counting
these events and normalizing to the total number of triggers and to the probability of photons to pass
through the pinhole, one concludes that the PDE derived from this data set is 0.93% (with 10% error -
originating mainly from the Poisson statistics on the number of events). If we use this data to “normalize”
the S1’/S2 data given in Figure 25, at best, the thick SC-GEM shows a maximal PDE of 3.5% at 1,900V
across its faces.
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Figure 32 Histograms of the number of photoelectrons detected at the bottom PMT. Each figure depicts three histograms. Yellow:
zero-voltage on all electrodes. Blue: minimal electric field (all electrodes at -800V). Cyan, green, red: 2kV across the THGEM and
1.5, 3.5, 5.0 kV//cm across the transfer gap.

6.2.7 Verifying possible wavelength shifting in LXe

6.2.7.1 2.2.6.1 Using Pyrex to block VUV

In an attempt to understand why the PDE of the electrodes measured using single photons and S1’/S2 is
much lower than expected from the effective QE values, a suspicion has been raised that impurities in LXe
may shift a fraction of the VUV light to the visible spectrum. Assume this indeed is the case, the Csl
photocathode (having a cutoff at 210 nm [51]) will not respond to such longer-wavelength photons,
however this will be measurable with the PMT - sensitive from the VUV range to the visible range. A setup
was therefore designed to understand whether there is wavelength shifting in the LXe. A Pyrex window
was placed between the 2*!Am alpha source and a PMT. A second PMT was placed above the source (not
blinded by the Pyrex) to provide the trigger. Schematics is shown in Figure 33. The Pyrex window was
measured in advance in a vacuum monochromator. Its transmission as a function of wavelength is shown
in Figure 34,
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Figure 33 Schematic view of the setup to determine a possible wavelength shifting to above 280 nm in the LXe.
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Figure 34 Transmission of Pyrex as measured by the vacuum monochromator. Data is shown here until 310 nm due to the cutoff
of the monochromator, but Pyrex is well known for its transmission in the visible. The range of wavelengths was scanned twice,

upwards and downwards to avoid equipment hysteresis effects.

A sample waveform is shown in Figure 35 below. The magenta trace is the trigger PMT that records the
reflected scintillation light. The yellow trace is the bottom PMT which is behind the Pyrex filter, thus blind
to VUV photons. One can clearly see that while most of the light comes promptly on the top PMT, it does
not show on the bottom one. There are however some delayed components that are able to pass through
the Pyrex window. These are also shown on the top PMT. Note that there could still be wavelength shifting
from 175 nm to anything between 210 nm (cutoff of Csl) and 280 nm (cutoff of Pyrex) which this
experiment is not sensitive to. This very small amount of wavelength shifting could result from

fluorescence of the PTFE structure, but cannot explain the PDE discrepancy [63].

46



Figure 35 Oscilloscope snapshot of both waveforms as seen by the top and bottom PMT. The magenta trace is the top (“trigger”)
PMT while the bottom one is the PMT behind the Pyrex window.

6.2.7.2 2.2.6.2 Using VUV narrow band filter

For a final proof that most of the light is due to 175nm scintillation, a narrow-band filter (eSource optics
P/N 12172FNB) with peak wavelength at 172.0 nm and FWHM 20.0 nm was placed instead of the Pyrex
window shown in Figure 33. The @12.7mm filter was placed with its active side facing upwards. The filter’s
transmission as a function of the wavelength as measured at room temperature in the vacuum
monochromator is shown in Figure 36. The transmission was measured before introduction into the LXe
and again after its extraction from the cryostat. The transmission has not shown any noticeable change,
suggesting the thin layer survives cool down to LXe temperatures and warm up.
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Figure 36 Transmission of narrow-band VUV filter as measured at room temperature as a function of wavelength. The two first
data series (blue) are before introduction into LXe, the two other sets (red) are after introduction and extraction from LXe.

By normalizing the spectrum of S1 pulses to that of single electrons of the PMT, one can calculate the
amount of photons impinging on the PMT (~480 photoelectrons / pulse). By assuming the alpha-source
energy of 2.9 MeV, 17.7 eV/scintillation photon (table 1 in [3]), computing the solid angle, assuming 13%
transmission of the VUV NB filter and PMT’s QE=34%, one computes ~420 photons. We thus conclude
that most of the scintillation light arriving to the bottom PMT and, in other experiments, to the Csl
photocathode are indeed VUV photons (no significant wavelength shifting).
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6.2.8 Summary and discussion

Presented in the table below, is a collection of data regarding the expected and measured PDE, of the
LHM detector. The expected PDE is based on averaging QE.s across the area of the electrode (using the
surface field as calculated using COMSOL). The measured PDE of the THGEM is based on the
measurements with the single photon source as described above. The measured PDE of the rest of the
electrode is achieved by scaling the ratio of S1’/S2 (Figure 25) with respect to the measured THGEM PDE.

Electrode Bias voltage (V) Expected PDE Measured PDE
THGEM 2 kV ~18% 0.93%

GEM 1kV ~24% 2.9%

SC-GEM (50 pm) 1 kv ~22% 3.5%

SC-GEM (125 pum) 1.9 kV ~25% 3.5%

The data presented in this table tell an important story regarding our understanding of the LHM detector.
While we expect ~25% of the photoelectrons to be detected in the best SC-GEM, only 3.5% of them finally
show. This factor ~7 reduction in efficiency hints that electrons are lost somewhere on their way from the
PC to the bubble underneath.

It has been suggested that electron diffusion may play a role, as electrons emitted from the PC may be
lost by transverse diffusion to the hole’s insulating wall. The transverse diffusion coefficient Dt of
electrons in LXe varies between ~100 to 50 cm?/s for fields in the range 4-9 kV/cm (decreasing with the
field) ([2] and references therein); these characteristic values correspond to the field along typical
photoelectron trajectories for both the GEM and thin SC-GEM. For a typical drift time t43~50 ns for
electrons starting halfway between GEM holes and a typical transverse diffusion coefficient
Dp~70 cm?/s, the RMS diffusional spread is 6 = ,/2D1tq~30 pm. Since the inner diameter of the
bi-conical GEM hole is 50 um, considerable loss of electrons to the wall seems plausible (especially on the
top conical part of the hole). However this does not seem to be the main cause degrading the PDE as
increasing the hole diameter to 300 um (both SC-GEMs and THGEM) should have solved this issue.

With no better hypothesis at hand, the issue of electron transfer efficiency into the bubble seems to
naturally reveal itself again as the main suspect. The discussion section at the ends of this thesis suggests
a possible explanation and future directions to look into.

In a more general view, the PDE of the detector plays a critical role for its potential introduction into large-
scale experiments. As discussed in [22] and will be discussed further in this thesis, an LHM with PDE~15%
would be able to greatly improve photon-detection sensitivity in future multi-ton Dark Matter
experiments. A low PDE on the other hand, may impair it from being a viable photon-detector candidate
for this type of experiments.

6.3 Position reconstruction

For the first demonstration of LHM position sensitivity we opted for the Hamamatsu quad Silicon
Photomultiplier (SiPM) unit (type VUV4 S13371-6050cq-02, PDE=24% @ 175nm [64]) as light readout. The
schematic view is shown in Figure 37. However, prior to experiments, analytical calculations [65] and
Monte Carlo simulations have been carried out to understand the theoretical limitations and expected
properties of the position resolution of an LHM element coupled to a SiPM readout.
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Figure 37 The Quad-SiPM LHM detector scheme (not to scale). A 0.4 mm thick THGEM electrode (with 0.3 mm in diameter holes
spaced by 0.7 mm) is immersed in LXe; the gas bubble underneath is formed by a grid of heating wires, spaced 2 mm apart,
located 1.5 mm below the electrode; the Quad-SiPM array is located at 4.8 mm under the wire grid. lonization electrons focused
into the holes induce EL light (S2) in the bubble; a fraction of the primary scintillation S1 flash traverses the holes. Both photon
signals are detected by the SiPMs, yielding the event’s energy signal and location. The 12 x 12 mm2 Quad-SiPM detector is
shown on the right.

6.3.1 Simulation

6.3.1.1  Simulation methodology

The MC simulations were carried out for an array of SiPMs located below an LHM electrode Figure 37. The
SiPM array was assumed to be either within the bubble or in the liquid below the bubble, in which case
the effect of photon refraction was taken into account. The number of photons emitted from the holes of
the electrode per event was assumed to originate from the charge of an alpha particle (mathematically
assuming €co; * Einterface = 1), With a light yield of 50 photons/e’/4 (indeed, our best reported above
photon yield is ~ 420 photons/e’/4m) and a probability of 10% for the photons to be detected in the SiPM.
The photons were assumed to be emitted isotropically. The number of hits on each of the pads in the
readout array was counted and used to compute the center of gravity (COG) according to:

5 1 5 Egn. 11
Xcoc = NZ nX;

L
Where N is the total number of photons hitting all the pads, 71 are the coordinates of the pad’s center
and n; is the number of hits on each pad. Figure 38 shows an example of such hit pattern and the
computed COG. This process was repeated for 2,000 events, serving to construct a distribution of X.q¢,
to which a Gaussian was fitted (Figure 39). The mean value and the resolution (o) was extracted from the
fit.

49



Single event hit position
\ ’ P‘ho(on hit position B
i Photon hit on Sensor
] w» Reconstructed photon hit position
© Center of Gravity for event

y (mm)

of] Original XY of event: (7.5, 0)
| Primary electrons: 10,000

s Light yield: 50 y/e to a7
PDE: 10%

10 ——rr—=

X (mm)

Figure 38 Example of an event generated by the MC simulation at original position (7.5,0). Here, we used a 3x3 SiPM array of
3x3mm? each to detect the signal, located 10 mm below the electrode. One can clearly see that while the distribution of the

impinging photons is centered around (7.5,0), the center of gravity as computed from the hit pattern is only slightly shifter to the
right with respect to the center.
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Figure 39 Center of gravity histogram. The photon were generated at the original location of (7.5,0) as seen also in the above
picture, the center of gravity was computed for the above 3x3 array of 3x3mm? each.

