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Hiermit erkläre ich, dass ich die Dissertation mit dem Titel

Electrode Realisation and
SiPM Characterisation for
Dark Matter Search with
XENONnT and XLZD
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Abstract

Despite compelling evidence from cosmological and astrophysical observations for
the existence of dark matter, its fundamental nature remains unknown. Dual-phase
xenon time projection chambers (TPCs) are employed in direct detection experiments
to search for one of the most popular dark matter candidates — weakly interactive
massive particles (WIMPs). Owing to the extremely low interaction rates expected
for WIMPs with ordinary matter, such experiments require exceptional sensitivity and
ultra-low background. Examples include the currently operating XENONnT experi-
ment and the proposed next-generation experiment, the XLZD project.

A key component of dual-phase xenon TPCs is the electric-field configuration in the
detector and the electrodes used to generate it, which play a critical role in detec-
tor performance. This thesis presents contributions to the design, optimisation, qual-
ity control, and construction of the XENONnT upgrade electrodes. To support the
evaluation of electrode performance and the resulting electric fields, an electrostatic
field simulation framework based on the boundary element method (BEM) was im-
plemented and is described herein.

This work focuses primarily on the realisation of the parallel-wire anode and the
hexagonal etched-mesh cathode used in the XENONnT upgrade, both with a diameter
of approximately 1.4m. Emphasis was placed on improving the mechanical stability
and high-voltage performance of these electrodes through extensive testing and the ap-
plication of complementary techniques. The experience gained from the XENONnT
upgrade is summarised and used to derive recommendations for electrode design in
the XLZD project, which targets electrodes with diameters of approximately 3 m. In
addition, the feasibility of the parallel-wire electrode concept at the 3-meter scale re-
quired for XLZD was explored.

In addition to electrodes, photosensors are a key component of these detectors, as
they record the light from the scintillation and ionisation signals produced in liquid
xenon. This thesis also includes contributions to the testing of photosensors, specif-
ically silicon photomultipliers (SiPMs), in liquid xenon for future-generation exper-
iments. Measurements were performed with the NUXE-3 detector at the University
of California, San Diego, using an array of 96 Hamamatsu VUV4 SiPMs to evaluate
the feasibility of a novel TPC design. All SiPMs in the NUXE-3 detector were suc-
cessfully commissioned and operated within this work, with measured photon gains
consistent with values reported in the literature.



Zusammenfassung

Trotz überzeugender Hinweise aus kosmologischen und astrophysikalischen Beobach-
tungen auf die Existenz von Dunkler Materie ist ihre fundamentale Natur bis heute
unbekannt. Xenonbasierte Zweiphasen-Driftkammern (engl. TPCs) werden in Exper-
imenten zur direkten suche nach einem der am häufigsten untersuchten Kandidaten für
Dunkle Materie, den schwach wechselwirkenden massiven Teilchen (engl. WIMPs),
eingesetzt. Aufgrund der extrem niedrigen erwarteten Wechselwirkungsraten von
WIMPs mit gewöhnlicher Materie erfordern solche Experimente eine außergewöhnlich
hohe Sensitivität sowie ein extrem niedriges Untergrundniveau. Beispiele hierfür sind
das derzeit in Betrieb befindliche Experiment XENONnT sowie das vorgeschlagene
Experiment der nächsten Generation, das XLZD-Projekt.

Eine zentrale Komponente von Zweiphasenxenon-TPCs ist die elektrische Feldkonfig-
uration im Detektor sowie die Elektroden, mit denen dieses Feld erzeugt wird, da sie
die Detektorleistung maßgeblich beeinflussen. Diese Dissertation präsentiert Beiträge
zur Auslegung, Optimierung, Qualitätssicherung und Konstruktion der Upgrade-Elek-
troden von XENONnT. Zur Unterstützung der Bewertung der Funktionsfähigkeit der
Elektroden und der daraus resultierenden elektrischen Felder wurde ein elektrostatis-
ches Feldsimulationsframework auf Basis der Randelementmethode (engl. BEM) im-
plementiert und in dieser Arbeit beschrieben.

Der Schwerpunkt dieser Arbeit liegt auf der Realisierung der Parallel-Draht-Anode
sowie der hexagonalen geätzten Gitterkathode mit einem Durchmesser von ∼ 1, 4m,
die im Upgrade des XENONnT eingesetzt wurden. Besonderer Fokus wurde auf
die Verbesserung der mechanischen Stabilität und der Hochspannungsfestigkeit dieser
Elektroden gelegt, gestützt durch umfangreiche Tests und den Einsatz komplementärer
Methoden. Die im Zuge des Upgrades gewonnenen Erfahrungen werden zusam-
mengefasst und zur Ableitung von Empfehlungen für das Elektrodendesign mit einem
Durchmesser von ∼ 3m im XLZD-Projekt genutzt. Darüber hinaus wurde die Mach-
barkeit des Parallel-Draht-Elektrodenkonzepts im für XLZD erforderlichen 3-Meter-
Maßstab untersucht.

Neben den Elektroden stellen Photosensoren eine weitere Schlüsselkomponente dieser
Detektoren dar, da sie das in flüssigem Xenon erzeugte Szintillations- und Ionisa-
tionslicht registrieren. Diese Arbeit umfasst zudem Beiträge zur Untersuchung von
Photosensoren, insbesondere von silicon photomultipliers (SiPMs), in Flüssigxenon
für Experimente der nächsten Generation. Die Messungen wurden mit dem NUXE-
3-Detektor an der University of California, San Diego, durchgeführt, wobei ein Ar-
ray aus 96 Hamamatsu-VUV4-SiPMs verwendet wurde, um die Machbarkeit eines
neuartigen TPC-Designs zu evaluieren. Alle SiPMs im NUXE-3-Detektor wurden
im Rahmen dieser Arbeit erfolgreich in Betrieb genommen und betrieben, wobei
die gemessenen Werte der Signalverstärkung mit den der Literaturwerten überein-
stimmen.
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Chapter 1
Searching for Dark Matter

As humanity pursues a deeper understanding of the physical world, it has become in-
creasingly clear that our knowledge of the Universe remains incomplete, particularly
regarding its composition. A wide range of astrophysical and cosmological observa-
tions indicate that the luminous matter constitutes only a small fraction of the total
matter content of the Universe. A large, unseen component of the Universe is referred
to as dark matter.

The term dark matter is, however, somewhat misleading. Unlike black holes, dark
matter does not absorb light and is therefore not “dark” in the conventional sense, but
rather optically invisible. Dark matter is, however, not only invisible, but its funda-
mental nature remains unknown. This lack of understanding has motivated extensive
experimental efforts to identify dark matter as a new particle species.

The work presented in this thesis contributes to the worldwide experimental effort to
directly detect dark matter, aiming to detect scattering between dark matter particles
and known particles. This chapter begins by providing essential background on dark
matter and the general experimental methods used to detect it. Chapter 2 introduces
a current- and a next-generation direct dark matter search experiment that form the
context of this thesis. They are the XENONnT experiment and the XLZD project,
respectively.

In these detectors, the electric field and the electrodes that generate the electric field
are essential to the operation and performance of the experiments. They are a cen-
tral focus of this thesis. To establish the current state of electrode fabrication and
associated challenges, Chapter 3 reviews the high-voltage performance and existing
electrode designs in comparable experiments. Chapter 4 describes the electrostatic
field simulation framework used to assess the electrodes by calculating the electric
field they produce. Chapter 5 and Chapter 6 present details of the realisation of the
XENONnT upgrade electrodes, with a focus on ensuring their structural integrity and
high-voltage performance.
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Beyond the electric-field configuration, photosensors are a critical component of these
detectors. Chapter 7 presents a characterisation study of photosensors intended for
future dark matter experiments. The studies presented in this thesis contribute to the
advancement of detector technologies, thereby supporting ongoing efforts to shed light
on the mystery of dark matter.

This chapter non-comprehensively summarises the primary evidence for the existence
of dark matter and our current understanding of the topic. Interested readers are di-
rected to more extensive reviews on the topic, such as [2–4].

1.1 Evidence for Dark Matter

There is substantial evidence for the existence of non-luminous matter across a wide
range of observations, from large to small scales. On cosmological scales, measure-
ments of the cosmic microwave background (CMB) provide strong constraints on
the matter content of the Universe. On galaxy cluster scales, mass distributions in-
ferred from gravitational lensing cannot be explained by the measured luminous mat-
ter alone; additional non-baryonic mass is required. On galactic scales, measurements
of stellar rotation curves indicate the presence of a substantial non-luminous com-
ponent within galaxies. Note that on even smaller scales, such as within the Solar
System, the local dark matter density is insufficient to produce any observable effects
on planetary motion [3].

While alternative theories may account for some observations, only the existence of
dark matter provides a consistent explanation for all of them, as understood at the time
of writing. The following section discusses in more detail how these observations
support the existence of dark matter.

Cosmic Microwave Background

At the cosmological scale, which is the largest scale, the measurement of the CMB is
one of the strongest pieces of evidence for the existence of dark matter and provides
constraints on the abundance of dark matter together with the standard cosmological
model, the Lambda cold dark matter model (ΛCDM). The model has 6 independent
parameters, in which the dark energy or the cosmological constant, Λ, and the cold
dark matter (CDM) component have been included in the energy density.

The CMB is the relic radiation from the early Universe, when the photons first de-
coupled with the hot plasma of matter at 3000 K [5]. The Universe then became opti-
cally transparent, and photons propagated freely and were cosmologically redshifted
to 2.725 K [6], giving rise to the CMB we observe today.

Despite its high degree of isotropy, the temperature of the CMB exhibits anisotropies
at the level of O(100 µK), as measured with high precision by the Planck satellite [7]
and shown in Figure 1.1 (left). These anisotropies originate from density fluctuations
in the early Universe. The hot plasma was compressed into gravitational potential
wells and counteracted by radiation pressure, leading to acoustic oscillations and tem-
perature inhomogeneities. These oscillations were frozen at photon decoupling, after
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which photons from regions at different temperatures propagated freely. The super-
position of this radiation gives rise to the angular anisotropies observed in the CMB
temperature map.

Planck 2018 fit

less dark matter

more dark matter

-300 300 [
Temperature

Figure 1.1: Left: the cosmic microwave background (CMB) map from the Planck satellite,
with the galactic disk (grey line) removed and the average subtracted [7]. Right: Temperature
power spectrum of the CMB. The black dashed line represents the best-fit ΛCDM model to the
Planck 2018 data [7]. Blue lines show the ΛCDM model with the dark matter density varying
between 0.11 and 0.43. Large (small) multipoles l correspond to small (large) angles on the
galactic coordinates. The spectrum peaks at l ∼ 200, corresponding to ∼ 1°; while l at 1800
corresponds to 0.1°. Figure adapted from [3].

As one may observe in Figure 1.1 (left), these anisotropies have a typical angular size,
∼ 1°, on the map. More quantitatively, the profile can be decomposed into spherical
harmonics, parametrised by the multipole l. Smaller l corresponds to a larger angular
size, vice versa.

The power spectrum of the CMB can be well modelled by the ΛCDM model. Fig-
ure 1.1 (right, black dashed line) shows the overall best fit of the ΛCDM model to the
power spectrum as a function of the multipole l to the data from the Planck satellite
[7] shown on Figure 1.1 (left). The ΛCDM model prediction with varying dark matter
content, while fixing all other parameters, is also shown in Figure 1.1 (right, blue solid
lines). As can be seen in the figure, the position of the third peak is sensitive to the total
amount of cold dark matter [3], Similarly, the position of the first peak is sensitive to
the curvature of the universe, which was found to be a flat geometry of the current Uni-
verse [7], or that the total energy density Ω = ΩΛ+Ωmatter+Ωradiation = 1, where Ω, ΩΛ,
Ωmatter and Ωradiation are the closure, dark energy density, matter density and radiation
density parameters respectively. Among the matter density, Ωmatter ≈ Ωbaryon +ΩCDM.

The composition of the Universe, determined by the data from the Planck satellite
and the ΛCDM model, is summarised in Table 1.1. Note that Ωradiation is ∼ 5 × 10−5,
which is negligible [8, Section 5.8]. Note also that among the baryonic matter, only
20% is luminous, the rest can be non-luminous gas or MAssive Compact Halo Objects
(MACHOs), such as black holes and lonely planets [8, page 121].

In addition, the baryon density determined from the CMB and Big Bang nucleosyn-
thesis (BBN) theory, which models the production of the lightest elements, predicts
relic abundances that are in agreement with the observed abundances. This provides
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Table 1.1: Measured values for the composition of energy density in the Universe.

Energy density Ratio in total energy [7] Ratio in Ωmatter

ΩΛ 69%
Ωbaryon 5% 16%
ΩCDM 26% 84%

a strong constraint on the baryon density to be Ωbaryon ∼ 5% [9, 10]. To explain a flat
Universe, the existence of non-baryonic dark matter is required [11].

Gravitational Lensing for Galaxy Clusters

Gravitational lensing is a powerful method for mapping non-luminous mass in the
Universe. When a mass distribution lies along the line of sight, it deflects the path of
light from background objects in accordance with General Relativity before the light
reaches the observer. As a result, the foreground mass acts as a lens, distorting the
observed image of the background source. The degree of this distortion depends on
the mass distribution of the lens, the relative alignment of the lens and source, and the
distances between the lens, the source and the observer.

Based on the strength and observability of these distortions, gravitational lensing is
commonly classified into three regimes: strong lensing produces clearly visible ef-
fects such as highly distorted images or multiple images of the same background ob-
ject. Weak lensing leads to subtle but coherent tangential distortions in the shapes of
background galaxies that are not detectable for individual sources but must be inferred
statistically. Microlensing is when the lensed images are too closely spaced to be re-
solved, resulting in a temporary increase in the apparent brightness of the background
object as the lens passes through the line of sight.

Weak lensing is particularly effective for studying extended and relatively diffuse mass
distributions. It has been widely used to measure the mass distribution of galaxy
clusters and large-scale structure, and it provides strong evidence for the presence of
dark matter.

A classic example of using weak gravitational lensing to infer mass that cannot be
explained by only luminous matter is the Bullet Cluster (1E 0657–558), shown in
Figure 1.2, which was formed by the collision of two galaxy clusters [12]. The hot
plasma, which constitutes the dominant baryonic mass component of the system, was
observed through X-ray imaging. The mass distribution of the cluster was recon-
structed using weak gravitational lensing.

The overlaid maps show that the peaks of the mass distribution do not coincide with
the dominant baryonic mass component contributed by the plasma. Instead, they
roughly follow the distribution of galaxies in the cluster [12], which are effectively
dissipationless during the collision, unlike the plasma. This spatial separation provides
strong evidence that the dominant mass component in the system is non-dissipative,
collisionless, and non-baryonic [12].
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Figure 1.2: Mass distribution of the Bullet Cluster overlaid on optical and X-ray images. The
green contours in both panels show the mass distribution reconstructed using weak gravita-
tional lensing. Left: mass distribution overlaid on an optical image of the galaxies. Right:
mass distribution overlaid on an X-ray image of the intracluster gas. Image from [12].

Rotational Curves for Galaxies

The time between collisions for stars in a galaxy is around 10−21 year, implying the
stars are essentially collisionless in a galaxy and the gravitational interaction domi-
nates their motion [13]. They, therefore, serve as a good tracer for the invisible mass
in a galaxy.

From the standard Newtonian treatment, the circular velocity vc of the stars is given
by

vc =

√
GM

r
, (1.1)

where M is the enclosed mass with radius less than r, G is the gravitational constant.
If the mass of a galaxy were concentrated predominantly at its centre, similarly to the
distribution of luminous matter, the circular velocity profile would be expected to fol-
low vc ∝ r−1/2. However, Vera Rubin’s studies of the rotation curves of spiral galaxies
since the 1970s revealed that their rotational velocities remain approximately constant
at large radii [14, 15]. Numerous independent observations have since confirmed this
behaviour [16, 17].

To have a flat profile for vc, the enclosed mass should scale with radius, as can be seen
from Equation 1.1. Therefore, the profile can be explained by a halo of spherically
symmetric mass distributed in the galaxy and extending well beyond the visible galac-
tic disk, with a density distribution roughly proportional to ρ(r) ∝ r−2. Examples
of the rotation velocity profile of two spiral galaxies are shown in Figure 1.3, fitted
with one of the commonly used dark matter halo density profile, namely the Navarro-
Frenk-White (NFW) model with ρ(r) ∝ r−1(1+r/rs)

−2, where rs is a free parameter
[18]. The examples illustrate that the baryonic mass contributions from the stellar disk
and gas alone cannot explain the observed rotational velocities. In contrast, includ-
ing a dark matter halo in the total mass distribution reproduces the measured rotation
curves.

The observed flat rotational curves may also be explained by modifying Newtonian
gravity at large distances. Modified Newtonian Dynamics (MOND), first proposed
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Figure 1.3: Examples of the measured rotational curve of spiral galaxies NGC4183 and
NGC5055, along with the estimated profiles using different models. Black dots: data mea-
sured using the Spitzer telescope. Black-dashed line: expected profile using the density profile
of only the baryonic component, namely the galactic disk and the gas in the galaxies. Grey-
dashed line: fitted profile using the Navarro-Frenk-White (NFW) density dark matter halo
model. Red line: total fit with the sum of the baryonic component and the dark matter halo
component. Image taken from [19].

by Milgrom in 1982 [20], is a class of models developed to address this possibility.
Although MOND successfully describes observations on the galactic scale, it cannot
account for the observations at the cosmological scale, whereas dark matter can ex-
plain both large- and small-scale phenomena. As such, the presence of dark matter is
favoured over modified theories of the gravitational force law [12].

1.2 Candidates of Dark Matter

Although a wide range of observations strongly indicate the presence of dark matter,
its fundamental properties remain unresolved. To frame the discussion that follows, it
is useful to first outline the basic criteria that viable dark matter candidates satisfy [2]:

• Non-baryonic: As discussed above, measurements of the CMB interpreted
within the ΛCDM model, together with constraints from BBN and the observed
abundances of light elements, consistently indicate that baryonic matter ac-
counts for only about 5% of the total energy density of the Universe. Additional
non-baryonic matter is therefore required to obtain a spatially flat Universe, as
observed. Independent evidence for this non-baryonic component is provided
by gravitational weak-lensing measurements, which have revealed the excess
non-baryonic mass in galaxy clusters. While some treatments refer to invisible
baryonic components as baryonic dark matter [8], such contributions constitute
only a small fraction of the total energy density. Consequently, the remainder of
this thesis focuses on non-baryonic dark matter, which makes up approximately
84% of the total matter content of the Universe.

• Long-lived: Dark matter already existed from the early Universe as we learned
from the CMB, and still exist today in galaxies and galaxy clusters; its decay
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lifetime should be comparable or longer than 13.8 Gyr, the age of the Universe
[2].

• Massive: The candidate must carry mass and can interact via gravitational force.

• Non-relativistic: Viable dark matter candidates are expected to be non-relativistic
(“cold” or “warm”) rather than relativistic (“hot”). A large amount of hot dark
matter would have erased density fluctuations in the early Universe, preventing
the formation of the large-scale structure observed today.

• Electrically neutral: The absence of electromagnetic emission or absorption
implies that dark matter particles must be electrically neutral or carry at most a
very small charge.

• Non dissipative: Dark matter is required to interact only weakly with itself
and with known particles, thereby preventing significant energy loss through
radiation or collisions and enabling the formation of extended halo structures.

The possible mass range of dark matter spans many orders of magnitude, as shown
in Figure 1.4. The lightest can be an ultra-light scalar field to particles. The upper
bound for dark matter as a particle is given by the Planck scale, at which the particle
collapses into a black hole by its own weight. For even higher mass, dark matter can
be macroscopic objects, like Primordial Black Holes (PBHs) [21]. Note that PBHs are
not included in the 5% baryonic matter budget, as they were produced before BBN [2,
3]. However, they are disfavoured as major contributors to the dark matter component
by galactic and cosmological observations [22].

Macroscopic objects

PBHs

Fields

Ultra- light
scalars ax

io
n

Particles

thermal
relics

Too
big

Too
heavyνs

10 1020 kg 1010 1020 1030 1040
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Figure 1.4: Mass range of dark matter candidates, such as the ultra-light scalars, axion, the
sterile neutrino νs, and the primordial black holes (PBHs). The region for thermal relics that
motivate weakly interacting massive particle (WIMP) is also marked. Various length scales
are labelled in grey for the reader’s reference. Figure adapted from [2].

1.2.1 The Standard Model

Concerning dark matter as particles, given the stated requirements, dark matter cannot
be composed of Standard Model (SM) particles. As it should be non-baryonic, protons
and neutrons are excluded. The requirement of long lifetimes rules out the bosons1

and mesons. The absence of electromagnetic interactions further excludes charged
leptons or photons.

Neutrinos satisfy several of the necessary conditions, as they are electrically neutral
and weakly interacting. However, they cannot constitute the dominant component

1Gluon cannot be isolated due to quark confinement.
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of dark matter. Neutrinos remained relativistic at the time of structure formation in
the early Universe; therefore, they are disfavored [22]. In addition, their measured
abundance masses in the Universe are far too small to account for the observed dark
matter abundance [8].

In addition to the lack of a viable dark matter candidate, the SM faces several well-
known theoretical limitations. These include the hierarchy problem, associated with
the unnaturally small mass of the Higgs boson [23]; the strong CP problem, referring
to the lack of observed CP violation in the strong interaction [23]; or the unresolved
origin of neutrino masses [4]. These problems strongly motivate extensions of the
SM, which naturally introduce new particles that can serve as dark matter candidates.
Specifically, supersymmetry aims to resolve the hierarchy problem by providing su-
persymmetric partners of the SM particles, which differ in spin by 1/2, that can cancel
the higher-order, divergent terms in the Higgs mass [24]. The theory provides WIMP
candidates, such as neutralinos [4]. The Peccei–Quinn framework introduces a new
field that, upon spontaneous symmetry breaking, gives rise to axions, possibly a dark
matter candidate, and suppresses CP violation [25, 26]. The seesaw mechanism in-
corporates sterile neutrinos, which are potential dark matter candidates, to provide a
small mass for the detected neutrinos [4].

Given the scope of this thesis, the remainder of this discussion is devoted to assessing
the suitability of WIMPs as dark matter candidates.

1.2.2 Weakly Interactive Massive Particles (WIMPs)

In the hot plasma stage of the early Universe, dark matter particles constantly ex-
change energy with SM particles via elastic scattering, production, and annihilation;
therefore, they were in thermal equilibrium. As the Universe expands, the number
density of the dark matter particles reduces, so does the probability for them to anni-
hilate into SM particles. At a certain point, the dark matter density stopped changing
(“frozen out”) into the relic density, the density that we measure today. The relic den-
sity depends on the annihilation cross section. If the cross section is assumed to be at
the weak-scale, the freeze-out density aligns with the observed dark matter abundance
of 26%, for the mass from a few GeV/c2 to 100 TeV/c2 [27]. Since there is no a priori
reason why the two parameters are consistent, this agreement is called the “WIMP
miracle” [4].

In addition to cosmological considerations, WIMPs are well motivated from a particle-
physics perspective. As discussed above, supersymmetric extensions of the Standard
Model naturally predict stable, weakly interacting particles such as the neutralino [2,
4]. The new particle can simultaneously address the dark matter and hierarchy prob-
lems of the SM, thereby contributing to its prominence as a leading WIMP candidate
among other possibilities.
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1.3 The Hunt for WIMPs

To investigate the properties of WIMPs or other dark matter candidates, dedicated
experimental approaches have been developed. These searches are grouped into three
categories: direct detection, indirect detection, and collider searches.

Direct detection experiments aim to observe the scattering of dark matter particles
off SM particles, typically nuclei, in terrestrial detectors. Indirect searches look for
signatures of dark matter annihilation or decay in astrophysical environments, such
as excesses in gamma-ray fluxes. Such searches are sensitive to assumptions about
the dark matter halo distribution and require precise modelling of astrophysical back-
grounds. Collider searches probe the dark sector by colliding SM particles at high
energies, potentially producing dark matter particles or their mediators, which are in-
ferred from missing-energy signatures.

In the following, direct detection of WIMPs is discussed to narrow the scope of the
discussion.

1.3.1 Interaction Rate for Direct Dark Matter Search

As WIMPs do not carry electric charge, they rarely interact with atomic electrons, so-
called electronic recoil (ER). If they interact with SM particles, they are most likely to
elastically scatter off and transfer the momentum to the atomic nucleus, called nuclear
recoil (NR), which subsequently produces detectable signals [3].

Detectors detecting these signals are placed in underground laboratories to wait for
the scattering with WIMPs, analogous to the traditional Chinese proverb, “守株待
兔”. Taking only to the literal meaning, it means to stay under the tree for “free”
rabbits to come and crash onto the tree, back in the days when hunting for food was
still common. The higher the interaction rate, or the event rate from the perspective
of the detectors, the faster the “hunt”, which is important given the limited human
lifespan.

The event rate is proportional to the local dark matter number density n = ρ0/mχ,
where ρ0 is the local DM density, and mχ is the mass of the dark matter particle. The
interaction rate is also proportional to the total number of target nuclei, N = M/mN ,
where M is the total target mass in the detector and mN is the nuclear mass. In
addition, the event rate also depends on the velocity of the dark matter particle in the
detectors’ reference frame v, and the scattering cross section σ. The differential event
rate can be expressed as [3]:

dR

dENR
= nN

∫ vmax

vmin

v⃗ f(v⃗)
dσ

dENR
d3v⃗, (1.2)

where ENR is the deposited nuclear recoil energy, f(v) is the normalised velocity
distribution function in the detectors’ reference frame.

Direct detection experiments can exploit the relative motion between the Solar System
and the Milky Way. As the Solar System orbits the Galactic centre within the dark
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matter halo, dark matter particles acquire a higher relative velocity with respect to
detector target particles. This effect gives rise to the so-called “dark matter wind”.
For the distribution function, the Maxwell-Boltzmann velocity distribution with most
probable speed at 220 km/s is commonly used [2, 3]. The minimum velocity vmin to
induce a NR of energy ENR [3]:

vmin =

√
ENRmN

2

1

µ2
, (1.3)

where µ is the reduced mass of WIMP and the nucleus. The maximum velocity, vmax,
is set by the Galactic escape velocity, measured to be approximately 544 km/s, albeit
with significant uncertainty [3, 22]. The local DM density ρ ∼ 0.3 GeV/c2/cm3, which
has a large uncertainty of ∼ 50% [3]. However, ground-based experiments tend to
assume the same value of 0.3 GeV/c2/cm3 for the sake of comparisons.

Given the typical mass of a WIMP of O(100GeV), and the relative velocity of ∼
220 km/s, the de Broglie wavelength is comparable to the typical size of a nucleus.
The form factor F (ENR) of the nucleus should be taken into account for the interac-
tion cross section [3]. The cross section, which depends also on the velocity and the
recoil energy, has the spin-dependent (SD) and the spin-independent (SI) components,
written as [3]:

dσ

dENR
=

mN

2v2µ2

(
σSIF

2
SI(ENR) + σSDF

2
SD(ENR)

)
. (1.4)

The spin-independent cross section is given by [3]:

σSI = σn
µ2

µ2
n

(fpZ + fn(A− Z))2

f 2
n

= σn
µ2

µ2
n

A2, if fp = fn,

(1.5)

where σn is the WIMP-nucleon cross section, µn is the reduced mass of WIMP and
the nucleon, fp and fn are the coupling strength of WIMP to protons and neutrons
respectively, A is the mass number, and Z is the atomic number [3]. In the second
line, where fp = fn, the cross section σSI ∝ A2, meaning that the higher the mass
number, the higher the event rate for spin-independent interactions. At the same time,
due to the higher mN , the minimum velocity vmin in Equation 1.3 also increases; in
other words, the recoil energy ENR is smaller to compensate. Therefore, to benefit
from the increased cross section, the detector’s energy threshold must be lowered.

If WIMP is fermionic, which couples to unpaired nuclear spins J , then the spin-
dependent interaction becomes relevant, with the differential cross section given by
[3]:

dσSD

d|q⃗|2 =
8G2

F

πv2
[ap⟨Sp⟩+ an⟨Sn⟩]2

J + 1

J

S(|q⃗|)
S(0)

, (1.6)
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where q⃗ is the momentum transfer, GF is the Fermi constant, ap,n are the effective
WIMP couplings to protons and neutrons, ⟨Sp,n⟩ are the expectation values of the
total spin operators for protons and neutrons in the target nucleus, which are model-
dependent [3, 22].

The important takeaway is that the SD component does not scale with A2, but depend-
ing on the total nuclear spin J of the target nucleus and the spin-structure function
S(|q⃗|) [3]. Therefore, sensitivity for the SD interactions is isotope-specific. For ex-
ample, 129Xe and 131Xe are sensitive to the spin-dependent WIMP-neutron interaction
[3].

Going back to the original quest, to build an experiment sensitive to the rare WIMP
SI interactions with a reasonably shorter exposure time (of the order of years), the
optimal detector should have a high mass number A for which the spin-independent
cross section scales quadratically, a high target mass M which give higher number of
target nuclei N , a low energy threshold and an ultra-low background not to outgrow
the potential signal, if exist. With the hunting analogy, the hunter should go to a forest
with thicker tree trunks to increase the chance of getting free “rabbits” as they crash
onto the trees.

1.3.2 Neutrino Fog as the Irreducible Background

The neutrino fog, defined in [28], refers to a gradual transition into the region with
an irreducible neutrino background in WIMP searches, which also produces NR at a
similar rate and energy spectrum. The neutrino background is mainly contributed by
the 8B neutrinos from the sun, the atmospheric neutrinos and the diffuse supernova
background [3]. They interact with SM particle via coherent elastic neutrino-nucleus
scattering, or CEνNS (pronounced as ”sevens”), which has a similar spectrum as for
WIMPs. At the same time, as with WIMPs, they cannot be effectively shielded against
because of their low cross sections; thus, they constitute an irreducible background for
WIMP searches.

There are ways to mitigate the neutrino fog, for example, by observing the annual
modulation of the signal. The event rate has a dependence on the relative velocity
between the DM particles and the detector on Earth, as shown in Equation 1.2. When
the Earth is moving in the same (opposite) direction as the solar system around the
Milky Way, the velocity is enhanced (reduced). This affects the event rate as shown
in Figure 1.5. The figure also shows that the Solar System is currently moving toward
the constellation Cygnus, meaning that the dark matter wind is blowing from that
direction. In experiments sensitive to the directional information of incident DM par-
ticles, such as the CYGNO experiment [29], they can better distinguish the neutrino,
especially from the sun, and the DM signals.

In addition to the annual modulation, sufficiently accurate modelling of neutrino fluxes
across energy ranges may, in principle, enable statistical discrimination of a dark mat-
ter signal from neutrino-induced backgrounds. Nevertheless, achieving this discrimi-
nation requires large exposure, precise spectral measurements and reliable theoretical
predictions of the neutrino energy spectrum [22].
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Figure 1.5: Annual modulation of the dark matter event rate. Left: Illustration (not to scale) of
the motion of the Solar System within the Milky Way for different months, with constellation
Cygnus shown for direction reference. Figure taken from [3]. Right: Dependence of the dark
matter event rate on the recoil energy ENR in June (solid line) or December (dashed line). Plot
adapted from [22].