The same procedure was repeated for varying locations of the initial light pulse (denoted X,.c4;). This
served to establish the relation between the center of gravity and the actual location from which the light
was emitted, mathematically: X;og (Xyeq:)- This connection can be inverted to X,..q; (Xco¢)- Therefore, if
one measures the X.p; one can reconstruct the original location of the event by using X,econ =

Xrea1(Xcog)- The error on this value, which is the certainty at which we know the actual starting position
of the pulse, is given by:

dXrearl Egn. 12
AXyecon = . AXcog
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Figure 40 Left: X0 as a function of the original location. Middle: the inverted connection (real position as a function of the center

of gravity). Right: position resolution as a function of location.

Where, as noted earlier, AXq is taken from the width of the Gaussian fit. This location resolution as a

function of the real hit location is given in Figure 40 (right).

6.3.1.2 Different readout arrays

Figure 41 presents the position resolution simulated for different arrays of readout differing in the number
of pads and the inter-pad spacing. The different colors in the figure indicated different pixel sizes. The
shapes of the markers indicate the spacing. Finally, the black curve is the only 3x3 readout array. Once
can clearly observe that the apparent improvement in the readout resolution is due to the pixel size. This
however can be explained (as will be shown next) due to an increase in the number of detected photons.
Finally, this was used to set a green light towards the use of a 2x2 pixel array of 6x6 mm? each spaced 0.5

mm apart as a preliminary readout for the following experiments.
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Figure 41 Position resolution as a function of location of the original event for different arrays of SiPM, with different inter-diode
spacing. All simulations performed with 10,000 primary photons, 50 photons/electron and assuming PDE=10%. The readout was

located 10 mm below the electrode and was assumed to reside in the gas.
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6.3.1.3  Effects of refraction gas to liquid

When the readout array is located in the liquid below the bubble, photons emitted in the gas undergo
refraction when passing from the gas phase into the liquid. This results in a focusing effect of the photons
directed towards the readout array. Thus, the resolution is also expected to improve. Photon transmission
and position reconstruction has been simulated in three different conditions: (a) readout in LXe (n=1.69
[19]), (b) readout in the bubble (n = 1) and (c) an intermediate value (n=1.3). Physical dimensions are as
given in Figure 37. The results are shown in Figure 42.
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Figure 42 Position reconstruction resolution as a function of location for different diffraction coefficients for the photons.
Physical dimensions as given in Figure 37.

6.3.1.4  Distance of the readout array

Figure 43 presents the COG as a function of the location of the event for different distances of the readout
array from the bottom of the electrode. For simplicity, it was assumed here that the readout is in the gas
and therefore no refraction of photons was taken into account. A few important conclusions can be drawn
from this figure. First, the closer the array is to the emission point, the shorter is the range of linearity of
the COG method is. Second, the farther away the readout array is, the smaller the slope at the linear
regime is and therefore the worse the achievable position resolution. Finally, the fact that the slope
changes with depth, points to a major complication of the COG reconstruction method. As will be
discussed later in the experimental section, there is good reason to generate EL not only in the holes of
the electrode but also along their trajectory from the hole towards the heating wire. However, as the
different slopes suggest, EL emitted closer to the readout array (e.g. on the heating wire) will require a
different normalization factor than EL emitted further away (e.g. from the hole of the electrode). Although
mathematically correctable, this significantly complicates the reconstruction algorithms.
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Figure 43 Center of gravity (in arbitrary units) of light emission as a function of the distance from the center, computed for
different distances of the readout array from the light emission point.

6.3.1.5 Effect of light yield

Figure 44 presents the effect of the amount of light emitted from the bottom of the hole on the resolution.
The simulation has been performed with physical dimensions as in Figure 37, n = 1.69, PDE=10% of light
readout, and with varying amounts of photons emitted as mentioned in the legend. Experimentally, the
amount of light is product of the primary charge and the effective light yield of the detector. Figure 44
clearly shows the expected improvement in the resolution when the light yield increases.
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Figure 44 Position reconstruction resolution as a function of the distance from the center for different photon yields emitted to
4.

6.3.2 Imaging using LHM

6.3.2.1 Experimental setup & methodology

The experiments were carried out in our MiniX LXe cryostat. The LHM detector (Figure 37) had a 0.4 mm
thick THGEM electrode with a hexagonal holes’ pattern (0.3 mm in diameter holes, spaced by 0.7 mm),
without a photocathode; therefore, the detector was sensitive only to ionization electrons. The latter
were deposited by alpha particles from a 2*!Am source (activity of ~190 Bq); it had a ~0.5 mm broad
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annular shape, of ~3.9 mm in diameter (see source image in the results section below). A grid of parallel
heating wires (Ni-Fe, 55 um in diameter, 2 mm spacing) was placed 1.5 mm below the electrode,
generating the bubble. Polarized at an adequate potential, the wire-grid established an electric field
across the bubble (transfer field, Ey); its intensity permitted the generation of EL signals close to the liquid-
gas interface at the hole’s bottom, across the bubble (in the transfer gap) and at the vicinity of the wires.

The EL signals were recorded with a quad-SiPM array located in the liquid, 6.3 mm under the THGEM
electrode’s bottom face. This Hamamatsu Quad VUV4 MPPC (model S$13371-6186) is suitable for
operation at cryogenic temperatures; with its quartz window, it is sensitive to the Xe VUV excimer photons
(175 nm). Each SiPM segment has an area of 6x6 mm?, with a 0.5 mm gap between segments; it has 13,923
pixels per segment and a geometrical fill-factor of ~60%. It was mounted on a printed board, with an R-C
supply circuitry (Figure 45). The operation voltage was maintained at -57 V; at RT, its photon detection
efficiency (PDE) is ~15% at 175 nm, as stated in [66].

Electroluminescence-induced signals from each segment were digitized with a Tektronix digital
oscilloscope (MSO 5204B) and recorded for offline post-processing using dedicated Matlab scripts. The
trigger was provided by primary-scintillation (S1) photons reflected off PTFE spacers (not shown; located
above and around the source holder) and detected by a PMT located above the 2**Am source (not shown).
The choice of S1 as a trigger is natural in this specific setup for two technical reasons (a) primary
scintillation from 5.5 MeV alpha particles generates a large prompt flash of light (~10° photons/4r) and
(b) the fixed drift distance of electrons from the interaction point to the detector facilitates analyzing the
time structure of their induced pulse shape.

lonization electrons deposited by the 5.5 MeV alpha articles (40 um range in LXe), were drifted under E4
towards the THGEM-electrode and focused into its holes. The EL induced at the bottom of each hole
permitted imaging the holes’ pattern and to determine the position resolution of the reconstruction
technique. Event position reconstruction was done by a simple center-of-gravity (COG) method, followed
by calibrating the distances according to the electrode’s holes pattern. Mathematically:

- ZFL Eqn. 13
R, =4 Nl B0 R0}
XjLij
Where ﬁi is the reconstructed location of event i, L;; is the light intensity (i.e. the integral under the
recorded pulse) on pad j at event-number i, 7'"3 is the location of the center of the j’s pad and A is a global

scaling factor. The latter was used for maintaining the 0.7 mm spacing between the hole centers. Finally,
a 2D histogram of the reconstructed locations was plotted.
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Figure 45 Electrical diagram of the Quad SiPM supply board and readout (50 Q at the oscilloscope input).

6.3.2.2 Results

6.3.2.2.1 Analysis of SiPM signals

A typical few-photons spectrum, recorded in LXe (T~173 K) on a single SiPM segment is shown in Fig. 4.
The waveforms were recorded by setting a low trigger on the SiPM output; the signals are due to dark
pulses originating from the SiPM with some contribution by pixel-cross talk.
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Figure 46 A dark-noise spectrum recorded in LXe, on a single SiPM segment, showing the response to one or a few electrons.

An example of typical alpha-particle waveforms recorded (in the detector shown in Figure 37) from each
of the four Quad-SiPM channels is shown in Figure 47. One can observe a small fraction of the primary-
scintillation S1 photons that traversed the THGEM holes, and the S2 EL signals. The waveforms shown in
Figure 47a were recorded at a voltage applied across the THGEM electrode AVryopy = 2.1 KV, with E; =
0 and E; = 0.5 kV/cm; they correspond to EL produced close to the hole’s bottom; the total pulse width
at the base is ~0.5 microseconds. The ones shown in Figure 47b were recorded at the same AVrycpy and
E; values but with E; = 12 kV/cm; their shape is due to EL photons generated at the hole’s bottom (first
peak), along the electrons’ path across the bubble (middle dip) and in the high-field region approaching
the grid-wires (second peak); the total pulse width at the base ~2 us.
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Figure 47 a) Typical waveforms recorded on the four SiPM pads (A-D) with no transfer field (E; = 0) showing residual S1 pulses
and S2 EL pulses generated at the vicinity of the liquid-bubble interface at the bottom of the hole. b) Waveforms recorded under
a relatively high transfer field (E; = 12 kV /cm), showing S1 pulses and S2 EL pulses from the vicinity of the liquid-bubble interface,
along the transfer gap and close to the heating wires.