1.3.3 Experiments and Current Status

For the NR interaction, possibly coming from a WIMP, most of the deposited energy
is transferred to heat, or phonons in solid materials. A smaller amount of the deposited
energy is transferred to excitation or ionisation of the target atoms [3]. Experiments
can detect one or more of these physical quanta, namely the scintillation photons, ion-
isation electrons or phonons, from the energy deposition, to understand the interaction
type and energy. The detected signals for different experiments are summarised in
Figure 1.6.

photon

phononcharge

DEAP
DAMA/LIBRA,

XMASS
CYGNO

CRESST

PICO
CUORECDMS

EDELWEISS

DAMIC
NEWS-G

XENON
LUX-ZEPLIN
PandaX
DarkSide

Figure 1.6: Overview of direct dark matter search detectors categorised by their detected
signal(s), namely scillation photons, ionisation charge, phonons, or their combinations. The
quanta are produced by the deposited recoil energy. Adapted from [30].

The experiments reconstruct interaction events from signals generated by the quanta.
After properly removing and modelling the background events, the events potentially
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Figure 1.7: Upper limit on the SI WIMP-nucleon cross section over WIMP mass for differ-
ent experiments. Solid lines indicate the 90% confidence limits, and dashed lines indicate
the projected sensitivity. Figure produced using codes and literature values from the Python
repository dd limit plot [31]. The neutrino fog for xenon shown is from [28].

caused by WIMP-nucleon scattering can be selected. Assuming a cross section and a
certain WIMP mass, one can calculate the expected total number of WIMP events by
integrating Equation 1.2 over the recoil energy spectrum above the detection threshold,
multiplied by the exposure time. If the WIMP of each given mass has the assumed
cross section, the number of WIMP-like events should match the expected number
of events. However, if no WIMP-like events are observed, the experiment can set
an exclusion limit on the parameter space of the cross section. The current status
of the spin-independent WIMP-nucleon cross section parameter space is shown in
Figure 1.7.

So far, neither WIMPs nor other dark matter candidates have been directly detected2,
including collider and indirect searches. As for direct searches for WIMPs, exper-
iments continue to increase sensitivity and are slowly entering the neutrino back-
ground.

2The DAMA/LIBRA experiment claimed a 12 sigma discovery. However, the results have been in
strong tension with other experiments [3, 22]
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Chapter 2
Dark Matter Detection with Dual-phase
Xenon Time Projection Chamber

In Chapter 1, dark matter as a new type of particle was motivated, with a major focus
on the candidate WIMPs. Various detection methods and experiments for direct dark
matter searches were introduced. Among these experiments, dual-phase time projec-
tion chamber (TPC) detects both the light and charge signals from energy deposition,
as categorised in Figure 1.6. This type of detector was proposed in 1995 [32], and has
been one of the most effective detector designs for the search for WIMP [33–36].

This chapter introduces the concept of dual-phase xenon TPC, on which the XENONnT
experiment and the XLZD project are based. These experiments set the context for
the remaining part of the thesis. In section 2.1, the working principle and the vari-
ous components of the dual-phase xenon TPC are introduced, with the highlight on
the indispensable role of the electrostatic field in the TPC. Section 2.2 introduces
the XENONnT experiment with a highlight on the challenges of its electrodes. Sec-
tion 2.3 introduces the XLZD experiment, which is the next-generation experiment
planned by converging the efforts of the XENONnT and the LZ experiments, as well
as the DARWIN R&D activities.

2.1 Dual-phase Xenon Time Projection Chamber (TPC)

Detecting rare events such as WIMP-nucleon interactions requires that the TPC detec-
tor be designed and optimised in the following ways: first, the interaction rate should
be maximised to increase the likelihood of observing rare events, and the threshold
of the recoil energy Enr should be minimised (see also subsection 1.3.1). Secondly,
the efficiency of signal collection, such as light and charge, should be maximised to
increase the signal-to-noise ratio. Thirdly, the background should be suppressed as
much as possible, using both active and passive background-removal techniques. The
remaining discussion in this chapter centres around these three aspects.

15
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2.1.1 Liquid Xenon as Target Material

Liquid xenon and argon are common choices of target materials for the dual-phase
TPC for the search for dark matter [34, 35, 37, 38]. A larger target mass increases the
interaction rate, as shown in Equation 1.2. Using a liquid target instead of a gaseous
target enables a significantly more compact detector design while maintaining a large
target mass. The density of liquid xenon (LXe)1 can be much higher than that of
gaseous xenon (GXe)2, depending on the thermodynamic state variables. Solid xenon3

has a density close to LXe, similarly for argon, therefore offering little advantage in
terms of detector compactness. At the same time, a solid target is less scalable than a
liquid or gaseous target due to the difficulty of maintaining crystal homogeneity and
the long times required to grow large, uniform crystals. Thus, using the liquid phase
as the primary target material is optimal for detector compactness, interaction rate,
and scalability.

In terms of the interaction rate, xenon and argon have relatively high atomic masses
compared to organic scintillators or lighter noble elements, leading to larger spin-
independent cross sections, as shown in Equation 1.5. While xenon has more than
three times the atomic mass of argon, its heavier nucleus makes xenon more sen-
sitive to higher-mass WIMPs than argon from kinematic considerations. Therefore,
experiments with the two target materials probe slightly different parameter spaces.
Nevertheless, xenon experiments have demonstrated a lower recoil energy threshold
by analysing only the amplified charge signals, enabling competitive results for light
dark matter candidates [40, 41]. The amplification will be explained in Section 2.1.4.

In terms of signal collection, both pure argon and xenon are highly transparent to their
own scintillation light, and electrons can drift over long distances in these media due
to their low electron affinity [42]. Noble fluids are chemically inert and can therefore
be efficiently purified in a continuous recirculation and purification system [43]. As
a result, both the ionisation and scintillation signals are preserved as they propagate
through the detector, before they are detected by the sensors. This property enable the
scalability of such experiments without a significant loss in detection efficiency.

On the other hand, the scintillation light yield in xenon is the highest among noble
liquids [44], and the average energy required to produce a quantum (called the W-
value), either a photon or an electron, for xenon is lower in comparison to argon [42,
45–47]. In addition, the wavelength of the scintillation light for xenon at 175 nm [48]
is detectable by commercial photosensors, while that for argon at ∼128 nm [49] usu-
ally requires wavelength-shifters which lead to reduction in efficiency and potentially
increased background [38, 50, 51].

In terms of background, both argon and xenon have high stopping power due to their
high atomic number and density [42], meaning outer detector volume can shield the
inner volume from background radiation, a property known as self-shielding. To ben-
efit from this, 3D position reconstruction is required to exclude events from the outer

1Density of liquid xenon at 177 K and 1.928 bar is 2859.8 kg/m3 [39].
2Density of gaseous xenon at 177 K and 1.928 bar is 18.077 kg/m3 [39].
3Density of solid xenon at melting point is ∼3400 kg/m3.



Chapter 2. Dark Matter Detection with Dual-phase Xenon Time Projection Chamber 17

detector volume. Such a technique will be discussed in subsection 2.1.6.

On the other hand, natural argon has an intrinsic radioactive background from cosmo-
genically activated 39Ar, which is in the region of interest (ROI) for WIMP search4.
Distillation columns have been employed to further deplete the 39Ar concentration
from underground argon [38]. In contrast, natural xenon has a small intrinsic back-
ground for WIMP search from the isotopes 124Xe and 136Xe, which have the half-lives
at 1.1 × 1022 yr and 2.23 × 1021 yr respectively [52, 53]. In addition, the 8.9% of 136Xe
in natural xenon, which is an isotope that can undergo double beta decay, enabling
an additional scientific channel, namely the search for neutrinoless double beta de-
cay (0νββ) [53–55]. This hypothetical process beyond the SM requires neutrinos to
be Majorana particles. In 0νββ, the neutrino emitted at one decay vertex is absorbed
as an antineutrino at the second vertex, such that the decay energy is shared only
between the two emitted electrons, producing a monoenergetic signal [56].

There is also ongoing research on doping a bulk argon volume with a traceable amount
of xenon, combining some advantages from both noble fluids [57]. As a final re-
mark, experiments with different target materials are complementary and allow cross-
validation of the results.

In the following sections, the discussion is centred on using xenon as the target mate-
rial, but similar principles apply to argon-based detectors.

2.1.2 Signal Generation using Xenon

As mentioned before, an incoming particle transfers its energy to an atom in the liquid
phase. The simplified mechanism of the energy deposition is illustrated in Figure 2.1
and described in detail in [58–61]. The recoiled atom may deposit energy to nearby
xenon atoms either through excitation, ionisation, or elastic scattering (i.e. heat) [61].
The increase in heat via elastic scattering is not detectable in this type of detector5.
With the transferred energy from the recoiled atom, the xenon atoms are either in the
excited state, Xe∗, or an ionised state, Xe+. The excited state Xe∗ forms a singlet or
a triplet state excimer, also known as the excited molecule Xe∗2, which subsequently
transitions back to the ground state and emits vacuum ultraviolet (VUV) scintillation
photons. On the other hand, Xe+ can form an ionised molecule, Xe+2 , when combining
with another xenon atom. It may recombine with an electron, becoming an excimer
that decays and emits VUV light. In this process, the amount of light and electrons
produced is called the light yield and charge yield, respectively.

As mentioned in subsection 1.3.1, incoming particles can interact with the xenon
atoms via ER or NR. Background gamma rays and charged particles deposit energy
via scattering with electrons in xenon atoms, i.e. the electronic recoil (ER). WIMPs,
neutrons, or neutrinos via coherent elastic neutrino-nucleus scattering (CEνNS) de-
posit energy by scattering with the xenon nuclei, i.e. the nuclear recoil (NR).

4On a similar note, natural krypton has large activities of 81Kr and 85Kr, therefore not considered
for rare-event searches [42].

5Detecting heat dissipation requires an ultra-low-temperature crystal detector, such as SuperCDMS
[62], to suppress background thermal noise.
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Figure 2.1: Simplified recoil energy deposition processes for a xenon atom. Figure inspired
by [63].

The two types of interaction yield slightly different signal responses in the following
aspects. Firstly, due to the difference in energy density, the NR has a higher ratio of
singlet state (fast) emission than the triplet state (slow) emission [44]. However, since
the lifetime for both singlet and triplet states is very short for xenon6, the difference is
difficult to use for discrimination, unlike the case for argon7.

Secondly, the ratios of light yield to charge yield also depend on the incident particle
type and energy, as well as the external electric field [44, 61, 65, 66]. The recoiled
nuclei from NR, especially the ionised ones, lose a substantial amount of energy by
elastic scattering (i.e. heat) with other xenon atoms, which is undetectable in the xenon
TPC. In contrast, due to its small mass, the recoiled electron experiences minimal heat
loss, resulting in a higher charge yield than in NR. In addition, the recombination pro-
cess is faster for interaction with higher ionisation density or stopping power, such as
those with NR and alpha particles. This further reduces the charge yield and increases
the light yield for NR. When an external field is present, in this case, the drift field,
the field can pull the electrons away before recombination happens, especially for ER.

In summary, the simultaneous detection of scintillation light and ionisation charge
of xenon from an interaction enables effective discrimination between NR and ER
events. Since WIMPs are expected to interact predominantly via nuclear recoils, while
most background particles produce electronic recoils, ER/NR discrimination allows
efficient rejection of background events, thereby enhancing the sensitivity of WIMP

6For liquid xenon, the lifetime for the singlet (triplet) state is 4.3±0.6 ns (22.0±2.0 ns) [64].
7For liquid argon, the lifetime for the singlet (triplet) state is 7.0±1.0 ns (1600±100 ns) [64]. The

long lifetime of the triplet state enables the pulse-shape discrimination between interaction types.
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searches. The following section introduces the dual-phase xenon TPC as a dark matter
detector that can effectively measure both the charge and light signals upon interac-
tion.

2.1.3 Working Principle

Dual-phase xenon TPC detectors for dark matter searches are usually built in a cylin-
drical geometry. A schematic diagram of the standard implementation of a dual-phase
xenon TPC is shown in Figure 2.2 (left). As shown in the figure, LXe, as the target
material, occupies most of the detector volume. In addition to the liquid phase, there
is also a thin layer of GXe sitting on top, hence the name “dual-phase” TPC.

As can be seen in the figure, LXe as the target material occupies most of the detector
volume with a thin layer of GXe on the top. This configuration is called “dual-phase”
TPC as opposed to “single-phase” used in experiments such as XMASS [67] and
NEXT-100 [68].

One of the most crucial components of the TPC is the electrostatic field within, which
is primarily defined by three electrodes: the anode, gate, and cathode, shown in Fig-
ure 2.2, as well as the field cage surrounding the side of the detector (not shown).
When a WIMP particle scatters with the xenon nucleus, the recoiled nucleus deposits
energy to neighbouring atoms either by excitation or ionisation. The excited atoms
emit the VUV scintillation light, which is the primary signal, usually referred to as
“S1”. At the same time, the free electrons from ionisation drift upwards and are ex-
tracted into the gaseous phase by the established electrostatic field in the detector. The
electrostatic field in the gaseous phase is high, such that the accelerated electrons ex-
cite more xenon atoms in the gaseous phase to emit VUV light, which is labelled as
the secondary signal or “S2”. Since the S2 lights are induced by electrons, they are
also called electroluminescence (EL).

The light from both the S1 and S2 is collected by photosensors located at the top and
bottom of the detector, as shown in Figure 2.2 (left). The two signals can be distin-
guished by their characteristic pulse shapes. The lateral positions, x- and y-positions,
of individual signals are reconstructed from the light distribution across the photosen-
sor arrays, also called the hit pattern. With the knowledge of the electrostatic field
configuration in the detector, the electron drift path can be estimated. This informa-
tion enables correlation of the lateral positions of the two signals originating from the
same interaction vertex, allowing the two signals to be paired. In addition, given the
estimated drift path and drift velocity, the time difference between the paired S1 and
S2 signals can be related to the interaction depth (z-position). This motivates the term
“time projection chamber”.

The volume bounded by the cathode and the gate electrodes is called the active vol-
ume, as only interactions within this region can produce both correlated S1 and S2
signals. A paired S1 and S2 signal within the active volume is defined as a recon-
structed event, and the 3D position of an event can be determined as described above.
Such 3D position information enables the rejection of background events that interact
near the outer regions of the liquid xenon target, as noted in the previous section.
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tion chamber (TPC) adapted from [1]. The provided dimensions are similar to the current
generation experiments [35–37]. The horizontal dotted lines represent the electrodes, namely
the anode, gate and cathode. The horizontal solid line indicates the liquid-gas (LG) interface
located between the anode and the gate electrodes. The photosensors (grey boxes) and PTFE
reflectors (pale yellow regions) are also shown. The black dashed arrow marks the path of a
dark matter particle χ. The green arrow indicates the direction of electron drift. The primary
and secondary signals are denoted S1 and S2, corresponding to the light and charge signals
produced by energy deposition during interaction. Right: zoomed-in diagram of the region
around the electrodes, with the colour map indicating the magnitude of the electrostatic field.
The conventional names of the corresponding field regions are labelled. The small black cir-
cles represent the grid-like electrodes, as indicated. The local minima in the electric field map
around the electrodes arise from the repulsion of electric field lines between electrode grids
held at the same electric potential.

2.1.4 Electrostatic Field in TPC

As mentioned, the electrostatic field in the detector is responsible for projecting the
z-position of the interaction onto the time axis and converting the charge signal into a
light signal, which is crucial for the operation of the SiPMTPC. The field configuration
can be further optimised to improve the detector’s performance in terms of signal
detection efficiency and background mitigation.

The electrostatic field is primarily established by the anode, gate, and cathode elec-
trodes, as well as the field cage. The anode and the gate are typically a few millimetres
apart, sandwiching the liquid-gas interface, while the cathode is situated at the bottom
of the TPC. In addition to the three electrodes, conventional TPC detectors for dark
matter experiments include two additional screening electrodes, which are biased at a
potential close to that of the photosensors and shield them from strong external fields.
However, their necessity is debatable [34] and does not affect the operation principle
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of the dual-phase detector; hence, they are omitted from the remainder of the discus-
sion.