The S2 energy resolution of the present SiPM-LHM setup was derived from the distribution of the number
of photoelectrons recorded by the SiPM - computing the area under each waveform, normalized to that
of a single photoelectron. An example of a pulse-area spectrum is shown Figure 48, for LHM voltage
settings: AVryeem = 3.6 KV, E; = 0.5 kV/cm and E; = 0; this distribution, induced by alpha particles,
was recorded from the four SiPM segments. A Gaussian fit provides the distribution mean (u) and
resolution. Similar to previous S2 resolution (~7% RMS) obtained with a THGEM-LHM and a PMT readout,
the energy resolution obtained here with the SiPMs is 6.6% RMS. Note that the addition of a transfer field
resulted in a slight degradation of the energy resolution (to 9% RMS); this however may be improved by
optimizing the detector operation parameters, as discussed below. The low-energy tail of the distribution
in Figure 48 is attributed to alpha particles leaving a fraction of their energy in the source’s matrix, while
the excess of events at the right of the peak corresponds to the coincidence of 5.48 MeV alphas with the
source’s 60 keV gammas (as discussed in [52]).
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Figure 48 Energy spectrum (pulse-area distribution) obtained by summing the Alpha particles’ EL-induced charge, recorded on all
four SiPM pads.

56



6.3.2.2.2  Imaging of ?Am with the Quad-SiPM array

In the detector geometry shown in figure 2, electrons are deposited within a few tens of um from the
surface of the alpha source; each event-induced electron-swarm drifts along the field lines (under Ey)
towards the nearest hole (and splits rarely into two or three holes). The expansion of the electron swarm
due to diffusion during its drift from the interaction point to the LHM electrode is negligible (in this
particular setup) as the RMS deviation is 80 um [3]. Longitudinal diffusion is one order of magnitude
smaller. Therefore we expect obtaining an image of the hole pattern with a general shape of the ring-
shaped alpha source (shown in Figure 50a). The EL occurs along the entire electrons’ drift path in the
bubble. At zero transfer field, the electrons’ trajectories, after crossing the liquid-gas interface at the
bottom of hole, are deviated along the field lines towards the electrode’s bottom face. This lateral
movement causes EL-photons emission along their entire path, thus somewhat blurring the holes’ image.

Therefore, to obtain a well-resolved image, we have proceeded as follows: a) an intense transfer field was
applied, causing the electrons to drift within the bubble towards the wires grid and enhancing the
photoemission along the entire trajectory, and b) performing the COG computation only for the first part
of the EL emission, that originating from the vicinity of the liquid-bubble interface. This trajectory is best
depicted in the results presented in Figure 49. The figure presents six different time slots along the
trajectory of the electrons from the hole bottom to the wires. The right part of each time slot presents
the averaged pulse shape, the black strip represents the time slot on which the integration (i.e. the area
under the curve) was computed and to which the COG distribution was computed. The left part represents
the histogram of the center of gravities. Image (a) is obtained when the electrons have just passed through
the hole. The slightly worse position resolution (comparing to the next two) is probably due low amount
of light detected at this stage. The next two images (b and c), clearly present the hole pattern and the ring
shape of the source. In part (d), one can already observe that the ring structure starts to deform into
strips, which are caused by the heating wires; indeed the integrated area is already in the “secondary
pulse”, i.e. the pulse created near the wires. Pictures (e) and (f) are only due to EL generated on near the
wires, showing straight lines as expected. When comparing (d), (e) and (f), one can also observe the
magnification of the COG image as the electrons travel closer to the readout array. Reconstruction of the
image at the correct length scale would require calibration and scaling of the COG images accordingly.

The best hole pattern we could achieve is shown in Figure 50b, and is a result of computing the COG over
the first 450 ns (hole-bottom vicinity) of the pulses shown in Figure 47b. It reproduces well, qualitatively,
the shape and some details of auto-radiographic source image (Figure 50a) recorded by a Fuji phosphor-
imager scanner (model FLA-9000, plate model BAS-TR2040S). The 4.5 x 10°> waveforms forming our SiPM-
LHM image were recorded (over ~5 hours) with E; = 0.5kV/cm, AVrygemy = 2.1kV and E; =
12 kV/cm. The THGEM-electrode holes are clearly apparent, with their reconstructed locations of 0.7 mm
spacing between their centers.
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Figure 49 In each box, right presents (as a black strip) the time slot of the pulse which was integrated. Left presents a histogram

of the resultant COGs. Data recorded with: E; = 0.5 kV /cm, AVrycem = 2.1 kV and E, = 12 kV /cm. Each time slot is 50 ns

long.
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Figure 50 (a) the auto-radiographic Alpha-source image, recorded with a Fuji phosphor-imaging plate; (b) 2D histogram of the
EL photons emitted at the vicinity of the liquid-gas interface, recorded with the Quad-SiPM LHM detector; the holes’ pattern of
the THGEM electrode is well resolved; (c) projected COG distribution across the x-axis, of the encircled hole in b), with a Gaussian
fit to the data.

As explained above, the overall image granularity is dictated by the holes spacing and their diameter,
however the resolution of the COG position reconstruction can be determined by observing the light
distribution within an individual hole. We consider for the purpose of this analysis the light of a single hole
as a point source, which will give an upper bound on the distribution width. More advanced analysis
methods are the subject of further systematic studies. The projected COG distribution across the x-axis of
the encircled hole in Figure 50b is depicted in Figure 50c. This hole was chosen, being well separated from
the neighboring ones (probably due to the interplay between the hole pattern and the activity pattern of
the source). The COG distribution was fitted with a Gaussian, yielding a resolution of ~200 um RMS.

6.3.2.2.3 Imaging of 5.9 keV X-ray source

The study presented above was done with 5.5 MeV alpha particles. However, imaging studies of low-
ionizaion events (e.g. few-keV DM-induced recoils in LXe) are of high relevance for evaluating the SiPM-
LHM applicability in future large-volume rare-event experiments .Therefore, we demonstrated briefly the
localization properties with a lower-ionization source — 5.9 keV X-rays from >°Fe. As opposed to the 2!Am
imaging, we had no a priori knowledge of the source’s activity pattern apart from the containment of the
activity to ~4.5 mm diameter, with no information about the activity distribution. The results shown in
Figure 51, thus suggest position resolution in the few mm scale.

The pulses from the four SiPM units were added, the area under the pulse was computed and was
normalized to the area of a single photoelectron signal in the SiPM. The resultant spectrum is shown in
Figure 52. A Gaussian fit was applied to the peak, from which the energy resolution was derived. It is
interesting to observe that while the 2*!Am alpha particles energy resolution was ~6%, here, with ~45
times less charge we observe a resolution which is only a factor ~2 worse. The bump to the right of the
main peak is probably due to pile-up events as the source’s activity is very high. Further studies are needed
to verify this assumption.
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5.9 keV X-Ray typical waveform
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Figure 51 Left: typical waveforms of 6 keV X-ray photons as recorded from the four SiPM pads. Right: Event position
reconstruction histogram.
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Figure 52 Energy spectrum for 5.9 keV X-rays.

6.3.2.2.4 Discussion
These first encouraging results call for further investigations of the electrodes geometry and that of SiPM
elements, operation parameters, and COG-derivation algorithms.

As stated above, the overall image granularity depends on the hole pattern, which acted here as a “lens”
for the source-induced ionization electrons in LXe. In this particular setup, with 200 um resolution, it
seems to be the largest factor affecting overall imaging resolution. Thus, the use of electrodes with finer
hole diameter and pitch (e.g. GEM-LHM [52]) would result in smaller deviation of the event-deposited
electrons from their original location; this will naturally enhance the event’s location reconstruction. Also,
since the wire grid generates a non-uniform field below the electrode, a better image resolution could
perhaps benefit form replacing the wire grid with a uniform electrode (e.g. quartz plated with a thin
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transparent metal layer). This could better direct electrons downwards, prevent lateral movement around
the wire and avoid the shadowing effect that the wire has on part of the EL pulse. Eventually, demands
on imaging resolution could be relaxed when comparing the readout resolution to the smearing of the
signal expected from electron diffusion. For 2.7 m drift in LXe (which is expected for the DARWIN
observatory [22]) and for 12 m drift in LAr (expected in some detectors in DUNE [14]), electron diffusion
is expected to be of the order of 6~3 mm.

Finally, the simple COG method employed here, is far from being ideal for event-location reconstruction.
It is quasi-linear at the center of the present small-area Quad-SiPM array, up to half the size of an
individual segment, distorting the image at larger distances. Other methods such as iterative position
weighed COG algorithms [67, 68] or statistical methods, such as Maximum Likelihood or Least Squares
algorithms [68, 69] are expected to provide better linearity and a more robust position reconstruction.
These will be part of future studies (out of our current scope), with a larger detector and SiPM array and
optimized inter-element spacing.

6.4 Design, manufacturing and commissioning of WISArD LAr cryostat

In order to investigate the LHM detector in LAr and in order to investigate the idea of a cryogenic RPWELL
in the vapor phase of a LAr (see Appendix), a new LAr cryostat has been designed, constructed and
commissioned during the course of this work.

The cryostat is shown in Figure 53. It is a custom made double walled, vacuum-insulated, chamber (100
mm in diameter, 150 mm tall) with three welded viewports. One allows for horizontal view on the setup,
the other two are tilted by 30° with respect to the horizon.

Similarly to MiniX, the system can accommodate a variety of detector assemblies both immersed in the
liguid and in the vapor phase above the liquid. Schematic representations of the RPWELL assembly is
shown in Figure 53. It is able to accommodate detector prototypes up to 35 mm in diameter. A method
was developed (Figure 54) for detectors requiring precise control over the liquid level (such as classical
dual-phase TPC or vapor-phase RPWELL). This includes a Pyrex cup into which the liquefied Ar drips from
the condenser, and in which the detector assembly is placed. The cup has a hole on its side, such that the
liquid level is kept constant at the bottom part of the hole. The excess liquid is pumped out for purification
after it has spilled off the Pyrex cup. The height of the cup with the respect to the detector is set by two
threaded rods onto which the cup is fastened. This mechanism allows to practically control the height of
the liquid level with respect to the detector (see Figure 54).
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Figure 53 Schematic sketch of WISArD LAr facility. Three viewports allow better visual inspection and control over the
experiment. Vapor phase RPWELL and source (enlarged on the right side) are shown here as an example for a detector hanging
from above.
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Figure 54 Schematic view of Pyrex cup to set the liquid level with respect to the detector.

Argon liquefaction is done on cooling fins cooled by a Cryomech PT90 pulse tube refrigerator. The design
of the condenser (shown in Figure 55) is an adaption of the blue prints shared with us by Dr. Hanguo Wang
from UCLA. It consists of copper cooling fins, attached to a block of copper, whose temperature is
maintained constant on one hand by the pulse tube refrigerator and on the other hand by two 50Q
resistor, one with constant adjustable bias and one biased via a closed-loop feedback using a CryoCon
temperature controller (Model 24).

62



Feedthrough for
temperature readout
and heating resistors

\ Cryomech PT90
\ Pulse tube

Vacuum pumping port

Temperature reading

and heating resistors Liquefaction fins

Gas input

Liquid out

(bayonet connection
to double walled
transfer tube)

Figure 55 Sketch of the cross section of the condenser assembly.

Insulation vacuum

The liquefied argon flows from the condenser through a 1.5 m long double-wall, vacuum-insulated
transfer tube into the chamber. During operation, LAr is continuously extracted through a tube immersed
within the liquid, evaporated in the stainless steel tubes and circulated using a double diaphragm
recirculation pump (KNF N143) through an SAES hot getter (PS3-MT3-R) at 0-5 standard liters per minute.
Flow rate is read and controlled by a mass flow controller (Aalborg GFC17S5-VCL2-A0). The purified Ar gas
returns to the liquefaction fins where it is liquefied and is let to flow back into the chamber. A complete
sketch of the gas handling system is depicted in Figure 56. The figure shows as an example the valves
configuration for liquid recirculation (white — open valve, black — closed valve) and the red arrows indicate

gas flow through the tubes.
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(white valve — open, black valve — closed) and red arrows indicate flow of gas in the tubes.

6.5 First demonstration of LHM in LAr

6.5.1 Experimental setup and methodology

The experiments were conducted in the WISArD cryostat described above. The LHM detector assembly is
shown in Figure 57. It consists of a 0.4 mm thick THGEM electrode (hexagonal holes pattern 0.3mm in
diameter, 0.7 mm apart). In this proof-of-principle study, the THGEM electrode was not coated with Csl,
making the detector sensitive only to ionization electrons. Note that although a THGEM is not the best
electrode in terms of light yield and of photon detection efficiency (as described in details in [52]), it was
chosen for this first demonstration for its mechanical and electrical robustness. A #*Am alpha source was
placed 4.7 mm above the THGEM electrode. The source had an activity pattern of an annulus ~0.5 mm
broad and ~3.9 mm in diameter with total activity of ~190 Bq (see [70] for details). A grid of heating wires
(Ni-Fe, 55 um in diameter, 2 mm spacing) was placed 1.6 mm below the THGEM. It was used to generate
the bubble and to define the “transfer field” (E;), i.e. the field between the bottom face of the THGEM
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and the wires. For convenience, we will quote the values of the transfer field as if it was a parallel plate
between the bottom face of the electrode and the heating wires; this is only indicative, as the actual
electric field is non uniform, being high close to the bottom part of the THGEM hole and next to the wires
[52] and lower in the gap between them.

241Am
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4.7 mm

e,
|| THGEM
0.4mm; | [ [ I Y v P [ | [
'Bubble > =82 Gaseous Ar |

o IS |
t
\Heating wires /‘
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/
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| L

Figure 57 Schematic view of the experimental setup. A 0.4 mm thick THGEM electrode (with 0.3 mm in diameter holes spaced by
0.7 mm) is immersed in LAr; the gas bubble underneath is formed by a grid of heating wires, spaced 2 mm apart, located 1.5 mm
below the electrode. Photons were recorded either by a PMT or by a Quad-SiPM array (shown here), located at ~6 mm under the
wire grid. lonization electrons focused into the holes induce EL light (S2) in the bubble; a fraction of the primary scintillation
photons (51) traverses the holes and is detected as well. In a second experiment, the SiPM array is replaced by a PMT.

The experimental setup was assembled on the suspension from the top flange, following which it was
carefully introduced into the cryostat. The chamber was pumped down using a turbo-molecular pump to
apressure < 10™* mbar. It was then filled with GAr through the hot getter. Liquefaction and filling of the
chamber takes ~8 hours. After the filling, the LAr was circulated through the hot getter for more than one
day before measurements started. In this setup, the bubbles under the electrode were generated
spontaneously due to heat leaks (see [53]) and therefore did not require using the resistive wires.

Readout of the prompt alpha-induced scintillation photons and that of the electron-induced EL photons
(WL~128nm) was done by direct digitization of the signals from the photosensors, located below the wire
grid, using a Tektronix (MSO 5204B) oscilloscope. Two photosensors were used for recording the EL
photons : (1) a PMT (Hamamatsu R8520-506) vacuum-coated with ~300 pg/cm? of TPB (Tetraphenyl
butadiene) wavelength shifter and operated at -800 V. The PMT has a fast response and therefore allows
for signal shape reconstruction. It was placed ~4 mm below the wire grid. (2) A four-elements windowless
SiPM (Hamamatsu VUV4 MPPC S13371-6050CQ-02, 2x2 array of 6x6 mm? each spaced 0.5 mm appart);
the quad-SiPM permitted 2D event-position reconstruction. It was located ~6 mm below the wire grid.
The SiPM was operated at -46V as per the manufacturer’s recommendation. However a full study of its
operation at cryogenic temperatures has not yet been performed. Therefore, the resolutions quoted here
are preliminary and may improve in future work.

The recorded waveforms were analyzed using dedicated Matlab scripts. Position of the event was
reconstructed by a center-of-gravity technique as described earlier and in [70].
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6.5.2 Results

As previously shown in LXe [46], also in this LAr setup, the EL signals disappeared upon sudden rise in the
pressure and reappeared immediately after its sharp decrease. While not being able to visually see the
bubble in the present setup, this confirms its existence and the generation of EL in it. All measurements
were conducted at a liquid temperature of 90K, corresponding to a pressure of 1365 mbar [18].

6.5.2.1 Typical signals

With the LHM detector polarized to AVyyeey = 3,000V (keeping E; = 1 kV/em and E; = 0 kV /cm),
typical signals as recorded with the TPB-coated PMT are shown in Figure 58; Figure 59 depicts signals
recorded from the four SiPMs’ pads. The green marked pulses are that of the fraction of primary
scintillation light infiltrating through the THGEM holes (S1); the red ones originate from the EL photons
generated within the bubble (S2). One can observe a longer S2 decay constant (3-4 pus) compared to that
in LXe (e.g. see Figure 8). This is explained by the long decay time of the triplet states GAr-EL as reported
in [71]. The observed difference in S1 height with respect to S2 is due to the single electron response of
the SiPM, being exponential with some ~200 ns decay time, compared to the PMT which has a sharper
(~10 ns) Gaussian-like response.

6.5.2.2  Energy resolution

For each event, the pulse area under each waveform was computed and a pulse-area histogram was
plotted. An example recorded with AVyyeey = 3,000V E; = 1kV/em and E; = 0 kV /cm, recorded
with the PMT at liquid temperature of 90° K is shown in Figure 60. A Gaussian fit was applied for deriving
the resolution and the mean value.

Voltage [mV]

-300 [

=350

0 2 4 6 8 10 12 14 16 18
time [1 sec]

Figure 58 Example of alpha-particle induced single-event waveform, recorded by the TPB-coated PMT.
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Figure 59 Example of alpha-particle induced single-event waveforms, recorded in the LAr-LHM setup of Fig. 2, by the four SiPM
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Figure 60 Area distribution of alpha-particle induced EL pulses recorded with the PMT, in the LAr-LHM setup at AVryeem =
3,000V E; =1kV/cm and E, = 0 kV /cm, at temperature of 90°K. A Gaussian fit was applied to the data, for deriving the
mean value and the RMS resolution.

Figure 61a shows the pulse-area as a function of the voltage across the THGEM electrode (keeping E; =
1kV/cm and E; = 0 kV /cm) and Figure 61b shows the RMS resolution as recorded with a PMT. Figure
62 presents the same configuration as recorded with SiPM pads. The linear trend shown in Figure 61a
indicates EL without charge gain [3]. The RMS resolution was measured to be 13.5%. This value is ~2-fold
worse than the one achieved in LXe; it should be considered preliminary and requires additional studies.
Similar response (linear trend and resolution) to that measured with the TPB-coated PMT was confirmed
with the windowless quad-SiPM.
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Figure 62 Response of the addition of the four SiPM pads to alpha particles, of the LAr-LHM detector. a) S2 mean area as a
function of the voltage across the THGEM electrode. (b) RMS resolution of the area distribution.