Regarding nomenclature, the field regions are named according to their functionality,
as shown in Figure 2.2 (right). The drift field, bounded by the gate and the cathode
in the liquid phase, is responsible for drifting the electrons from the event vertex to
the liquid-gas interface. The applied potentials at the gate, cathode, and field cage
primarily define the field in this region. The strong extraction field at the liquid-gas
interface enables electrons to overcome the potential barrier and be extracted into
the gaseous phase. The amplification field in the gaseous phase is responsible for
the amplification of the charge signals and converts them into an S2 light signal via
EL. The extraction and amplification fields are primarily determined by the applied
potentials at the anode and gate, as well as by the relative vertical position of the liquid-
gas interface. In addition, the reverse field is present below the cathode, pointing
downward and opposite to the direction of the drift field. Although it does not serve
a specific purpose, its higher field strength relative to the drift field defines several
important cathode design parameters and is therefore relevant.

Since the electrodes are within the field of view of the photosensors, they are designed
with a grid-like geometry that allows a significant fraction of the scintillation light to
pass through. Due to the grid-like structure, the electric field from one side of the
electrode can penetrate to the other through the opening, in contrast to a solid-plate
electrode. This effect is referred to as field leakage, also visible in Figure 2.2 (right).
From the perspective of having a homogeneous detector response, the field leakage
should be minimised. However, reducing field leakage generally compromises other
electrode parameters, such as optical transparency. A more detailed discussion is pre-
sented in chapter 3. Apart from field leakage, there are optimisations or requirements
specific to each field region, which are discussed in the following.

Drift Field

The drift field plays an important role in distinguishing NR from ER, thereby improv-
ing background rejection efficiency. As noted in the previous section, the recombina-
tion probability of free electrons and xenon ions depends on the electric field strength
at the interaction site, which in turn affects the ratio of light to charge yield. The
charge yield as a function of the light yield for simulated interactions at different drift
field strengths is shown in Figure 2.3. The two populations in different colors corre-
spond to ER and NR interactions, often referred to as the ER and NR band. A larger
separation between the two populations results in stronger discrimination power and
improved background rejection.

As shown in the figure, the ratio of light to charge yield for NR interactions exhibits
only a weak dependence on the drift field strength due to their higher ionisation den-
sity, in contrast to ER interactions. At the higher drift field, the charge yield for ER
events increases, as ionisation electrons are extracted more efficiently before recombi-
nation can occur. At lower drift fields, the two populations overlap more significantly,
leading to degraded discrimination power. ER events that cannot be distinguished
from NR events in the light and charge yield parameter space are referred to as ER
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Figure 2.3: Simulated ER and NR band as a function of S1 signal. “cS1” and “cS2” refer to
the S1 and S2 signals with the detector effects corrected. The field strength of the drift field is
(left) 50 V/cm and (right) 500 V/cm, as labelled in the subplots. Taken from [19].

leakage.

Nevertheless, when detector effects and associated uncertainties are taken into ac-
count, it has been shown that higher drift fields do not necessarily lead to improved
discrimination power or reduced ER leakage. Ref. [69] studied the dependence of ER
leakage on the drift field, as shown in Figure 2.4. It was found that the optimal drift
field lies in the range of 240−290 V/cm. While the higher ER leakage at low drift field
is expected, that at high drift field was potentially due to the uncertainty of the gain of
the S1 and S2 signals, as well as the uncertainty of the field strength at interaction site.
It is also noted in [69] that the result might differ with different detector thresholds, as
seen in the same plot, where XENON100 reports a low ER leakage also at 100 V/cm.
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Figure 2.4: Left: Dependency of the ER leakage fraction on recoil energy and drift field.
Right: integrated values for the events with 1–80 S1 photons detected (phd). Plots taken from
[69].

In addition to the requirement for field strength, the drift field should also be optimised
for spatial homogeneity. In the active volume with a non-homogeneous drift field, the
electrons may drift laterally and collide with the sidewall. In such a case, the S1-S2
pairing will be impossible, thus reducing the active volume of the detector.
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Also, a non-homogeneous drift field results in a non-uniform light and charge yield
across the detector. This non-uniformity can, in principle, be corrected, given a good
knowledge of the electrostatic field configuration in the detector; however, the uncer-
tainty from the corrections degrades the discrimination power between ER and NR
interactions, as suggested in [69].

The homogeneity of the drift field can be improved by implementing an array of field
shaping rings behind the PTFE side reflector of the TPC, where the potential on the
rings gradually decreases from the gate potential to the cathode potential [19, 70].
Since a perfectly homogeneous field is unattainable, accurate knowledge of the field
configuration inside the TPC critical for correctly tracing the drift paths of the elec-
trons in the TPC [19]. The information is provided by electrostatic field simulations,
as discussed in chapter 4.

Extraction Field

As the free electrons reach the liquid-gas interface, the strong electric field at the in-
terface enables electrons to overcome the potential barrier and be extracted into the
gaseous phase. A fraction of these electrons is extracted into the gaseous phase, char-
acterised by the extraction efficiency. The field strength at the liquid-gas interface
governs the extraction efficiency. At the interface, due to the different dielectric con-
stants between LXe and GXe, the electrostatic field has a discontinuity at the bound-
ary, given as:

E⊥gϵg = E⊥l
ϵl,

E∥g = E∥l ,
(2.1)

where E⊥ is the field perpendicular to the surface, E∥ is the field parallel to the surface,
ϵ is the dielectric constant, the subscripts g and l annotate the gaseous and liquid side
of the interface. In the case of xenon, ϵLXe = 1.88 [71, 72], and ϵGXe = 1.00127 [71].
So the field in the gaseous phase is approximately twice as strong.

There is a strong indication that an extraction efficiency below 100% might result
in trapped electrons being released in an uncontrolled manner, leading to delayed
electron signals [73, 74]. These delayed signals might be misidentified as S2 signals
and accidentally paired with an uncorrelated S1 signal. In addition, the release of an
excessive number of uncontrolled electrons may saturate the photomultipliers (PMTs),
thereby increasing the detector’s downtime. Therefore, an extraction efficiency close
to 100% is recommended.

The field strength at the liquid side of the interface, for which the extraction effi-
ciency approach 100%, was found to be larger than 5 kV/cm8 [75], or a higher value
>7 kV/cm [76, 77]. In any case, to achieve a high electric field, the distance between
the anode and the gate is typically very small, on the order of a few millimetres.

8Note that sometimes in the literature, the field in the gaseous phase is quoted instead [34, 75].
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Amplification Field

As mentioned, the amplification field accelerates the extracted electrons until they
collide with the xenon atoms. These collisions excite the xenon atoms, which sub-
sequently emit VUV photons at 175 nm. This physical process is called electrolumi-
nescence (EL), and it is detected as the S2 signal. The amount of produced photons
depends on the drift path Ld from the liquid-gas interface and the anode, as well as the
field strength along the path. With a distance Ld ∼ 4 mm and a potential difference
between the gate and anode ∆Vag ∼ 7 kV, a single extracted electrons can generate
a few hundred VUV photons close to the photosensor array at the top of the detector
(see also Section 5.8), thus amplifying the charge signal.

The amplificator factor, or gain, was found to be linearly related to the reduced field
(i.e., the field divided by the pressure) for a certain range of field [75, 78]. Meaning
that even at 100% extraction efficiency, the higher the field, the higher the EL photon
yield. The pressure dependence is related to the electron collisional mean free path.
At low pressure, the electrons are more likely to accelerate for longer and gain more
energy before a collision. If the reduced field is high enough, the electrons can gain
enough energy to ionise xenon atoms9. Therefore, the aforementioned linearity be-
tween the number of electrons and EL yield holds until accelerated electrons begin
to ionise additional electrons, producing an electron avalanche, also called electron
multiplication [49, 75].

In general, the gain for the S2 signal should be large enough that the detection of a
single electron from the interaction is feasible. Sensitivity down to a single electron
allows an even lower recoil energy threshold for studies using only the S2 signal [40,
41]. At the same time, the amplification field should remain below the threshold
for electron multiplication, as it could lead to electrical breakdowns that can damage
detector components (see also section 5.8). Another constraint is that the EL signal
should not saturate the photosensors, as it can complicate energy reconstruction or
even damage the sensors. The S2 resolution should be as uniform as possible to avoid
adding an uncertainty on the energy reconstruction of the event, as well as degrading
the discrimination power [60].

The field in the EL region is fast-changing and complex due to the narrow gap between
the anode, the interface, and the gate in the millimetre range, as well as the high field
at the electrode surface in the sub-millimetre range. Therefore, knowledge of the
field configuration in that region is crucial when designing and calibrating the signals,
which will be discussed in more detail in chapter 4.

Typical Potentials on the Electrodes

To satisfy the requirements of the electric field configuration described above, the typ-
ical bias voltages applied to the electrodes can be summarised as follows. The distance
between the cathode and gate electrodes depends on the detector size H , such that the
cylindrical aspect ratio of the TPC remains approximately at unity [80]. The optimal
drift field is assumed to be independent of H , so the potential difference between the

9The first ionisation energy for xenon is at 12 eV [79].
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cathode and the gate scales with H . The gate electrode is typically grounded; thus,
the cathode electrode should be at Vcathode = −||E⃗d|| ×H , where Ed is the drift field
at ∼ 100 − 500V/cm, and H is the height of the detector. For the current generation
experiments with H ∼ 1.5m, the ideal Vcathode should be O(−10 kV). The presence
of the field cage is essential for the field uniformity within the active volume.

The photosensor array below the cathode is typically positioned within a few centime-
tres of the cathode to minimise the volume of inactive liquid xenon, which is costly.
PMTs are commonly used as photosensors in these experiments (see chapter 7) and
typically operate at approximately −1.5 kV. In this case, the combination of the high
potential difference between the PMT array and the cathode, as well as the small sep-
aration in between, gives rise to the strong reverse field observed below the cathode,
as shown in Figure 2.2 (right).

The gap between the anode and the gate need not to be increased with detector size.
To achieve the required high extraction field and the amplification field, the electrodes
are typically separated by only a few millimetres. With the gate electrode grounded,
the anode potential is typically below +10 kV, optimised based on electrostatic field
calculations, such as the one discussed in chapter 4.

2.1.5 Signal Detection Efficiency

To achieve high signal detection efficiency, the detector must maximise the collection
of scintillation light from both the S1 and S2 signals. In addition, the number of the
ionisation electrons produced at the interaction vertex should be preserved during drift
until they are converted into the S2 photons.

The detector design should ensure that the photons produced either in the S1 or S2
signals can effectively reach the sensitive area of the photosensors, quantifies by the
parameter light collection efficiency (LCE). To maximise light collection efficiency
(LCE), the interior of the TPC chamber is covered by polytetrafluoroethylene (PTFE)
(see the example in Figure 2.5), which is highly reflective for xenon VUV light with
the reflectance at > 97% [81].

As mentioned, the electrodes, typically made of stainless steel (SS), are located within
the field of view of the photosensors and generally have lower reflectivity than PTFE
[82, 83]. To allow a large fraction of scintillation light to pass through, the electrodes
are therefore designed with a grid-like geometry. The ratio of the open area to the total
area of the electrode is defined as the transparency of an electrode. Purely from the
perspective of LCE, the electrodes should be as transparent as possible. Other design
considerations for the electrodes are discussed in Chapter 3.

In addition, the photosensors should be arranged to provide high coverage of the de-
tector volume. High photon detection efficiency is also required to effectively capture
the light signals. Commonly employed photosensors include PMTs [84] and silicon
photomultipliers (SiPMs) [85], with their performance characterised by the quantum
efficiency (QE) and photon detection efficiency (PDE), respectively. Extensive selec-
tion campaigns are typically carried out to identify the best-performing photosensors
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with the highest efficiency [84–86]. Nevertheless, because the scintillation and elec-
troluminescence light fall in the VUV range, the effective detection efficiency is gen-
erally limited to approximately 20–30%. A detailed discussion of the photosensors is
provided in Chapter 7.

Although the light collection efficiency for S2 signals is less critical due to the large
signal amplification in the EL region, achieving single-electron sensitivity remains
important for low-energy searches. Therefore, it is essential to retain the ionisation
electrons produced at the interaction vertex. To preserve the charge signal prior to its
conversion into EL light, a homogeneous drift field is required to prevent electrons
from drifting towards the PTFE walls, as discussed above. In addition, the electron
extraction efficiency at the liquid-gas interface should be as close to 100% as possible.

In addition, xenon purity is another critical factor for retaining the charge signal dur-
ing drifting. As the electrons drift through the detector, they can be trapped by or
attach to electronegative impurities, thereby reducing the amount of S2 signal. The
time before trapping is characterised by the parameter electron lifetime. Studies have
shown that electrons trapped in the detector can be released at later times, producing
delayed electron signals [73, 87]. In addition, impurities in the detector medium can
emit electrons through photoionisation, further contributing to delayed electron sig-
nals [73]. Such delayed S2 signals can result in mispairing between S1 and S2 signals
or contribute to the background in analyses that rely solely on S2 information.

To minimise the presence of impurities, the interior volume of the detector is evacu-
ated to ultra-high vacuum before filling the TPC with xenon. Since detector materials
constantly emmanate impurities through a process known as outgassing, continuous
purification of the xenon target is required, along with the selection of materials with
low outgassing rates when building the detector. The electron lifetime can also be
monitored in the xenon purification loop using an additional module, known as a pu-
rity monitor [88], which enables calibrations and offline corrections to account for
incomplete charge collection.

In addition to backgrounds originating from delayed electron emission, backgrounds
from physical interactions and energy deposition must be suppressed, as they decrease
sensitivity if not well modelled and can increase the deadtime of the data acquisition
(DAQ) system. There are several background suppersion strategies, and the following
section will discuss a number of these approaches in detail.

2.1.6 Background Mitigation

The background level is largely suppressed through a combination of passive shield-
ing and active veto systems. First of all, the low-background, high-sensitivity dark
matter experiments are also built in deep underground laboraties, as the overburden
provides effective passive shielding against cosmic rays, more critically, the cosmic
muons (see [3, Figure 9]). Excessive cosmic muon events could overwhelm the DAQ
system, leading to deadtime. More critically, muon-induced neutrons can produce
NR events, which cannot be distinguished from WIMP-induced events using ER–NR
discrimination.
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In the underground laboraties, the experiments are also equipped with veto system(s)
wrapping around the TPC [89, 90]. They can detect the Cherenkov radiation from
background gammas or the neutron events. These events are tagged by the veto system
and removed from analysis. These systems can also act as passive shielding, as the
water can effectively shield gammas and neutrons if they come from the outside of the
detector.

The next layer of the nested detectors arrangement is the TPC. There are background
sources from the detector materials, which cannot be shielded against. Before con-
structing the detector, materials should be carefully selected to minimise the amount
of radioactive material remaining in the detector. Screening campaigns are usually
carried out [91] for such purposes. The same applies to the electrodes inside the de-
tector, as the combination of radioactivity and high field on the surface can create
detectable charge signals [73].

Before operating the TPC, the electrode and other components should also minimise
their exposure to air, as it contains 222Rn [92]. Otherwise, the plate-out of 222Rn
daughters from the surfaces during the detector’s operations contributes to the back-
ground for dark matter and 0νββ searches [93]. Experiments are also equipped with
an active purification system and cryogenic distillation to remove radioactive isotopes,
including radon and krypton [35, 93].