6.5.2.3  Amplification in the transfer gap

As discussed earlier here and in details in [46] and in [52], the light yield can be boosted by increasing the
electric field between the bottom of the THGEM electrode and the heating wires beneath (E). At
moderate values of E; (~2 kV/cm), this results in EL generated at the vicinity of the heating wires in
addition to the one occurring mainly at the bottom of the holes as is explained in detail in section 6.1.2.3.
At more intense fields, the electrons generate EL all along their path within the bubble: from the bottom
of the hole to the wires. Figure 63 shows the average pulse-shape obtained at different E; values. One

can clearly see the addition of a second EL pulse, occurring ~0.5 psec after that originating from the vicinity
of the THGEM hole; it results in a significant increase in signal magnitude.
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Figure 63 Average pulse shape recorded by the PMT from the LAr-LHM detector, at different values of the transfer field, E\.
AVrpeem = 3,000V and Eq = 1 kV /cm.

An example of the resulting pulse-area spectrum recorded with the PMT with E; = 15 kV/cm is shown in
Figure 64. It is interesting to observe that at such high E; value, since the photon sensors here are self-
triggered (as opposed to LXe experiments, where a second PMT was used to trigger only on alpha particles
events) pulses resulting from the 59.5 keV gamma particles (emitted by the 2!Am) become visible. The
data were recorded here with Vpyr = —725 V to avoid signal saturation. One should notice that although
the gamma- and the alpha-particles differ in their energy by almost two orders of magnitude, their
response in the LAr-LHM detector differ only by a factor ~4.5. This is due to the known different
recombination probabilities of the ionization electrons, between the dense alpha-induced ionization and
sparse density of electrons induced by the gamma-rays [2, 3].

The peak position of the Gaussian fit is depicted in Figure 65, as a function of E;. One can clearly see that
above ~4 kV/cm, the pulse-area grows exponentially, indicating upon modest (~10-fold) charge-avalanche
multiplication at the vicinity of the wires. As in LXe, the resolution here is immediately deteriorated with
increasing transfer field. Possible explanation to this are similar to that offered for the results in LXe,
namely avalanche statistics deteriorating resolution, electron trajectories differences and wire
shadowing. Also, the relative instability of the spontaneously bubbles in the particular setup may
contribute to worsening in the resolution. Further studies are needed to verify these hypotheses.
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Figure 64 Pulse-area spectrum recorded by the PMT from the LAr-LHM detector with EL occurring in the THGEM holes, in the
transfer gap and near the heating wires. One Gaussian fit (red) corresponds to the 5.5 MeV alpha particles and the second one
(green), to the 59.5 keV gamma interactions in LAr.
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Figure 65 Signal magnitude of the alpha particle peak as a function of the transfer field. The exponential behavior indicates upon
modest charge multiplication above E=~4kV/cm.

6.5.2.4  Position reconstruction

Similar to the methodology presented in [70], the integral of the pulse from each of the four SiPM pads
was computed for each event. The event position was then reconstructed by a center-of-gravity method.
An auto-radiographic image (using a Fuji phosphor-imager scanner model FLA-9000, plate model BAS-
TR2040S) of the **Am alpha source used in our experiments is shown in Figure 66a. The 2D histogram of
the derived event positions, recorded in LAr with the LHM (of Figure 2), is shown in Figure 66b. This very
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preliminary qualitative image reproduces the annular shape of the alpha source. However, the
reconstruction resolution is, at this point, poorer in comparison to the ~200 um RMS one (see Figure 50
above), recorded with LXe-LHM [70], calling for further investigations.

Fuji-plate image LHM reconstruction

Ed =1kV/ecm VSiPM: -46\V
A VTHGEM = 3000V P = 135¢ mBar

Et =0kV/ecm

T=9K

X [mm]

Figure 66 (a) The auto-radiographic Alpha-source image, recorded with a Fuji phosphor-imaging plate. (b) 2D histogram of the
EL photons emitted at the vicinity of the liquid-gas interface, recorded with the Quad-SiPM LAr-LHM detector.

6.5.2.5 Estimation of light yield

Estimating light yield in LAr is not as straight forwards as it was in LXe. Both the SiPM array and the TPB-
coated PMT where not thoroughly tested for their QE (or PDE). Therefore, calculations here rely on typical
values as reported in literature. We therefore present both calculations which, as will be shown, agree
within ~8%, detailing their weak points.

In order to estimate the effective light yield, one has to consider equation 6 given above in chapter 6.1.2.4
and adapt it to our case:

vl —y e e _ Npg Eqn. 14
EL — 'EL <col " cinterface —

Ne * PLum—sipm * QEsipm
In order to compute Npg one needs to normalize the pulse area of the detector to that of a single electron.
Unfortunately, in this setup, we could not find a suitable voltage that would show single-electron pulses.

The matter will be part of future investigation. For a first crude estimation, one could use the single-
photon spectrum as measured in LXe (Figure 46). The error on the value is difficult to estimate.

Next, in order to estimate Py ;- sipm, @ MC simulation was written (similar to the one described in section
6.3.1). It was found to be P yy—sipm = 0.2 using the dimensions in Figure 57. For this computation, n =
1.36 was used as the diffraction coefficient [20].

The QE of the SiPM units was also not measured. We are therefore left to rely on the QE value provided
by the producer: for 128 nm QE = 14%. However at this short wavelength, surface contaminations may
affect QE substantially. Also, the reported value has been measured at room temperature, with little
knowledge of whether it remains so at 90° K [64].
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N, was estimated by taking into account the average energy needed to generate an electron-ion pair in
LAr W = 23.6 eV [2] and taking into account the probability of an electron to escape recombination at 1
kV/cm p = 0.02% [2], resulting in N, = 4.8 - 103 e~ Finally, with all due prudency regarding the above

discussed unknowns, we could compute Ybf[f = ~160 photons/e™ [4m.

Similar computation can be done for the PMT signals. It results in an equation similar to Eqn. 14, with the
slight addition of erpg Which is the efficiency for the wavelengthshifting of the TBP layer. With lack of any
measured number for our evaporated PMTs, we assume here full shifting efficiency [72], and a factor 0.5
because photons are emitted isotropically from the TPB layer, thus &;p5 = 0.5.

Yeff =Y., - o _ Npg Egn. 15
EL — 'EL Ecol glnterface_

Ne - Prym—pmr * €rpe - QEpmr

For the single-photon response of the PMT we can use the numbers quoted in section 6.2.6.2:
single photon area = 0.014 mV - us. From MC simulation, P gy _pur = 0.4.

600 Egn. 16

vl ~ 0.014 — 148 photons/e™ /4
EL ~748.10°-04-05-03 photons/e™/4m

6.5.3 Summary and discussion

Here, we have demonstrated, for the first time, the operation of an LHM detector in LAr. We have shown
that similar to LXe, a bubble can be sustained for a long period under a THGEM perforated electrode
immersed in LAr. EL within the Ar bubble, induced by ionization electrons deposited by alpha particles in
LAr and collected into the electrode’s holes, shows a linear response with the applied voltage, as expected
in such process. Similar to results in LXe, electrons drifting within the bubble towards the heating-wires
grid undergo modest charge-avalanche multiplication. Imaging of the alpha-particle induced EL photons
was demonstrated, qualitatively, with the quad-SiPM.

It is clear from the above figures that the alpha-particle induced energy resolution on the LHM in LAr, is
~two-fold worse compared to that achieved in LXe. There are many parameters which may have
contributed to that. First, ionization-electron yield in LAr is ~2-fold smaller than that in LXe [2]. This
automatically means a reduction in total signal magnitude. Secondly the EL yield is known to be smaller
in GAr than in GXe for a given field [3]. Also, the QE of the photosensors is ~twice lower at 128 nm
compared to 175 nm, thus lowering the eventual statistics of detected photons. These are however still
hypotheses pending further experimental validation. Of course, here again, the issue of electron
transmission through the bubble interface is yet unknown and might have affected the detector
performance.

It is also clear that the position resolution is far worse (estimated here to be in the mm scale) than in LXe
(~200 pm). The reduction in signal magnitude as discussed above is one parameter which has an
immediate effect on position resolution as discussed in section 6.3.1.5. To that, we should add that the
fact that some electrons hop across the liquid to gas interface with a long timescale combined with the
integration scheme we apply (only on the first part of the signal), may explain a further reduction in the
“usable” fraction of the light signal. The latter effect could probably be improved by using more
sophisticated position reconstruction algorithms. Finally, photons generated in the gas are refracted in
when crossing the interface into the liquid before reaching the SiPM. Therefore, instabilities of the gas-
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to-liquid interface could affect photon refraction, thus effectively a widening the distribution resolution
and contributing to smearing of the image. This could be solved by placing the SiPM array in the gas phase.

This preliminary demonstration paves ways towards a more elaborate and quantitative study of the
bubble-assisted LHM detector in Ar. It would encompass the optimization of the perforated electrode
geometry, study of the physical processes governing electron transfer through the liquid-gas interface,
optimization of the readout (SiPM, PMT etc.) and of other parameters. We thus expect enhancing the (so
far poorly calibrated) EL light yield and improving the energy resolution and localization resolution in LAr-
LHM over a broader ionization range.

6.6 Double-Stage LHM in LXe

A first proof-of-principle of the cascaded LHM concept [45] is presented here. A double-stage detector
was investigated in LXe, shown in Figure 67, incorporating two LHM elements, each having a bubble
underneath to generate EL signals. In the spirit of the original LHM concept, radiation-induced EL photons
from the first stage impinge on a VUV-sensitive photocathode deposited on the second hole-electrode —
generating additional EL signals. This concept is similar to the “photon-assisted” cascaded detector
developed for ion blocking in gas-avalanche detectors [28, 73]; it has the potential of reaching higher total
photon vyields (“gains”) compared to that of a single-stage LHM. As previously suggested and
demonstrated in the gas phase [74], such cascaded multipliers can also allow for gating the detector with
an external trigger, on events of interest. We report here on preliminary results obtained with a double-
stage LHM comprising two SC-GEM elements, with a Csl photocathode deposited on top of the second
one.

6.6.1 Experimental Setup

The cascaded LHM setup (Figure 67) comprised two SC-GEM electrodes (a=300 um, d=150, t=50 um, note
that they have different dimensions than the ones use in all above experiments); bubbles were formed
underneath, generated by resistive wires located below each electrode. We refer to the inter-electrode
gap and the gap between the second electrode to the wire-plane below as transfer gaps 1 and 2,
respectively, with their associated nominal transfer fields E;; and E;,. As in the horizontal LHM setup
(Section 6.1), the 2*!Am spectroscopic alpha-particle source was located 5 mm above the first LHM
electrode, and triggering on reflected S1 light was done by the top PMT; all EL signals were recorded by
the bottom PMT, placed below the second SC-GEM electrode.

As depicted in Figure 67, following alpha emission from the source into the liquid, a fraction of the S1
photons are reflected off the PTFE walls, reaching the top PMT. A small fraction of the S1 light penetrates
through both SC-GEMs, reaching the bottom PMT. Another fraction reaches the bottom, Csl-coated, SC-
GEM?2 electrode; the resulting emitted photoelectrons generate an S1’ EL signal. The radiation-induced
ionization electrons are focused into the holes of SC-GEM1, inducing an S2 EL signal. A large fraction of
the resulting photons impinge on the photocathode of SC-GEMZ2; they extract photoelectrons that, in turn,
generate another EL signal in the bubble underneath (S2’). A small fraction of the S2 photons emitted in
the direction of the second electrodes (~18%) pass through the holes of SC-GEM2, reaching directly the
bottom PMT. If a transfer field is applied between the two LHM elements, after generating the S2 signal,
the ionization electrons drift to the SC-GEM2 element where they generate another EL signal (S3).
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Figure 67 Schematic drawing of the double-stage bubble-assisted LHM setup and its operation principle. Two SC-GEMs have
heating wire planes underneath, generating independent bubbles under each hole-electrode. Radiation-induced S1 photons are
reflected off the PTFE walls, reaching the top PMT to provide a trigger signal. A small fraction of S1 photons penetrate through
both SC-GEMs, reaching the bottom PMT. Another fraction reaches the Csl-coated SC-GEM_2 electrode; the resulting emitted
photoelectrons generate the S1’ EL signal. The radiation-induced ionization electrons are focused into the holes of SC GEM1,
inducing the S2 EL signal. A large fraction of the resulting photons impinge on the photocathode of SC-GEM?2; they extract
photoelectrons that generate another EL signal in the bubble underneath (S2°). A small fraction of the S2 photons emitted in the
direction of the second electrodes pass through the holes of SC-GEM2 and reach directly the bottom PMT. If a transfer field is
applied between the two LHM elements, after generating the S2 signal the ionization electrons drift to SC-GEM2, where they
generate the S3 EL signal.

During the measurements it was noted that, in the current setup, after an occasional discharge in an SC-
GEM electrode, its maximal achievable voltage dropped significantly. Despite initially-reachable values of
1300 V across an SC-GEM (in the single-stage measurements, Section 2.1), the maximal voltage per
element along this preliminary double-stage study was limited to ~750 V — calling for a more careful
detector polarization in future experiments.

6.6.2 Results

In the first set of measurements of the double-stage SC-GEM LHM, we studied the dependence of the
light output of the structure on the voltage across the second electrode AVgq_;gn2, for a fixed voltage
across the first stage AVge_cpm1 = 700V, a fixed drift field E; = 1 kV/cm and transfer fields E;y =
E;>, = 0. Figure 68 shows an average of 10,000 waveforms recorded by the bottom PMT at Vpyr =
—700V, for several values of AVg¢_ggp,- A small fraction of prompt scintillation photons (S1) traversing
both electrodes reach the bottom PMT. The S1’ signal is due to photons that passed through the first
electrode, extracting photoelectrons from the Csl on the second stage and inducing EL in the second
bubble. The S2 signal resulting from electron-induced EL photons in the first bubble is followed by S2’ EL,
due to S2 photons extracting photoelectrons from the Csl that induce further EL signals in the second
bubble.
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Figure 68 Averaged alpha-particle waveforms recorded by the bottom PMT in the double-stage, SC-GEM LHM setup
(of Figure 5). Different colors correspond to different voltages applied across the second stage. EL S2 photons from

the first stage induce the emission of further photoelectrons in the second stage. These generate additional EL 52’
photons — thus amplifying the original signal.

For each waveform, the integral of the S2+S2’ pulse was computed, deriving pulse-area histograms. An
example is shown in Figure 69. A Gaussian fit was applied to the S2+S2’ spectra, for which the mean and
the RMS resolution are shown in Figure 70 as a function of AVsc-_ggu2- At high voltages the behavior is
linear; the curved response at lower voltages is due to increasing photoelectron extraction efficiency from
Csl with increasing electric field at the LHM surface (as discussed in the PDE study and in [56]).

The effective gain of the second stage is defined to be the ratio between the combined S2+S2’ pulse area
and that of the first stage only (i.e., of a single-stage LHM configuration). When normalized correctly, we
could compute the effective gain of the second stage to be ~1. When extrapolating the results of Figure
70A to AVse_gpmz = 1400V, one could potentially reach gains of ~2. This gain in light yield is much
smaller than that obtained by applying an intense transfer field. However, the S2 RMS resolution appears
to be better in the double-stage configuration: ~6% (and improving with AVsq_cgum2) compared to > 9%
with transfer-gap amplification as seen in Figure 17. It is worth mentioning that maintaining the signal
resolution of an optically-coupled two-stage gas-avalanche detector was also observed previously [73].

Under a transfer field applied between both stages, electrons drift from the holes of the first electrode to
that of the second one, where they induce an additional S3 EL signal. Figure 19 shows an average of 10,000
waveforms recorded at different voltage values of the first stage. In addition to the S2+52’ signals which
obviously increase in amplitude with the voltage applied to the first electrode, the S3 signal is clearly
apparent. The energy resolution of S2 in these conditions is 10-11% for all voltages above 200V.
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100 0.12
g0 A . B
S 80 Y 0.10 ®
=) @
=70 ®
© L = 0.08
@ 60 5 ¢ o
© ® - ® ®
o 50 ~ 0.06 * g
) ® (%]
S 40 &
= . 2- . v 004 | 2 .
=, 30 stage SC-GEM LHM . 2-stage SC-GEM LHM
3 ° Ea= 1 kV/cm Ea= 1 kV/cm
+ 20 4 ® Ett =Ez =10 0.02 Et =Ew =0
g 10 AVsc-cem1 = 700 V ’ AVscgem1 = 700 V

Veur = -700 V Veur = -700 V
0 0.00
0 200 400 600 800 0 200 400 600 800
AVsc-cem2 [V] AVsc-cem2 [V]

Figure 70 S2 + S2’ pulse area and RMS resolution as a function of the voltage across the second amplification stage.
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Figure 71 Average waveforms of pulses measured by the bottom PMT from the double-stage LHM, with electrons
drifting all the way to the second SC-GEM electrode (under E.; = 1kV /cm). The S1 and S1’ scintillation signals are
followed by ionization-electron-induced ones, giving rise to the S2+52’ signal; S3 signals, due to electrons reaching
stage 2, show a small increase in the pulse-area with AVs_cgm1; it could originate from small avalanche
multiplication (~1.1) in the first LHM stage.

6.6.3 Discussion

While the results on the double-stage configuration are very preliminary, they provide a first
demonstration that a cascaded structure with independent bubbles is indeed feasible. Although the
present double-stage configuration is apparently limited to an overall EL amplification of ~2 compared to
a single element - considerably lower than possible with a single-stage LHM with EL amplification in the
transfer gap - it does show a very good (and possibly better) energy resolution. Furthermore, the overall
EL yield can be in principle enhanced by the addition of one or more stages. A potentially useful feature
of the cascaded structure is the possibility of gating its response — for example by momentarily reversing
the transfer field between the first and second electrode. This can add a new degree of freedom to LHM

structures, enabling selective switching between ‘on’ and ‘off’ states to detect desirable events and be
‘blind’ to others.

6.7 Vertical LHM

The basic concept of the bubble-assisted LHM relies on the ability to confine a bubble in contact with a
hole-electrode such that electrons deposited and drifting in the liquid are efficiently focused into the
bubble. This concept could in principle be realized not only by supporting the bubble underneath a
horizontal electrode, as discussed above, but also by confining a bubble in a vertical “cage”, of which one
side consists of a hole-electrode and the other - of a fine mesh or transparent plate.

6.7.1 Experimental setup

The vertical LHM setup, shown in Figure 72, consisted of the spectroscopic ?*!Am alpha-particle source
positioned behind a bubble-confinement cage, comprising PTFE spacers, a GEM/THGEM and a fine-pitch
electroformed Cu mesh (Precision Eforming MC-32; opening: 112 um). A resistive heating wire was
introduced through two small holes at the bottom of one of the PTFE spacers, to form the bubble on
demand. The setup was placed inside the liquid volume, where the bubble could be observed at 60° with
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respect to the vertical axis of the cryostat through the window. Once the bubble formed, it displayed
periodic dynamics of abrupt partial shrinking followed by gradual growth over the entire field of view,
with a period of ~20 s. EL signals from the bubble were recorded by a PMT which was placed outside of
the vessel at a distance of ~20 cm from the LHM, resulting in low light collection and thus in poor photon
statistics. To obtain sufficiently large S2 EL signals, an intense transfer field was applied across the bubble.