While the detector is operating, additional techniques can be used to remove back-
ground events at the analysis level. As mentioned, due to the high stopping power
of LXe, the outer layer of the active volume shields the background from outside the
detector, a property called self-shielding. Therefore, with the 3D position of the event,
the events at this outer volume of xenon, which are most likely background events,
can also be removed from the ROI. The r-component of the event’s 3D position was
provided by the hit pattern of the S2 signal, and the z-component can be reconstructed
from the time difference between the S1 and S2 signals. This technique is commonly
known as fiducialisation, and the remaining volume is called the fiducial volume. Dark
matter particle or neutrinos can still penetrate the outer layer due to their low interac-
tion cross-section. The 0νββ search is not affected either because the signal originates
from within the detector.

In addition to the fiducial volume, background signals from gamma rays and beta
decays can also be rejected by the NR-ER discrimination, as mentioned in subsec-
tion 2.1.4. Neutrons and CEνNS contribute to the NR background. While the veto
system can remove the background from neutrinos, but not the CEνNS due to the low
cross-section. Possible directions of mitigation against the CEνNS background was
covered in subsection 1.3.2. Nevertheless, they remain the irreducible backgrounds
for current-generation dark matter experiments [94]. Note that in some other studies,
the ER events might be the signal and NR events become the background, such as the
search for solar axions [95] or light dark matter [40]. Typically, ER events are much
more frequent than NR events.

There are also background contributions from the electrodes, such as spurious light
and charge emission, as well as high voltage (HV) breakdown [96, 97]. They are more
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unpredictable and can be detrimental to the detector’s operation, so it is important to
understand them. Details will be discussed in section 3.2.

2.2 The XENONnT Experiment

The XENONnT experiment is located at Laboratori Nazionali del Gran Sasso (LNGS),
which has 1400 m of rocks above the laboratory, to shield the muon flux by six orders
of magnitude [98]. The dual-phase xenon TPC of XENONnT, shown in Figure 2.5,
has the dimensions of ∼1400 mm in diameter and 1486 mm tall between the cathode
and the gate, such that the active LXe mass is 5.9 tonnes. The top and bottom of
the TPC are covered by a total of 494 PMTs, each with a round photocathode. For
each array, a monolithic PTFE disk of 8 mm thick holds the PMTs in position, to-
gether with a thick copper disk positioned behind it. The PTFE disk also reflects the
light that lands on the gap between the PMTs. In addition, PTFE pillars and pan-
els (or called the PTFE side reflector), arranged into an icositetragon (24-gon) prism,
cover the sides to maximise the LCE. Behind the PTFE side reflectors is the field
cage system that improves the field uniformity inside the TPC [70]. The field cage
elements include an array of field shaping wires, guard rings and resistor chain. The
high-voltage feedthrough (HVFT) outside the field cage delivers negative bias voltage
to the cathode from the top of the cryostat.

Outer Vessel

Top PMT Array

Diving Bell

Inner Vessel

PTFE Pillar

PTFE Side Reflector

Field Shaping Elements

Bottom PMT Array

Liquid Recirculation Port

Top Screen Electrode
Anode Electrode
Gate Electrode
Field Shaping Wires
Resistor Chain

Guard Rings
HV Feedthrough
Cathode Electrode
Bottom Screen Electrode
Photomultiplier Tube (PMT)

Figure 2.5: CAD drawing of the XENONnT TPC with the cryostat and the LXe/GXe piping.
The top and bottom right panels zoom into the top and bottom grid regions, respectively. Image
taken from [35], with minor adaptation.

A detailed overview of the instrumentation of the XENONnT experiment is provided
by [35]. In this section, the introduction is restricted to facilitate comprehension of
the remaining part of the thesis. The following is summarised mainly from [35].

The TPC is insulated by a cryostat with an inner and outer vessel. The LXe fills the
inner vessel, and the liquid level is set by the diving bell over the top PMT array. The
diving bell can move vertically to control the liquid level, which is then monitored
by level meters located at different positions. The liquid levels were set at 4.9 mm or
5.1 mm, summarised later in Table 2.3.

To liquify xenon and regulate the temperature inside the cryostat, pulse tube refriger-
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ators (PTR) provide the cooling power. A copper block is thermally coupled to the
PTR. Then, a proportional-integral-derivative (PID) controller10 regulates the temper-
ature of the copper block via a heating element, which in turn stabilises the tempera-
ture and the vapour pressure in the cryostat. The nominal operating temperature and
pressure are summarised in the table Table 2.1. These parameters are important when
determining the EL signal and breakdown voltage of xenon.

Table 2.1: Nominal operating conditions [35].

Absolute pressure 1.9 bar
Temperature 175 K

Outside the TPC, the neutron and muon veto systems passively shield the cryostat and
actively tag background events. The two veto systems are optically separated but use
the same water in the water tank to detect the Cherenkov light. The 700 tonnes of
deionised water in the water tank act both as a passive shield for external radiation
and as part of the active veto system. The neutron veto, which encloses the volume
1 m away from the cryostat, is designed to tag the neutrons coming out of the TPC,
since neutron events contribute to the NR background. As thermalised neutrons are
captured in the water tank, the outgoing gamma rays accelerate electrons via Compton
scattering, thereby producing Cherenkov light to tag neutron events. The water tank
was later loaded with gadolinium to increase the capturing cross-section. The muon
veto system outside the neutron veto has lower efficiency, but it is sufficient to detect
muon-induced Cherenkov light.

XENONnT has demonstrated innovative techniques, such as the LXe purification sys-
tem that can purify 4-16 tonnes of xenon per day; a high-flow radon removal plant
to remove the unavoidable radon background continuously; a gadolinium-loaded neu-
tron veto system; and a PMT quality assurance and quality control (QA/QC) campaign
that ensures the quality of PMTs before installation [35, 84]. Many more technical as-
pects of the XENONnT experiments are omitted, such as the calibration sources and
purification systems, as they are less relevant to this thesis.

2.2.1 Electrodes and Fields

There are three main electrodes in the XENONnT TPC, namely, the anode, the gate,
and the cathode. Additionally, the top and the bottom screens are in place to protect
the PMTs from the strong field. In the XENONnT experiment, the collection of the top
screen, the anode and the gate is often referred to as the top stack, and the cathode and
the bottom screen are grouped as the bottom stack, due to their vicinity and relevance
to each other.

The electrodes consist mainly of parallel wires. The frames for all five electrodes
were made of SS304, and the wires are made of SS316, motivated by the reduced
amount of electron emission [96]. The geometrical parameters are summarised in
Table 2.2. The vertical positions listed in the table were at the nominal operating

10Lakeshore Cryotronics, Cryogenic Temperature Controller Model 340. https://www.
lakeshore.com

https://www. lakeshore.com
https://www. lakeshore.com
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temperature, accounting for material shrinkage. Note that the distance between the
parallel wire, or the pitch (Figure 3.1) is narrower for the top stack. The choice was
partly to minimise the electrostatic force between the anode and the gate despite the
lower optical transparency.

Table 2.2: Geometrical information of the electrodes for XENONnT. TS and BS refer to the
top and bottom screens, respectively. All dimensions are in mm. Apart from the wire diameter,
all numbers are rounded to the first decimal place. The frame height and width are simplified.
The frame shape refers to the shape projected to the top view. The vertical positions refer to
the positions at the bottom of the wires when the detector is at LXe temperature, assuming
the wires are perfectly straight. The wire gap is measured from the bottom of the top entity
to the top of the bottom entity. Remark(**): gap distance between the gate frame and the
copper ring, which is grounded; the distance between the gate and the cathode frame is not
meaningful.

Electrode
Frame
Shape

Frame
Height,
Width

Frame
Gap

Wire
Diameter

Wire
Pitch

Vertical
Position

Wire
Gap

TS 24-gon 15× 31 0.216 5 +36.0

9.9 27.6

Anode 24-gon 18× 31 0.216 5 +8.1

7.9 7.9

Gate 24-gon 20× 31 0.216 5 0.0

4.9 ** 1486.7

Cathode circle 20× 24 0.304 7.5 −1487.0

19.9 54.4

BS circle 15× 25 0.216 7.5 −1541.6

As described in [19, Section 6.3], after a cool-down cycle, the wire deflection of the
anode and gate wires increased by 2−3 mm for the longest wires for each electrode.
The minimum gap between the electrodes reduced from the target value of 7 mm to
∼3 mm. The continuous reduction in tension across the electrodes suggests the drop
is due to relaxation of the electrode frame after the cold test. Subsequently, due to
circumstances and to limit the deflection, wires of the diameter of 0.304 mm were
added to each electrode perpendicular to the wire array: 4 below the anode electrode
and 2 above the gate electrode.

Despite the limited deflection, the perpendicular wires create highly non-uniform
fields in the S2 production region and non-uniform extraction efficiency [19]. These
non-uniform, rapidly changing fields were challenging to mitigate at the data-analysis
level [99].

In addition to the challenge posed by the deflection of the gate and anode electrodes,
stable conditions cannot be achieved if the potential difference between the anode and
the top screen exceeds 6 kV during commissioning. This limited the anode potential
and thus the extraction field between the anode and the gate.
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The cathode and bottom screen were also found to be short-circuited. It was probed
that the resistance in between is around 10Ω, matching the resistance of meter-scale
SS wire11 [19]. Therefore, the short circuits are most likely caused by a broken wire
connecting the bottom stack electrodes. Regardless of the cause, the bottom stack
electrodes have been limited to the same potential. Since the bottom screen is 5 mm
away from the bottom PMT array, a high bias voltage for the bottom stack could
damage the PMTs.

The bias voltages of all the electrodes during stable operations are summarised in
Table 2.3. The drift field was remain at 23.0+0.4

−0.3V/cm instead of 200 V/cm [35]. The
extraction field was between 2.9 kV/cm and 3.7 kV/cm in LXe, depending on the
non-uniform distance between the wire of the anode electrodes and the liquid surface
caused by sagging [35]. The extraction efficiency dropped from the designed value of
96% [100], to > 70% around the perpendicular wires, and ∼ 53% for the rest of the
TPC [35].

Table 2.3: High-voltage configurations in different science runs (SRs). All voltage values are
in kV. The liquid level is relative to the nominal position of the gate electrode wires.

Top
Screen Anode Gate Top Ring Cathode Bottom

Screen
Liquid
Level [mm]

Designed -1.5 6.5 -1.0 -0.95 -30 -1.5 4
SR0 -0.9 4.9 0.3 0.65 -2.75 -2.75 5.1
SR1 -0.9 4.9 0.3 0.65 -2.75 -2.75 5.1
SR2 -0.1 4.85 0.3 0.65 -2.75 -2.75 4.9

2.2.2 Current Status

Despite numerous challenges, the XENONnT experiment has achieved high sensi-
tivity and set competitive limits across multiple scientific goals. The latest limit
for WIMP from the XENONnT experiment is also visible in Figure 1.7 with 3.1-
tonne×year exposure [101]. Stringent limit of spin-independent WIMP-nucleon scat-
tering cross-section was set above the WIMP mass of 10 GeV/c2, with the minimum
at 1.7 × 10−47 cm2 at WIMP mass of 30 GeV/c2 at 90% confidence level. In addition,
XENONnT recorded a 2.7σ indication of solar 8B neutrinos through CEνNS [102],
and placed limits on light dark matter [40, 103].

To further enhance the capabilities of the XENONnT experiments, various electrode
upgrade options are proposed in section 3.4. The field configurations will be sum-
marised in section 4.4. The realisation of the electrodes is discussed in chapter 5 and
chapter 6.

11If taken the resistivity of 6.9 × 10−7 , it would require around 1 m of the cathode wire, or around
0.55 m of the bottom screen (BS) wire.
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2.3 The XLZD Experiment and the 3-meter Scale Elec-
trodes

The XENON-LUX-ZEPLIN-DARWIN (XLZD) project is a next-generation experi-
ment, roughly twice the diameter and height of current-generation LXe dark matter
experiments such as XENONnT. The project brings together three collaborations–
XENONnT, LUX-ZEPLIN (LZ), and DARWIN–hence the name. The XENONnT
and LZ experiments are the current-generation xenon dual-phase TPC experiments,
with the upper limit on SI WIMP-nucleon cross section shown in Figure 1.7 [101,
104]. The DARWIN project was in the R&D phase and was planned with a similar
geometric dimension to the XLZD project [105].

Ref. [34] provides a detailed overview of the baseline design of the XLZD experi-
ment as well as areas for further R&D. In this section, the introduction of XLZD is
restricted to facilitate comprehension of the remaining part of the thesis. The content
was summarised mainly from [34].

The main goal of the XLZD experiment is to achieve a sensitivity for WIMP down to
the neutrino fog, which is believed to be an irreducible background [28]. The target
is to reach 3σ discovery potential at 3 × 10−49 cm2 at 40 GeV/c2 WIMP mass for SI
WIMP-nucleon cross section with 1000 tonne×year exposure. The 90% confidence
level upper limits with 200 and 1000 tonne×year exposure are shown in Figure 1.7. It
is also sensitive to 0νββ in 136Xe, with a half-life up to 5.7 × 1027 years, among many
other possible scientific channels.

To achieve the goals, the baseline design for the XLZD TPC has a diameter of 2.98 m.
The nominal height is 2.97 m in height with 60 tonnes of active xenon mass. The
strategy for achieving the ambitious scientific goals is to design the TPC so that its
height can be increased in stages. Specifically, the active mass would start from 40
tonnes, increase to 60 tonnes, and finally to 80 tonnes if the situation permits. This
strategy enables improved risk and performance assessment at an earlier stage and
provides time for xenon recuperation, while remaining competitive with respect to
scientific goals.

Regarding the electrodes, there will be at least three: the anode, the gate, and the
cathode. The screening electrodes, which are to protect the PMT arrays, are com-
monly used in TPCs, but their necessity might be arguable [34]. For example, the LZ
and PandaX-4T experiment operates the detector without the top screen [106, 107].
Reducing the number of electrodes results in greater transparency and LCE, a lower
radioactive background, and a lower risk of failure or malfunction.

The targeted drift field is around 250 V/cm, resulting in a cathode potential of around
70 kV. A robust solution for delivering the HV is also an active field of research. The
extraction field in gas is targeted at 6−8 kV/cm.

At present, there is no decision regarding the type of electrode for XLZD. It could be
a parallel-wire, hexagonal etched mesh, woven-wire mesh, or another design, depend-
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ing on both performance and feasibility. However, active R&D is undoubtedly needed
to build the electrodes for XLZD. It would be increasingly challenging as the detector
size increases.

As summarised in section 3.2 and suggested by [97, 108], the surface field require-
ment on future electrodes is even more stringent, to avoid early breakdown. Electrodes
with a larger area are more likely to have asperities that can induce electrode back-
grounds, and they are also more difficult to survey, detect, and repair. They require
greater mechanical strength to support their own weight while maintaining good op-
tical transparency and low radioactivity. Regardless of electrode type or design, they
are becoming increasingly challenging to manufacture and fabricate due to their large
size and fine-precision requirements. Last but not least, a robust and efficient QA/QC
approach is paramount, as these electrodes must operate in ultra-sensitive experiments
for years of uninterrupted operation.

2.4 Summary

At the beginning of this chapter, I listed three major design principles for a rare-event
search experiment: maximise the event rate, maximise the signal-collection efficiency,
and minimise the background level.

As explained, the choice for xenon as the target material is motivated by both physics
and technological point of view. The enhanced event rate and sensitivity for WIMP
detection and the possibility to search for 0νββ. The many physical properties of
xenon also benefit signal collection efficiency, and a low intrinsic background level.

The detection efficiency for the light signal is maximised by optimising the LCE of
the detector and the QE of the photosensors. The charge signal is enhanced by a better
purity level of LXe. The low background level is achieved primarily through passive
shielding, an active veto system, careful material selection, fiducialisation, and ER-
NR discrimination.

More importantly, throughout this brief overview, I highlighted the relevance of the
electrostatic field and the electrodes for a successful operation of such dual-phase
TPC detectors on various levels and aspects. To summarise, the electrodes are essen-
tial for the TPC in the following ways. First, they provide a uniform drift field for
z-position reconstruction. Second, they provide the fields for extracting and ampli-
fying the signal in the gaseous phase, enabling discrimination between ER and NR
events. They thereby enable effective and critical techniques for classifying signals
and backgrounds within the TPC.