Lxe 4 mm
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—| [—
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Pl vad /us_,
Fine mesh
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Heating wire

Figure 72 The vertical-LHM assembly for the confinement of a bubble between a vertical GEM electrode and a fine-
pitch mesh (not to scale). PTFE spacers define a closed “cage” between the electrode and the mesh. A thin resistive
heating wire is introduced through small apertures into the cage, to generate the bubble. To overcome the low light
collection efficiency, S2 EL signals were amplified in the transfer gap by applying an intense transfer field across the
bubble.

6.7.2 Results
Figure 73 shows a typical waveform recorded with AV;gy, = 900 V,E; = 1 kV/cm, E; = 15.5 kV/cm and
VPMT =-900V.
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Figure 73 Single-event EL signal from the holes of a vertical bare standard-GEM electrode (without Csl) with a bubble sustained
between the GEM and a fine-pitch mesh. Photon statistics are low because of geometrical constraints which forced placing the
1” PMT outside of the vessel ~20 cm away from the LHM.
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Figure 74 shows the average pulse area and RMS resolution of the S2 signals as a function of E;; for each
value of E;, 10,000 waveforms were digitized and processed. At the highest light yield recorded under
these non-optimal conditions, the resulting RMS resolution of 11% is ~ 2-fold worse than that achieved
with the horizontal LHM, however this is probably mainly due to the low light collection into the PMT at
this specific setup.
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Figure 74 Vertical LHM with a standard-GEM. Relative S2 magnitude (A) and energy resolution (B) resulting from EL signals
recorded from the vertical bubble confined between the GEM electrode and a fine mesh. The EL photons originate from the high
electric field applied across the transfer gap.

6.8 Bubble between two meshes

6.8.1 Experimental setup

Another setup devoted to experiments of trapping a bubble between two parallel meshes was installed
inside MiniX as depicted in Figure 75. Two PMTs recorded the alpha-induced signals, the top one was used
for trigger and the bottom one for the signal recording. The wire biasing the bottom mesh was soldered
to the upper side of its frame. The wire conducts heat form the flange above and boils locally the liquid at
its tip (as is explained in [53]), where the wire insulation is removed. Though usually undesired, this
mechanism is used here to generate the bubble between the meshes.

Two different sets of meshes were used in this study. One set consisted of two woven stainless steel
meshes with 50um diameter wires spaced 0.5 mm apart. A second setup used a fine formed copper mesh
(Precision E-Forming, MC-32) 15 um wire width spaced 112 um apart (78% maximal optical transparency)
as the upper electrode and the previously used stainless steel electrode as the bottom mesh.
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Figure 75 Left: experimental setup to confine bubble between two meshes. The wire biasing the electrode was used also as a
heat source to inflate the bubble. Right: a picture of the two kinds of meshes used. The solder point on the stainless steel mesh is
where the bias wire was soldered and where the bubbles were generated.

6.8.2 Results: bubble trapped below a woven stainless steel mesh

After the system has cooled down and temperatures have stabilized, bubbles from the tip of the wire
started to form and raise towards the upper mesh. Sticking to the upper mesh, they coalesced into one
large bubble (process taking ~20-30 seconds until covering the entire surface of the electrode). After ~30
seconds the bubble abruptly disappeared. This is probably caused due to eruption through the upper
mesh. It is important to mention that this was already observed in the past where the bottom PMT was
covered with a mesh and the wire biasing it conducted heat. The bubbles probably coalesced under it and
then erupted suddenly. This is also probably the explanation for the “non-stable” and “super-stable”
conditions which we have observed when LHM experiments as published in [46].

S2 signals were present whenever the bubbles reached below the active area of the source. Voltages
applied were Vioyrce = —2800V, Viop, = =2500V, Viorrom = +2500V corresponding to Egyify =
0.5kV/cm and Eg; = 10 kV /cm . However, since the bubble was constantly changing, there was no
uniformity and no sensible energy spectrum could be recorded. Also the areas ratio S2/51 ~ 1 seems to
indicate a very poor EL magnitude.

Typical S1+52 waveform (bottom PMT)

0 bl l||1upr\ T 'rlr[‘r Wﬂ'r T
S2

-100 1

-200

-300 Sl

-400 -

Voltage (mV)

-500
-1 0 1 2 3 4 5 [

time (i sec)

Figure 76 S1 and S2 signals from a bubble contained between two stainless steel meshes.

80



6.8.3 Results: bubble trapped below a formed copper mesh

In terms of bubble containment, the finer-pitch mesh showed much more stable operation. Here again,
one could observe the appearance of a bubble under the electrode. The bubble grew to its final size and
did not seem to change during some minutes of observation (specifically, it did not erupt though the
mesh). Observing the bubble for a longer time was not possible since another bubble was forming under
the bottom mesh (probably due to some residual boiling from the bottom of the vessel), thus hiding the
area of interest.

S2 signals started appearing when applying voltage between the meshes (Vspyrce = —2800V, Vipp, =
—2500V, Vyottom = +2500V corresponding to Egyirr = 0.4 kV /cm and Eg, = 13 kV /cm ), however
they were extremely low and very rare ( < 1%). We attribute this, as will be discussed later, to the poor
transmission of electrons form the liquid phase to the vapor phase which is located in the mesh holes.
Note that the field between the electrodes is higher than the field required for reported full extraction of
electrons from liquid to the gaseous phase (10 kV/cm [3], see Figure 1).

7 Summary, Discussion and Outlook

The LHM was conceived as a possible single-element sensor for combined detection of radiation-induced
ionization charges and scintillation light in a noble liquid detection medium [45]. The original concept
suggested detecting EL photons generated by ionization electrons and UV-induced photoelectrons in a
Csl-coated micro pattern gas detector (MPGD) electrode immersed in the noble liquid. First results have
shown copious photon yields emitted from the holes of a THGEM electrode immersed in LXe [47],
however the low voltage onset threshold and the dependence on abrupt pressure changes led to the
conclusion of EL emission from a gas bubble trapped underneath the electrode [46]. This was confirmed
by a direct observation of a bubble with an external camera [53].

The work done during the course of this Ph.D. work aimed at deeper understanding of the mechanisms
governing the performance of an LHM detector as well as demonstrating, for the first time, different
properties and capabilities. The results presented in the above sections thus serve as a first basis of
knowledge, but also open many new questions and investigation pathways.

When compiling the data throughout this thesis, measurements have consistently challenged the naive
assumption of 100% transmission of electrons form the liquid into the gas phase. It first appeared in the
different light yields of the different electrode geometries and in the section 6.1.2.3, discussing EL photon
generation on the heating wires. Then, in the most pronounced way, it appeared as a ~5 fold discrepancy
between expected and measured PDE and the lower-then-expected energy resolution. Eventually, the
inability of transferring electrons through a mesh supporting a bubble (as opposed to a hole-electrode
supporting it) also indicated similar issues.

One mechanism proposed here to explain this effect, is as follows. As mentioned in the introduction,
electrons experience a potential barrier when traversing from LXe to GXe (0.69V [3]). By carefully looking
into the electrostatic simulations of the fields in the vicinity of a possible liquid-bubble interface (Figure
77), one notices a small component of the electric field which is tangent to the interface. An electron
reaching this interface may be stopped when facing this potential barrier and start “gliding” over the
liquid-to-bubble interface towards the bottom face of the electrode - getting absorbed either in the
metallic part or on the insulating substrate. This mechanism may lead to loss of electrons, which is
dependent on geometry, electric fields and bubble shape.
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However, in order to experimentally tackle such a problem, it is first important to understand the exact
shape of the phases interface. Such preliminary modeling and experimental, efforts have already started
in our group, however have not yet produced conclusive results. The geometry of the liquid-gas interface
depends on many parameters: the pressure differences in the bubble, the geometry of the hole, the
surface tensions and the wetting angle of the liquid and the hole walls. The last two are important
parameters which are currently not known to the desired accuracy (both in LXe and in LAr). Attempts to
either measure all physical parameters or directly measure the liquid-gas interface are on-going.
Eventually, since EL is produced only in the gas phase, the geometry of the interface has direct effect on
EL yields and resolutions, both due to the geometry and due to the electric field configuration it imposes.
A careful study of the bubble shape under these intense electric fields and the quantum processes
involved in overcoming this potential barrier may shed light on the different processes and may lead to a
successful design and operation of novel superior LHM electrodes.
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Figure 77 Finite element simulation of the potentials and electric-field lines of a 125um SC-GEM with a spherical bubble
penetrating % hole-diameter up. The color field represents the potential. Simulation done at E; = 0.5 kV /cm, AV = 1,800V,
E, = —1kV /cm. One can clearly see gliding down the bubble from the apex towards the bottom side of the electrode the
potential drops. By carefully looking on the field lines, it is clear that there is a component of the electric field tangent to the
bubble interface.

Following that, the question whether electrons do “glide” on the surface of the liquid before hopping to
the gas needs to be addressed. In Figure 78 is a preliminary setup suggested to study the theory of charge
“gliding” along the liquid-vapor interface. By comparing two situations, charge transport across the
interface when the electric field is perpendicular to the phases interface and when it is tilted, one could
understand how much charge is drifting away from the original position before tunneling across the
interface. Such study requires however, high-precision measurements in a novel dedicated setup.
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Figure 78 A suggestion on how to measure charge transport along and across liquid-vapor interface. lonization charge is
generated inside the liquid, electric field is generated between a mesh inside the liquid and an anode in the vapor. EL light is
generated in the position in which the charge crosses into the gas phase. By comparing the tilted meshes configuration (right) to
the horizontal orientation (left), one could understand whether the charge glides along the interface before crossing into the
vapor.
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Eventually, a serious improvement of the PDE value of the LXe-LHM (e.g. >15%) would permit conceiving
large-volume local dual-phase LHM-based TPCs, e.g. for future dark-matter searches. A potential scheme,
proposed within the DARWIN experiment R&D program [22] is shown in Figure 79. It consists of covering
the TPC bottom with LHM modules. Preliminary GEANT4 simulations have shown that such a design may
improve scintillation light collection, thus improving the sensitivity to low-energy WIMP-induced recoils
[22].

Nevertheless, if low PDE values persist, the LHM could still be employed as ionization-charge detector. In
such a case, the upper face of the electrode, instead of being covered with a photocathode, could be
turned into a reflector. Imagining a DARWIN-like detector with reflective LHM electrode at the bottom of
the cryostat (such as the one presented in Figure 79 below), may show superior energy resolution in
charge detection due to precise control over the liquid-to-vapor interface while possibly maintaining
overall light yield.

Last but not least, the LHM detector was so far examined only on ~30mm diameter prototypes, at shallow
depth. For any future use, it is crucial to evaluate the operation of larger-area LHM detectors and at
greater depth, where new problems maintaining stable bubbles may occur. The former is planned to be
performed in collaboration with our colleagues at Ben-Gurion University and the latter is currently
planned to be performed using the 2.7m deep LXe demonstrator (at University of Zurich) of the DARWIN
experiment.
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cathode cathode
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Figure 79 Left: Conceptual scheme of a large-scale single-phase noble-liquid TPC employing Csl-coated bubble-assisted LHM
modules, as in Figure 1. The LHM modules constitute the anode plane and are sensitive to both the ionization electrons (which,
in this scheme, drift downward) and S1 scintillation photons. There is no need for additional grids between the LHM modules
and the TPC drift volume; only two grids are required — the cathode and a screening mesh protecting the top array of photon
detectors (e.g., PMTs). Such a scheme can potentially have a more uniform S2 response than ‘conventional’ dual-phase TPCs, as
well as an improved light collection (‘light yield’) efficiency, due to the reduced number of reflections (with the liquid-gas
interface outside of the sensitive volume) and due to the reduced number of photon-absorbing mesh electrodes (two instead of
five). Right: One could replace the Csl by a reflector, potentially enhancing the light collection to the top array of
photomultipliers.
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8 Appendix — First attempts towards a cryogenic RPWELL

8.1 Introduction

The Resistive Plate WELL detector (see Figure 80) [75] is a single-stage gas avalanche multiplier combining
a single sided THGEM electrode coupled to the readout anode via a resistive layer, in a “well”
configuration (the holes closed by the resistive plate form “wells”). Primary ionization charges drift from
the ionization volume into the THGEM electrode’s holes, where they undergo avalanche multiplication in
the high field region. The charge generated in the holes induces a current on the anode and on the
resistive layer. As this current reaches high values, the resistance causes a momentary voltage drop at the
“head” of the avalanche, thus quenching further multiplication. The RPWELL has been developed in our
group as a potential particle tracking detector; the focus is on its potential application as sampling element
for future digital hadronic calorimeters [76]. Extensive laboratory and in-beam accelerator studies have
been conducted at room temperature in a variety of gases and detector configurations [75, 77-80]. They
showed a discharge-free operation at high charge gains (in Ne/5%CH4 and Ar/5%CO,) even when exposed
to highly ionization events and stable operation at counting rates reaching ~kHz/mm? scale[75, 76].
Several resistive materials and detector configurations have been investigated at RT, the most successful
Semitron ESD225 polymer (bulk resistivity p ~10° Q- cm) and doped silica glass (bulk
resistivity p ~108 — 10° Q - cm ) — both at RT.

MiP Cathode mesh

Silver paint
< H c
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Figure 80 Schematic view of an RPWELL detector. A single sided THGEM is coupled to the anode via a resistive plate. Primary
ionization electrons deposited in the drift gap are multiplied in the holes of the THGEM electrode. Spark damping is obtained by
using a material with high enough bulk resistivity. Figure taken from [75].

The stability and discharge immunity of the RPWELL depends primarily on the resistivity of the plate
screening the top THGEM electrode form the anode. A material with too low resistance would exhibit
guenching of the discharge’s energy but will not prevent it and a material with too high resistivity will
result in charging up of the detector leading to significant rate-dependent gain variations.

The studies of RPWELL detectors as possible charge-amplifying elements in dual-phase Ar TPCs (~83K) aim
at validating the possibility of reaching more stable, higher-gain operation in Ar vapor phase — compared
to presently employed THGEM (LEM) elements; the avalanche gain in the latter is limited to ~10, for
~3,000 primary electrons reaching a single hole [38]. RPWELL operating at the vapor phase of dual-phase
TPCs, at higher gains compared to that currently reachable with THGEM detectors, could make impact on
future neutrino experiments. By generating higher charge-gain values with “resistive detectors”, one
could overcome charge attenuation over large drift paths and thus detect also lower-energy depositing
particles, e.g., originating from supernovae neutrinos. Generating high avalanche gains in a pure noble
gas is a long-standing unresolved issue. There are a few mechanisms limiting the gain, however to the
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best of our understanding, there has not been yet a proof as for which is the limiting factor. Specifically,
the RPWELL addresses the issue of avoidance of the typical Reather limit of electron avalanches [81] in
gas-avalanche detectors, by quenching the amount of charge generated in an avalanche and reducing the
discharge energy.

The greatest challenge faced during the Ph.D. period was finding suitable resistive materials, of adequate
(10° — 10*2Q - cm) resistivity at low temperatures (down to 83K of LAr), for a cryogenic RPWELL detector.
Most known materials show exponential temperature dependence (such as Semitron, Ceramic, Resistive
glass), while a few others, of stable response over the above T range, do not have the right range of
resistivity.

Extensive search for resistive materials with the right resistivity (10° — 1012 Q - cm [75]) at cryogenic
temperatures yielded, so far, a Ferrite ceramic material (produced at collaborators in Instituto de
Ceramica de Galicia) with ~107 Q - cm at RT, increasing with decreasing temperature to ~10'1 Q - cm at
LXe temperature (163 K). An RPWELL detector using this material has proved to quench sparks effectively
when operated at LXe temperature with Ne/5%CH, [31]. It is though inappropriate at LAr temperature.

The search for material of correct resistivity at 83K, with the group of Instituto de Cerdmica de Galicia, has
also led to some ferrite ceramics with p~108 Q - cm, increasing with temperature, to ~10 Q- cm at
LAr temperatures. So far only a single sample was provided for evaluation. Resistivity measurements as a
function of temperature were carried out; however, due to poorly designed experiments results were not
reproducible.

First preliminary measurements of an RPWELL in LAr, did not show high enough gain to overcome
electronic noise. However, measurements of breakdown voltage as a function of the temperature with
and without the resistive material clearly indicated a certain avalanche-quenching effect as discussed
below.

8.2 Results - Discharge quenching in RPWELL structure

The Paschen [82] breakdown voltage is the minimal voltage necessary to start a discharge between two
electrodes. The law states that at higher pressures (above a few mbar) the breakdown characteristics of
a gap are a function (generally not linear) of the product of the gas pressure (p) and the gap length (d),
usually written as Ve = f(pd), where Vsis the breakdown voltage. Indeed, at room temperature, we could
apply higher voltage in the RPWELL detector relative to the one we could apply for “standard” WELL
(single-faced electrode directly coupled to a conductive anode, without resistive plate) [75]. This allowed
us to reach higher avalanche gain when using RPWELL [75]. A key to the success of the Cryo-RPWELL to
outperform regular THGEM/LEM-like configurations is the ability to reach higher breakdown voltages also
at LAr temperature.

First measurements comparing the breakdown-voltage values of standard WELL and RPWELL detectors
(Fe-doped ceramics with 106—107 Qcm bulk resistivity at room temperature), as a function of the
temperature, is shown in Figure 82; the pressure was kept constant ~1100 mbar. At room temperature,
the breakdown voltage of the standard WELL and RPWELL is similar. This is explained by the fact that at
room temperature the bulk resistivity of the resistive plate is too low and does not quench breakdowns.
However, at lower temperatures, the resistivity increases and its effect on the breakdown voltage
becomes pronounced. Similarly to room temperature, these preliminary measurements prove that also
at cryogenic temperatures the resistive plate could play a role in discharge quenching. It is therefore a
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first indication for the possibility of operating an RPWELL detector in the vapor phase of LAr and it is
suggested to pursue in this direction in the future.
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Figure 81 The bulk resistivity as a function of temperature of one sample of Fe-doped ceramic material produced by our
collaborator at the Instituto de Cerdmica de Galicia (Spain).
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10 List of abbreviations

APD
COoG
DM

EL
GEM
GPM
LAr
LEM
LHM
LN2
LXe
MPGD
MPPC
PC

PDE

PE
PMT
PTFE
QE
RPWELL
SC-GEM
SiPM
THGEM
TPB
TPC

uv
Vuv
wimMpP

MiniX
WISArD
WILiX

avalanche photodiode

center of gravity

Dark Matter
electroluminescence

Gaseous electron multiplier
Gaseous photon multiplier
liquid argon

Large electron multiplier

Liquid Hole Mulitiplier

liquid nitrogen

liquid xenon

Micro pattern gaseous detector
Multi pixel photon counter
photocathode

photon detection efficiency
photoelectron

photomultiplier tube
polytetrafluoroethylene (Teflon)
quantum efficiency

Resistive plate well

Single conical GEM

silicon photomultiplier

Thick gaseous electron multiplier
tetraphenyl butadiene

time projection chamber
ultraviolet

vacuum ultra violet

Weakly interacting massive particle

Mini Xenon Apparatus
Weizmann Institute of Science Argon Detector
Weizmann Institute Liquid Xenon apparatus
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