The chapter also highlighted several targets on the electrostatic field configuration.
First, we need to achieve a uniform drift field of 100 V/cm to 300 V/cm and an ex-
traction field in liquid beyond 5 kV/cm for 100% extraction efficiency. Secondly, the
combination of the anode and the gate should give a good S2 gain and fine S2 reso-
lution. Although not explicitly stated before, the third target is that the field and the
electrodes should remain stable for years of operation.
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These simultaneous targets, together with the requirement of high detection efficiency
and low background level, set stringent and challenging requirements for the elec-
trodes. Primarily, they should provide uniform fields. Note that the field uniformity
requirements are more stringent for the anode and the gate, due to the high field and
the need for S2 resolution, while it is more relaxed for the cathode. In addition, all
electrodes need to be electrically and mechanically robust (i.e., structurally intact).
The latter infer that the electrodes should be strong and thick. But they also need
to be as optically transparent and low radioactive as possible, limiting the amount of
material. Last but not least, the fabrication should be feasible and realisable.

In the next chapter, these requirements are explored in more detail in the context of
the various electrode designs.



Chapter 3
Electrodes for Dual-phase Xenon Time
Projection Chambers

Given the purpose and requirements of the electrodes, the next question is how to
build them. It is, in fact, not a trivial task to build the electrodes that meet all the
requirements and targets, despite years of effort and experience. It will be even more
challenging for future-generation experiments, where the electrodes are even larger.
Therefore, it is of utmost importance to examine the feasible options and identify room
for further R&D.

Electrodes consist of a highly transparent grid and a frame that supports the grid’s
structure, both typically made of SS. Commonly considered types of the grid in-
clude parallel-wire arrays, woven-wire meshes, unwoven-wire meshes, and hexagonal
etched meshes [109, 110]. The configuration of a parallel-wire array and a woven-
wire mesh is self-explanatory. The nonwoven-wire mesh consists of two layers of
parallel-wire arrays arranged perpendicular to each other. The hexagonal etched mesh
is produced by photochemical etching of a metallic sheet, such as a SS sheet. Pho-
tochemical etching is a subtractive manufacturing process that enables the fabrication
of complex-patterned structures with high precision on thin sheets [111]. Typically,
the anode and the gate use the same grid type to improve S2 response, whereas the
cathode may use a different grid type.

Section 3.1 compares the mentioned grid types. Section 3.2 summarises some stud-
ies on the HV-related backgrounds for the experiments and HV-stability problems.
This is followed by the concrete examples of electrodes from different experiments in
Section 3.3. Finally, Section 3.4 introduces the electrode upgrade campaign for the
XENONnT experiment.

3.1 Various Electrode Types

The schematic drawing of the top view of the different grids is illustrated in Figure 3.1.
The geometry of these grids is mainly characterised by the pitch or opening, as well
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as the cross-sectional length scale, i.e. wire diameter dw or leg thickness dl. The elec-
trode size, usually characterised by the diameter D, is another important parameter.

(d) hexagonal etched mesh

opening

dl

leg

pitch

(c) woven-wire mesh

pitch

d

pitch opening

(b) unwove-wire mesh

pitch

d

pitch opening

(a) parallel-wire array

pitch

d

opening

Figure 3.1: Schematic diagram of different types of grid configurations, viewed from top.
(a) is a parallel-wire array, (b) is an unwoven-wire mesh, (c) is a woven-wire mesh, (d) is a
hexagonal etched mesh. The wire meshes are characterised by their pitch/opening and wire
diameter dw. The etched mesh is characterised by the leg width dl. Figure adapted from [60].

The field uniformity can be degraded in two ways. One contribution is electrode de-
flection, which has a larger effect on the anode and the gate because they are usually
separated by a small gap. The electrodes deflect primarily due to their own weight
and the electrostatic force between them. The deflection can be reduced by applying
a higher tension to the grid, at the expense of the structural integrity. Another contri-
bution is field leakage through the grid openings. The larger the opening, the greater
the field leakage and thus the worse the field uniformity. In addition, since the open-
ing changes the field, it also alters the electrostatic force and, consequently, the grid
deflection; however, the relationship is not monotonic.

In general, due to the more homogeneous geometry, all types of meshes exhibit less
field leakage than the parallel-wire array. Also, due to the one-directional load dis-
tribution, the unwoven-wire mesh [109] and the parallel-wire array tend to deflect
more, including deflecting the support frame. The woven-wire mesh and the hexago-
nal mesh, on the contrary, distribute the mechanical load in all directions on the plane,
such that a flat electrode with a uniform field might be more attainable.

A counterargument to the meshes is that they generally use more material, especially
for etched meshes. Not only would that sacrifice radiopurity and transparency, but
the increased weight also increases deflection despite the distributed load. The load
due to the weight for meshes scales with D2 for meshes, while that for parallel-wire
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arrays scales with D. Note also that typically, cold-drawn SS wires possess greater
material strength and better surface finish than cold-rolled or annealed SS sheets made
from the same alloy [112, 113]. This difference arises from their respective production
methods: wires are drawn, whereas sheets are rolled, resulting in different strains and
hardnesses. Therefore, for future electrodes at a larger scale, the flatness and, more
importantly, the structural integrity of the etched mesh might also be challenging to
guarantee as naively assumed.

Concerning the EL region, studies suggest that a uniform mesh, such as an etched
mesh or woven-wire mesh, would reduce the S2 resolution compared to a parallel-wire
electrode [60, 109]. At the same time, the electron path for parallel-wire electrodes
is also more well-defined than for meshes. This is because the alignment of the anode
and gate grid affects the electron path, and thus the S2 signal size and width [60].
Alignment is difficult to control across mesh-type electrodes and is easier for parallel-
wire grids.

When considering the local field at electrode surfaces, given the well-defined, round
geometry of wires, parallel-wire arrays might be preferred. Wires are also easier to
replace if there are observable imperfections, such as kinks, which can cause local
field enhancement. On the other hand, meshes have higher surface field variations due
to the crossing wires [110, Figure 4.6]. For nonwoven meshes, the gap between the
two layers of parallel wires also creates non-uniform fields that are difficult to model
and control [109]. Etched meshes can have unprofiled sharp corners and imperfec-
tions, such as spiky structures or protrusions, that may occur during manufacturing
or handling. These imperfections can introduce high fields and background emission.
At the same time, repairing defects in woven-wire or monolithic etched meshes is ex-
tremely challenging, if not impossible [110], which could restrict the scalability and
practicality of these designs for future experiments.

On the other hand, fractures or breaks in parallel-wire grids or the bottom layer of
the unwoven-wire grid would likely be detrimental to the operation of the TPC detec-
tor, as dangling wires can short-circuit nearby electrical components (see section 2.2).
While woven-wire or hexagonal meshes will not pose a risk of short-circuiting nearby
parts upon fracture, the high field around the fracture might still cause emission back-
grounds or breakdown. This shows that the structural integrity of electrodes is impor-
tant for all types of grids.

In terms of manufacturing feasibility, parallel-wire arrays might seem an easier op-
tion, due to the availability of long, high-quality wires with a diameter of O(100 µm).
However, as noted in [109], the common strategy of installing parallel-wire grids or
unwoven-wire meshes has been challenging. As the wires are tensioned and manually
mounted individually onto a frame, the frame deforms, making the process iterative,
cumbersome, and error-prone. While an etched-mesh is more straightforward to as-
semble [107, 114], commercial vendors to date have not yet enabled the production of
single-piece etched meshes beyond 1.5 m with an O(100 µm) [114]. A custom-made
woven-wire mesh at the scale of 1.5 m has been demonstrated [109]. However, the
delivery at even larger sizes is unclear.
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In addition, all types of grids share a common challenge: a 3-metre-scale monolithic
frame that holds the grid is also difficult to manufacture and prone to failure (see
subsection 5.2.2). The feasibility and robustness of composite frames, which have
potentially more mechanically weak points than monolithic frames, have yet to be
demonstrated.

It should be emphasised that this comparison serves only as an overview and is over-
simplified. Ultimately, all aspects should be optimised together, including the geome-
try, material, and field for all electrodes, as these parameters are interrelated.

3.2 HV Performances of Electrodes in Xenon Experiments

Despite efforts to build high-quality electrodes, most XENON TPC experiments could
not achieve their designed drift field [96], and some could not achieve the desired
extraction efficiency of nearly 100%. Examples are shown in Figure 3.2. All TPCs
listed here have an aspect ratio ≃ 1.
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Figure 3.2: Designed vs actual field for different experiments. The designed extraction ef-
ficiency is assumed to be 100%. For the drift field, the width of the bars scales with the
diameter of the electrodes D. The experiments are also ordered by diameter. This is only a
simplified summary, as the experiments comprise multiple runs and campaigns with slightly
different field configurations. The values for the actual field were obtained from the drift
field used in their major WIMP analysis. The references for different experiments are as fol-
lows. XENON100: [115]; LUX: [116, 117] XENON1T: [118, 119]; PandaX-4T: [36, 120],
XENONnT: [35], LZ: [104, 106];

Specifically, most experiments reported that they had to limit the bias voltage on the
electrodes due to spurious light emission, charge emission, or HV instabilities [73,
104, 115, 118, 121]. The light and charge emission comes from the cathodic elec-
trodes, namely both the cathode and the gate electrodes [87, 104, 122]. These spuri-
ous emissions, in case from the gate electrode, can be misidentified as the S2 signals,
increase the chance of mis-pairing the S1 and S2 signals (also called the accidental
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coincidences), impair the energy resolution due to inaccurate reconstruction [73], and
compromise the low energy thresholds [96, 122]. In the following, these electrode
emissions will be grouped as the electrode backgrounds.

In some cases, prominent spurious signals can disrupt the normal data-taking process,
creating dead time in the detectors [73, 104]. Prominent charge emission, together
with charge multiplication due to a high electrostatic field1, might lead to HV insta-
bility or even breakdown, posing a danger to the experiment’s operation. The rapid
release of a large amount of energy might damage parts of the detectors [123], for
example, saturating the photosensors or causing burn-through in the insulators.

Both the cathode and the gate are submerged in LXe, where the threshold of elec-
troluminescence and charge multiplication was measured at around 400 kV/cm and
700 kV/cm, respectively, using thin wires [96, 124]. For these experiments, the sur-
face field on the electrodes should remain below these thresholds when operating at
their designed bias voltages [96]. Nevertheless, experiments with SS electrodes have
measured these electrode backgrounds at substantially lower surface fields of around
40−65 kV/cm, as summarised in [96, 121]. Therefore, there must be additional mech-
anisms involved that are causing the electrode backgrounds and HV instabilities.

The exact mechanisms causing light emission, charge emission, and HV instabilities
are not yet well understood. Popular hypotheses include field enhancement due to pos-
itive ions, radioactivity, field enhancement due to dust or asperities on the electrodes,
bubble nucleation, and corrosive products in the oxide layer [121, 122].

3.2.1 Photoionisation

The work function for SS is 4.3 eV. Due to the electron-affinity of LXe, SS submerged
into LXe has a lower work function of 3.7 eV [96]. The VUV photons from xenon
light have an energy of 7 eV, enough to cause photoionisation on the SS electrodes ,
resulting in delayed electron emission [73]. It was also verified that, in the presence
of LXe, the photoionisation rate increases compared to the vacuum case [73]. Note
that these signals correlated with the initial (or primary) S1 or S2 signal, and can be
mitigated to some extent through specific analysis cuts.

3.2.2 Malter Effect

Another possible cause of electron emission is the Malter effect [73, 122, 125], which
is the electron emission when positive ions accumulate on a thin insulating layer on
the cathodic electrodes. Due to the insulating layer, the positive ions cannot be neu-
tralised but accumulate on the surface, leading to an enhanced electric field. When the
field is high enough, it can pull electrons over the potential barrier, inducing electron
emission. In addition, the combination of the insulating layer, or the positive ions,
might also alter the work function, favouring electron emission [122, 126]. Upon
neutralisation, the energy from recombination on the surface might also induce sec-
ondary electron emission [73]. This phenomenon was also observed in wire chamber
experiments [126, 127].

1See the subsection on “Amplification Field”
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As the electrodes are submerged in LXe in the TPC, a thin oxide layer or a solid
xenon layer2 can be formed on the surface of the SS electrodes submerged in LXe
[96, 122]. And the positive ions, originating from the interaction, drift towards the
cathode. Therefore, with these two conditions, the premise for this hypothesis can be
established.

However, [96] suggested that this might not be the dominating effect, at least for
faint electron emission or single electron signals. This is because the mentioned pro-
cesses should correlate with the ion concentration, meaning that for experiments above
ground or during calibration, the electron emission rate should be higher. However,
they do not observe this correlation. They also added that the ion rate in these low-
background-sensitive experiments is much lower than that in wire chamber experi-
ments with high luminosity.

Apart from the above explanations, other light and charge emission mechanisms do
not correlate with the actual physical events.

3.2.3 Radioactivity

Radiogenic events can occur at the electrode surface, creating charged particles [92].
Such events might be due to 238U and 232Th in the bulk material or the plate-out of
222Rn. Due to the presence of a strong field at the surface of electrodes, the light signal
from the event is largely suppressed, creating electron-emission signals [73].

3.2.4 Corrosive Products in the Oxide Layer

An extensive campaign was conducted on various wire samples in LXe to measure the
electrode background as fields increased [96]. Despite the use of ultrapolished fine
wires, electron emissions were still recorded before the EL and charge multiplication
threshold.

There are several observations. First, samples that underwent the acid and passiva-
tion process showed the most significant reduction in emission rates. The acid treat-
ment, also called pickling, removed impurities and dissolved the iron surface, thereby
increasing the wire’s corrosion resistance. During the passivation process in a con-
trolled environment, an impurity-free and smooth chromium oxide layer was formed,
which is also more chemically stable than the iron surface. These samples The second
observation was that electropolished samples also showed reduced electron emission
rates, though not as significantly as those from the pickling and passivation treatment.
Thirdly, wires made of SS316L showed a lower emission rate than those made of
SS304 or SS302. It is known that SS316 and SS316L have better corrosion resistance
compared to other stainless steel variations [128, 129]. Fourthly, a BeCu wire sample,
which also has good corrosion resistance, showed the best HV stability and emissions.
All these observations provide strong evidence that corrosion in the oxide layer can
lead to spurious emission.

2By physisorption: formation of a solid layer due to Van der Waals attraction. This effect is strong
with xenon, which has many outershell electrons [122].
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The microphysical process leading to these observations is not yet known. The authors
suggested that a possible microscopic explanation could be the resonant tunnelling
effect. Regardless of the microphysical process, this result showed that surface treat-
ment, specifically pickling and passivation, can reduce the rate of electron emissions,
and that the use of SS316 is recommended over SS304 or SS302. Although BeCu
showed the best performance, SS wires have better mechanical properties.

3.2.5 Bubble Nucleation and Field Emission

Regarding the prominent emissions, HV instability, and early breakdown, a popular
hypothesis is that asperities, protrusions, and filaments enhance the field at the elec-
trode surface [60, 96]. When the field is high enough, electrons may overcome the
work function and be emitted from the electrode surface.

It was suggested that field emission on wires is relatively difficult to achieve, as a
field enhancement factor of β ∼ 100 − 1000 is required [96]. Estimating with Equa-
tion (1a) in [130], to reach the current of 1 × 10−16 A for an area of 0.1×0.1 mm and
a work function of 3.7 eV, the enhanced field due to asperities have to be around
O(1MV/cm). This is the typical local field needed for field emission [131]. Such
an enhancement requires a very long, sharp geometry, which is unlikely to have been
omitted in these carefully engineered experiments. In addition, the usual electropol-
ishing procedure should smooth these substructures.

The bubble nucleation theory was also considered to explain the HV instabilities seen
in experiments [97, 122]. Upon initial field emission, the generated heat causes a
bubble to form and grow. Due to the different dielectric constants of GXe and LXe, the
field inside the bubble is also enhanced by 1.2 [132]. At the same time, the dielectric
strength of GXe is lower than that of LXe. As the bubble grows and the field is
strong enough to allow charge multiplication, breakdown can easily occur3. Evidence
for bubble nucleation initiating breakdown in LXe was observed by low-speed video
[97]. The same theory was also used to explain earlier breakdown than predicted in
liquid helium experiments [122].

3.2.6 Mitigation Strategies

Based on the above review, a few mitigation strategies should be implemented when
building next-generation electrodes, specifically the cathode and gate, as these back-
ground emissions and HV instabilities impaired the TPC ’s performance.

First, radioactivity on the grid should be kept to a minimum. The amount of material
for the electrode grids is insignificant compared to the PMTs, the field cage, or the
cryostats, so it may not significantly contribute to the overall radioactive background
for the rare-event search. However, it was suggested that radiogenic events at the
surface can contribute to electron emissions, thereby inducing delayed signals [73].
Therefore, the material used should be carefully screened and selected. Also, during

3According to [132], a secondary feedback effect is also necessary to initiate breakdown. See more
in subsection 6.4.2
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the final assembly, i.e., after all the cleaning procedures, the assembly time should be
kept short to reduce the exposure to 222Rn [110].

Secondly, pickling treatment and passivation showed promising and substantial im-
provements in the rate of electron emission [96], as mentioned above. The treatment
procedure was documented in detail in [96]. In addition, electropolishing the elec-
trode and using SS316 instead of SS304 were recommended, but not BeCu, due to
other factors, such as mechanical strength [96].

Thirdly, the cleanliness of the electrode is also important, as attached filaments, dust,
or insulating layers can also degrade the HV performance of the electrodes [96]. In
addition to standard cleanroom assembly protocols, [107] employed an anti-ionising
gun to reduce dust on the electrode.

Fourthly, there should be a systematic method for identifying and removing apserities,
as they have been shown to promote early breakdowns. As electrodes become larger
in future experiments, it becomes increasingly challenging to survey these asperities
and imperfections and to repair them. Therefore, a systematic and efficient method is
critical to the success of future electrodes, which will be discussed in chapter 6.

As a final remark, ref. [97, 123] reported the empirical relation between the stressed
area A and breakdown field Emax with an inverse power law:

Emax = C · A−p, (3.1)

where the coefficient C and the power p are determined empirically, and depend on
the material and the treatment of the electrodes. The stressed area depends on the
field, the gap distance, and the square of the electrode diameter D2. Despite the exact
mechanism not being fully confirmed, it is reasonable to assume the correlation is due
to the number of asperities on the electrode surface, which likely scales with the grid
area, leading to earlier HV instabilities. It was also suspected that larger capacitance
promotes the earlier breakdown events [108], which can explain the dependency on
the gap distance between the electrodes. In summary, this formula motivates a lower
threshold for the surface field for the future electrodes at O(10) kV/cm [97].

3.3 Electrodes Realised in TPC Experiments

Currently, different collaborations have used electrodes such as variations of the parallel-
wire electrodes [35, 133], etched-mesh electrodes [114, 115, 134], or a combination
of both [118]. The use of woven-wire meshes has also been demonstrated [107, 109].
Additional novel designs include coated electrodes on a transparent substrate [38] or
the introduction of supporting structures between electrodes. Note that the coated
electrodes cannot be used as the gate electrode; the supported electrodes must still
demonstrate good field uniformity and minimal charge-up or leakage current.

In the following, I describe in more detail the latest electrode designs from different
experiments. This section will become largely relevant for the realisation of electrodes
on a similar scale in chapter 5 and chapter 6.
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3.3.1 PandaX-4T Electrodes

The PandaX-4T experiment is a dual-phase xenon TPC experiment (TPC diameter of
D≈1.2 m and a height of 1.2 m), with the main goal of searching for WIMPs [135].
This subsection was translated from [107, 136].

PandaX-4T chose woven-wire mesh for the anode, gate, and the BS, and a parallel-
wire electrode for the cathode. The choice was partly justified by the argument that
cathodic electrodes are more prone to discharges, and the parallel-wire array offers a
smoother wire surface. A top screen is absent in this TPC design.

The SS woven-wire mesh was manufactured in China, with a pitch of 3 mm and a
wire diameter of 0.19 mm. The name of the company was not reported. The mesh
was tensioned on top of the SS electrode frame and glued to the frame with even
application of epoxy (FT2850) (see Figure 31 in [136]). After around 24 hours, the
epoxy was cured. Then, the mesh outside the electrode frame was cut away by wire
cutters. The cutting points were spot-welded to remove sharp edges. A subsequent
application of epoxy covered all locations with spot-welding to prevent breakdown.

The parallel-wire mesh has a slightly different procedure. First, the electrode frame
was manufactured as an elliptical ring, so that after installing all the wires, it de-
forms into a circular shape. The frame geometry was predetermined using ANSYS
simulations. Before installing the wires, the frame was pre-deformed. Then, all the
wires were carefully placed on the electrode frame and tensioned by hanging preci-
sion weights at each end. Cross-referencing a similar procedure in [134], the electrode
frame likely has grooves to ensure wire alignment. The wires are then fixed to the
frame using epoxy and spot-welding, as with the woven-wire mesh.

3.3.2 LZ Electrodes

The LZ experiment is another dual-phase xenon TPC experiment, with the main goal
of searching for WIMPs [104]. The details of production, handling, and tests of the
LZ electrodes can be found in [109, 110] with a few details highlighted here.

The LZ electrodes have a diameter D≈1.5 m and are all woven-wire meshes made of
SS304 wires. The top screen is also absent in the LZ TPC design. The choice of using
woven-wire meshes in motivated in [109, 110], similar to the arguments presented in
the section 3.1.

Since a high-quality commercial woven-wire mesh was not available at the time of
the work, LZ designed and produced the mesh using a custom-made loom and tools,
unlike PandaX-4T, which purchased its woven meshes from vendors. Subsequently,
the woven mesh was trimmed to fit the electrode frame and glued to the frame using
epoxy4. Subsequently, an additional ring (the Glue Ring) was placed on top to cover
the sharp edges from cutting. No spot-welding use was reported, as in the case of
PandaX-4T. However, the unevenness of the Glue Ring exerts extra load onto part of
the woven mesh, leading to damage and breaking the woven mesh [110]. The issue

4EP29LPSP from Master Bond
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was mitigated by placing plastic beads in between the rings to protect the woven mesh
and by paying close attention to the frame’s overall flatness.

Other challenges were also reported in [110]. Firstly, there were global distortions
of the square geometry during the production of the woven mesh (see Figure 4.17 of
[110]). Additionally, it was also challenging to align the anode and the gate mesh.
Both obstacles would increase the S2 smearing. Secondly, they noted that the mesh
was hard to repair. If a defect is found on a wire, such as a broken wire, it is practically
impossible to replace it without damaging the mesh.

3.3.3 NEXT-100 Experiment

The main goal for the NEXT-100 experiment is to search for a signal from the 0νββ
decay. The use of high-pressure GXe5 enables particle discrimination based on event
tracks and topologies. The experiment completed its commissioning phase in 2024
and started operating the detector in high-pressure xenon [68].

Although the NEXT-100 experiment is a single-phase TPC, its electrode design, oper-
ation, and testing share similarities with those of dual-phase experiments. The content
in this subsection highlights central elements from [114].

There are three electrodes for the NEXT-100 experiment. The anode and the gate set
the electroluminescence region, while the gate and the cathode set the drift region.
The electrodes have a diameter of D≈1.5 m. They used a hexagonal etched mesh
from a single SS316Ti sheet.

At first, the etched mesh was also found to be fragile. But through iterations with the
manufacturing company, the NEXT-100 collaboration found that using thicker pho-
toresist during photochemical etching and skipping the secondary etching step yielded
a sturdy etched mesh with no broken legs at the same geometry and dimensions. Note
that no electropolishing of the meshes after photochemical etching was reported.

The authors also explored the fabrication by combining partial semi-circular meshes.
Both spot-welding and soldering the meshes together to form a full mesh were at-
tempted. However, the joints were found to underperform and could not sustain the
structure for long.

3.4 XENONnT Electrode Upgrade

For the cathode issue, which was presumably due to a broken wire, one possible fix is
to remove the broken wire from the electrode. However, there is concern that after one
cooling cycle, the wire cathode may become more fragile, potentially leading to more
wires breaking. Therefore, we built a backup cathode to prevent such a situation.

As mentioned in subsection 2.2.1, there are several issues with the electrodes for the

5The operating pressure is at 13.5 bar [68]. The high pressure also suppresses HV breakdowns. In a
dual phase TPC, the pressure is usually at ∼2 bar.
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XENONnT TPC, which have not been operating at the designed and nominal field
configurations. To improve the detector’s performance, an upgrade was proposed and
carried out over a 3-year program. This section will describe the proposals and the
corresponding field configurations using the verified models and strategies for field
simulations mentioned in the previous sections.

The upgrade of the electrodes mainly aims to achieve two goals. First, the perpendic-
ular wires for the anode and the gate will be removed after the upgrade, as the highly
non-uniform field has been challenging to mitigate. The field between the top screen
and the anode will be reduced so the anode can achieve a higher potential. Secondly,
the short circuit between the cathode and the bottom screen will be removed.

Therefore, the collaboration decided to build upgraded electrodes that can replace the
installed electrodes when an upgrade is considered favourable. Therefore, from 2021
to 2024, we built a set of backup electrodes for XENONnT, including the anode, gate,
and cathode, that can replace the installed electrodes when an upgrade is considered
favourable. While learning from the experiences, we also considered devising a feasi-
ble electrode for the DARWIN electrodes.

A new anode, gate and cathode were built for the upgrade to replace the existing elec-
trodes. Since the top and bottom screens are less critical to the detector’s function and
performance, and given limited information about the actual issues with the electrodes
and limited resources, no replacement was built.

Regarding the new top stack, perpendicular wires were added to the anode and gate to
reduce grid deflection, which was believed to be exacerbated by mechanical relaxation
after a cooling cycle. To mitigate this, the stress in the new electrode frames was
mechanically relaxed by annealing during manufacturing, and the target wire tension
of the anode and the gate was increased to provide greater relaxation margins. The
anode frame was also made thicker (height from 18 mm to 24 mm) to withstand the
substantially increased wire tension. To reduce the field between the anode and the
top screen, the top screen was proposed to be flipped, so the wires are at the top of the
frame and farther from the anode.

Regarding the bottom stack, a new cathode grid was fabricated with a hexagonal
etched mesh instead of a parallel-wire array. The choice of hexagonal etched mesh
was intended to reduce the risk of wire breakage. The design and production of the
mesh make it unsuitable for the anode and the gate, as discussed in subsection 4.4.1.
The new frame was also mechanically relaxed. As mentioned, we know that the resis-
tance between the cathode and the bottom screen is ≈ 10Ω. If the broken wire were
on the bottom screen, the wire would be removed from the screen. In the worst-case
scenario, if the top and bottom screens are found to be undesired after opening, the
parallel-wire array on the frame will be removed entirely, leaving only their frames in
the TPC.

To summarise, the following were proposed for the upgrade operation:

• Option I (best case scenario):
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– The new anode and gate wire tension increased to reduce sagging
– The new anode frame has modifications to the geometry so that it can bet-

ter withstand the force from wires (mostly the hole for HVFT is thickened
and the height)

– All the new frames (anode, gate, cathode) were mechanically relaxed be-
fore installation by annealing. The anode and cathode frames underwent
another cold cycle.

– Cathode change to hexagonal etched mesh with 4 mm welding seam along
the centre.

– Top Screen will be flipped during the upgrade operation.
• Option II:

– All items in Option I
– Remove one bottom screen wire

• Option III:
– All items in Option I
– Remove all wires in the top and bottom screens

The following studies in this thesis were conducted focusing on Option I, for which the
field simulation model is more complex and the detector configuration is closest to the
validated models, thereby enabling more robust verification of the newly implemented
field simulation framework (chapter 4). During the upgrade operation, however, it
was observed that the top and bottom screens contained multiple loose wires. As a
result, it was decided to remove all wires from these screens, corresponding to Option
III listed above. As demonstrated in section 4.4, the absence of the screens does
not significantly affect the electric-field configuration or the relevant electrode-related
parameters; therefore, it will not change the key conclusions of the thesis.

The purpose of the screens is to shield the PMTs from strong external electric fields;
therefore, the screens are typically biased at voltages close to the PMT operating po-
tentials. In the absence of the top screen, the top PMT array is exposed to the more
positively biased anode electrode, effectively placing the PMTs at a more cathodic po-
tential. It has been demonstrated by the LZ experiment that such a configuration does
not significantly affect the operation of either the TPC or the top PMT array [104].
In the XENONnT experiment prior to the upgrade, the bottom screen was negatively
biased at a potential approximately 1.25 kV lower than that of the bottom PMT ar-
ray, with a gap of less than 5 mm. No significant degradation in PMT performance
was observed under these conditions. Given that the distance between the cathode
and the bottom PMTs exceeds 5 cm, the cathode is therefore expected to be biased at
potentials of ≳10 times without adversely affecting the bottom PMT array from the
perspective of external electric fields. A detailed investigation of PMT performance
under strong external electric fields is beyond the scope of this thesis.

3.5 Conclusion

For the optimal performance of the dual-phase TPC detector, the electrodes should
fulfil the following requirements:
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a Providing good field uniformity: minimum field leakage and minimum deflection
b Low radioactivity
c High transparency
d Minimum electrode-induced background
e Feasible to fabricate
f Robust: good structural integrity and HV stable

As explained, some of the requirements may be mutually exclusive. For example, a
thicker electrode favours requirements (a) and (f), but not requirements (b) and (c).
All these requirements may result in a complex solution that is difficult to fabricate.
The increasing size also adds more challenges to meeting these requirements simulta-
neously. In addition, methods are needed to quantify the reliability and robustness of
these electrodes and reduce the risk of failure during year-long operation at cryogenic
temperatures.

Nevertheless, among all these requirements, structural integrity and HV stability are
more critical, as malfunctions in either could be detrimental to the detector’s operation.
While field uniformity, radiopurity, and optical transparency are vital, they are more
predictable and stable parameters. They can be pre-determined and possibly corrected
during the data analysis. Therefore, this thesis is primarily focused on ensuring the
structural integrity and HV stability during the design and fabrication, while assessing
the feasibility of fabrication for future-generation electrodes.

Regarding electrode type, I focused on improving the parallel-wire and hexagonal
etched-mesh electrodes. This choice is motivated by their performance, which has
been proven effective in previous detectors, and by experience in fabrication and anal-
ysis gained through generations of experiments. On the other hand, both show limita-
tions for future experiments involving increasing target volumes. From the compari-
son in section 3.1, we can see that parallel-wire grids have a lower, more well-defined
surface field, and the grid itself is easier to scale up. However, they have a higher
risk of structural failure and greater grid deformation. On the contrary, the hexagonal
etched mesh likely has a higher and difficult-to-profile surface field, and the grid itself
is harder to scale up. However, they have a lower risk of structural failure and grid
deformation. Improvements or breakthroughs are needed in these areas to make the
parallel-wire or hexagonal-mesh electrode a viable option for future detectors.

There are also specific requirements for each electrode. For the anode, the grid deflec-
tion requirement is the most stringent among all electrodes, as it strongly affects the
S2 response. Similarly, the alignment between the anode and the gate electrodes also
affects the width of the S2 signal. Then both the gate and the cathodes are cathodic
electrodes, which can induce electrode backgrounds and trigger electrical breakdown.
Therefore, their surface field and smoothness are also important quantities of interest
for the electrode fabrication.

Apart from the importance of robust electrodes, the need to determine field config-
urations was also emphasised multiple times. This is important for designing and
optimising field uniformity in the bulk volume (both LXe and GXe), as well as to
determine certain electrode parameters, such as the surface field and the electrostatic
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forces acting on the electrode grid. This leads to the discussion in the next chapter:
the electrostatic field simulations.



Chapter 4
Electrostatic Field Simulation

Electrostatic field simulations are an essential tool for the TPC detector in various
aspects. First, during the design phase of the experiment, the simulations were per-
formed to optimise the field configuration and to determine appropriate bias voltages
for the electrical components, primarily the electrodes and the field cage [19]. The
resulting simulated field configuration enables accurate event reconstruction and the
application of field-dependent corrections, as explained in chapter 2. In addition, the
simulation also provides electrode-related parameters. The electrostatic force acting
on the electrodes contributes to the deflection of the electrode grids, leading to an
inhomogeneous field and systematic errors. The surface electric field on cathode elec-
trodes is another important parameter concerning the electrode-induced backgrounds.

This chapter first introduces the tools used for the simulations in section 4.1. Results
from simple case studies are presented in section 4.2 to explain the subtle differences
between the simulations. Section 4.3 summarises the 3D field simulation model and
verifications for the XENONnT geometry. Section 4.4 presents the results of applying
the frameworks to the upgrade electrodes.

4.1 Simulation Framework

Owing to the geometric complexity of the TPC, the electrostatic field problem must be
solved numerically. Several modelling approaches can be considered, including full
3D models, 2D axially symmetric models, and local 3D models. These approaches
are often complementary rather than mutually exclusive.

Although a full 3D model may naively appear to be the most accurate option, it fre-
quently entails significant compromises in computational efficiency and, indirectly,
numerical accuracy. To improve efficiency, geometric symmetries should be exploited
whenever present to reduce the problem size. In case the system possesses, or can be
well approximated by, axial symmetry, the full 3D problem can be reduced to a 2D
axially symmetric model. Such models are highly efficient, allow fine discretisation of
the domain, yield accurate solutions, and are well-suited to performing optimisations

49



50

and parameter sweeps. For small structures that break axial symmetry, a focused 3D
model with truncated simulation domains can be constructed and subsequently sim-
ulated. Such a model is referred to as the local 3D model in the remainder of this
thesis. The boundary conditions (BCs) of the local 3D models can be derived from
the corresponding 2D simulations or by symmetry planes. Despite their high accu-
racy, these local models are more prone to systematic errors because appropriate BCs
are not always straightforward to impose. Full 3D models are useful for verifying the
assumptions and results of the local 3D simulations.

Owing to the approximately cylindrical geometry of the TPC, 2D axially symmet-
ric models were employed and found to provide accurate field descriptions in most
regions of the detector [19]. Extended features that break this symmetry, such as per-
pendicular wires mentioned in subsection 2.2.1, are modelled by combining the 2D
axially symmetric approach with local 3D simulations [19]. A global 3D model, on
the other hand, can accommodate fully three-dimensional extended structures that are
difficult to capture with either 2D axial or local 3D models, such as the central welded
strip of the upgraded cathode discussed in section 4.4. In summary, all three modelling
approaches are employed for the XENONnT field simulations, depending on the spe-
cific purpose. In the following sections, their results are compared and cross-verified.

After identifying the appropriate modelling approaches, suitable numerical methods
were selected for each case. As explained in the following section (subsection 4.1.1),
two numerical methods are considered: the finite element method (FEM) and the
boundary element method (BEM). Based on these choices of numerical models and
methods, the corresponding software packages were used for the simulations: the
commercial COMSOL Multiphysics package (subsection 4.1.2) and the custom-developed
KEMField software from the KATRIN collaboration (subsection 4.1.3). Due to their
complementary strengths, limitations, and specialised features, both tools were used
and cross-verified in this work.

4.1.1 Numerical Methods

Both FEM and BEM are numerical methods for solving partial differential equations,
with FEM being more widely used in general applications [137, 138]. The main dif-
ference is that FEM solves the equations throughout the volumetric domain, whereas
BEM solves problems that can be expressed as an integral over the domain bound-
aries, thereby reducing the spatial dimension and the number of discretisation ele-
ments [137]. In electrostatic field simulations, FEM computes the electric potential
V (r⃗) within the volume, while BEM solves for the surface charge density σ(r⃗) on
the boundaries, from which V (r⃗) can subsequently be evaluated at any arbitary point.
In contrast, FEM requires discretisation of the entire volume, with potential values at
arbitrary points obtained by interpolation.

In a TPC, the relevant geometrical features span several orders of magnitude. The
electrodes consist of hundreds of sub-millimetre wires, whereas the bulk volume has
a diameter and height on the order of 1 m. Accurate FEM solutions require fine dis-
cretisation in the vicinity of the wires, where the electric field varies rapidly. At the
same time, typical element growth rates of 1.2–1.5 constrain how rapidly adjacent el-
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ements may increase in size [139], since larger growth rates are known to result in
slower convergence and degraded accuracy [140]. This constraint consequently limits
the maximum element size in the bulk volume. While this scale disparity has a lim-
ited impact on 2D axisymmetric models and local 3D simulations due to the relatively
small number of discretisation elements, full 3D FEM simulations become compu-
tationally expensive and challenging to scale to larger detector geometries. On the
other hand, BEM with reduced dimensionality reduces the number of discretisation
elements, making an accurate, efficient full 3D model more attainable.

Since drifting electrons do not contribute significantly to the electric field and no time-
varying magnetic fields are present in the TPC, the bulk volume can be treated as
source-free. Under these conditions, Maxwell’s equations reduce to the Laplace equa-
tion:

∇× E⃗ = 0 ⇒ E⃗ = −∇V (4.1)

∇ · E⃗ = ρ/ϵ0 = 0 ⇒ ∇ · (−∇V ) = −∇2V = 0 (4.2)

where E⃗ is the electric field, V is the electric potential, ρ is the electric charge, and
ϵ0 is the permittivity of free space. In such a case, the solution in the entire domain is
uniquely determined by the boundary conditions (BCs).

While FEM can handle the general case in which a volumetric charge density ρ ̸= 0,
BEM is restricted to problems that can be treated as source-free. In the special case
where ρ = 0, BEM can therefore be applied. In FEM, the partial differential equations
are solved directly within the volumetric domain subject to the imposed BCs. In
contrast, for BEM, the governing partial differential equation is reformulated as an
integral equation over the domain boundaries:

V (r⃗) =
1

4πϵ0

∮
S

σ(r⃗ ′)

r⃗ − r⃗ ′dS

E⃗(r⃗) =
1

4πϵ0

∮
S

σ(r⃗ ′)(r⃗ − r⃗ ′)

(r⃗ − r⃗ ′)3
dS

(4.3)

Given the electric potential (Dirichlet BC) or the electric field (Neumann BC) specified
on the boundaries, the surface charge density σ(r⃗) can be determined either directly
or iteratively. Once the surface charge distribution is known, the electric potential
and electric field can be evaluated at arbitrary points in space, for example, by direct
summation or through suitable numerical approximations. The implementation details
are discussed further in subsection 4.1.3.

In summary, given the scale disparity in the geometry of the TPC, a full 3D simulation
using FEM to solve Laplace’s equation is computationally expensive to achieve accu-
rate results. BEM can efficiently reduce computational cost and memory requirements
by transitioning from 3D volumetric discretisation to 2D surface discretisation. This
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makes BEM a compelling choice for the full 3D field simulation for large-scale TPC
geometries. The downside for BEM is the large linear system of equations (subsec-
tion 4.1.3) that are not trivial to solve efficiently [141].

As discussed in the remaining sections, the 2D axially symmetric and local 3D models
were simulated using FEM, although BEM could, in principle, also be applied. For
the full 3D model of the TPC with diameters ∼ 1.5 m, BEM was employed to improve
computational efficiency while maintaining numerical accuracy. The simulation tools
used for these models are discussed in the following sections.

4.1.2 COMSOL

COMSOL Multiphysics® [142] is a commercial multiphysics simulation software that
supports a wide range of physical models as well as their mutual coupling. Its FEM-
based electrostatics module (es) is well established and available for both two- and
three-dimensional geometries. The software provides comprehensive tools for setting
up numerical simulations, including the definition and import of geometries, assign-
ment of material properties, and customisable discretisation. A graphical user in-
terface enables intuitive interaction with complex geometries and facilitates efficient
model development.

Several functionalities are particularly useful for TPC electrostatic simulations and
have been extensively employed in this thesis. Imported geometries can be modified
using so-called “virtual operations”, which remove unnecessary geometrical details
and improve suitability for numerical simulation. For example, screws and screw
holes in the imported CAD model of the electrode frame do not significantly affect
the overall field configuration but are computationally expensive to discretise, and
were therefore removed using these operations.

Regarding BCs, COMSOL offers numerous options, including prescribed charge,
electric potentials or fields, symmetry conditions, analytical functions, and interpo-
lated data. Symmetry conditions can significantly reduce the size of the simulation
domain. Analytical functions or interpolated data are particularly useful for defining
BCs in the local 3D simulations, whose values can be obtained from full 2D or 3D
models.

COMSOL also provides built-in features, such as optimisation and parameter sweeps,
that complement the simulation framework. In particular, the optimisation node en-
ables automised tuning of parameters (e.g., electrode potentials) by optimising a user-
defined objective function (e.g., minimising the field inhomogeneity). Parameter sweeps
are useful for systematic comparisons between different configurations (Appendix C).

In addition, COMSOL includes post-processing tools for analysing and exporting sim-
ulation results, and various derived quantities can be evaluated directly. These include
the electrostatic force acting on the electrodes, which is directly related to electrode
deformation, and the maximum surface electric field, a critical parameter for eval-
uating electrode-induced backgrounds. Both quantities are particularly relevant for
the assessment of the XENONnT upgrade electrodes (section 4.4). Further details of
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the COMSOL features mentioned here are discussed in the context of their specific
applications.

For the application, the COMSOL FEM electrostatic module is used for both the 2D
axisymmetric model and the local 3D models in this thesis, due to the wide range of
functionalities COMSOL offers. Although COMSOL introduced a BEM-based elec-
trostatics module, preliminary tests with version 5.4 revealed unphysical kinks
in the calculated field strength when compared to the results for the same geometry
obtained using a 3D FEM model with COMSOL or a 3D BEM using KEMField (sub-
section 4.1.3). The field calculation was also found to be computationally expensive
and to require substantial memory. It was not pursued further in this work, but the
method remains promising and is worth revisiting in future studies using the updated
version of COMSOL.

4.1.3 KEMField

As mentioned, the XENONnT TPC consists of a large bulk volume with fine wires,
whose dimensions span several orders of magnitude. The KATRIN experiment [143],
which is an experiment dedicated to measuring the electron neutrino mass, encoun-
tered a similar situation. In the KATRIN main spectrometer, there is a large vacuum
chamber with fine wires, whose dimensions span orders of magnitude. This poses
challenges for the standard finite element method (FEM) in electro- and magnetostatic
calculations.

For this reason, a custom-made, C++-based software, Kassiopeia, was developed
for the KATRIN experiment [144]. It can simulate a system with specific geome-
try and potentials, evaluate the electromagnetic field for a given system, and prop-
agate charged particles within the domain (vacuum). The software was developed
with a modular design, in which one of its submodules, KEMField, was used for
electromagnetic-field simulation. KEMField employs the boundary element method
(BEM) for simulation. This common challenge between the KATRIN and XENONnT
experiments naturally motivates the use of KEMField for the full 3D simulation of the
TPC.

In the BEM implementation in KEMField, all the surfaces are discretised into trian-
gles, rectangles or 1D line elements [145]. BCs are imposed on each of the discretised
geometrical entities. Then, using numerical solvers, the charge density on each mesh
element is determined to ensure that the potential or electric field on all elements sat-
isfies the imposed BCs within the specified tolerance.

One type of BC is to specify the potential, known as a Dirichlet BC. With the dis-
cretisation of the boundaries, this results in a system of linear equations, in the form
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of Ax = b to be solved [141, Equation 3.52–3.54, 3.56], where:

Aij =

∫
ui

dui

4πϵ0|y⃗j − r⃗ ′| ,

xi = σi,

bj = V (y⃗j).

(4.4)

In the equations, i and j denote the index of the discretisation surface elements, ui

represents the differential surface elements, σi represents a constant charge density
over the surface element ui, r⃗ ′ denotes the position on the surface and y⃗ denotes the
position of the centroids of the discretisation elements ui given by y⃗i =

∫
ui
r⃗ ′ dui.

Another BC implemented in KEMField is for the dielectric materials, which defines a
ratio of dielectric constant on the surfaces, that is, the Neumann BC:

ϵ+E+
⊥ = ϵ−E−

⊥ (4.5)

where the superscript + (−) represents the position just above (below) the element i, ϵi
is the dielectric constant, and E⊥ is the field at the centre of the element perpendicular
to the surface. With the discretisation of the boundaries, the system of linear equations
to be solved becomes [141, Equation 3.71–3.73]:

Aij =
1

ϵ0

[
1

2
δij + (1− δij)

(
ϵ+ − ϵ−

ϵ− + ϵ+

)∫
uj

n̂(y⃗i) · (y⃗i − r⃗ ′)duj

4π|y⃗i − r⃗ ′|3

]
,

xi = σi,

bi = 0,

(4.6)

where δij is the Kronecker delta, n̂(r) represents the normal unit vector at the centroid.

In a simulation, both BCs can be employed for different entities. Usually, the metallic
surfaces are considered as perfect conductors by imposing the Dirichlet conditions,
and all of the linear insulating surfaces are imposed with the Neumann conditions
[141].

To solve the linear system in Equation 4.4 and Equation 4.6, KEMField implemented
iterative solvers, namely the Robin-Hood solve [145, 146] and Krylov solvers [141].
Previous attempts to simulate the TPC geometry in KEMField used the Robin-Hood
solver [59, 147]. The solver aims to reach an equipotential surface, in the case of
the Dirichlet BC, by redistributing charges among elements in each iteration. More
details of the implementation in KEMField can be found in [148, Section 3.4.3]. The
advantage of the Robin-Hood method is that it can be highly parallelised and benefit
from a GPU architecture [59]. The memory usage scales with O(N) while the
arithmetic operation scales with O(N2), where N is the number of elements [141].
Details of the algorithm and implementation can be found in [141, Chapter 4].
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In Krylov methods, an n-th order Krylov (sub)space is defined as

Kn(A, y) := span{y, Ay, A2y, ..., An−1y}, (4.7)

where y is some non-zero vector [149]. Some special features of the Krylov subspace
have been proven [149]. First, there exists a positive integer ν, such that the dimension
of the Krylov space Kn cannot go beyond ν. Secondly, let x∗ be the solution of
Ax = b, x0 be the initial guess for x, and r0 := b − Ax0 be the initial residual. Then,
it was proved that x∗ ∈ x0 +Kν(A, r0). Subsequently, Krylov-space solvers generally
aim to generate a sequence of approximate solutions xn ∈ x0 + Kn(A, r0) such that
the residual rn ∈ Kn+1(A, r0) is close to a zero vector within the set tolerance [149].
In addition, preconditioning, a transformation known in linear systems of equations,
is often applied with Krylov methods to improve convergence rates [149]. Naively,
the preconditioner transforms the system of equations so that the transformed x is less
sensitive to changes or errors in b.

Algorithms in the Krylov method family, such as restarted Generalised Minimum
Residual method (GMRES) and Biconjugate Gradient Stabilised method (BiCGSTAB),
with preconditioning options, are available in KEMField. Details of the methods and
the implementation can be found in [141]. Note that GMRES guarantees convergence
in less than N iterations for a non-singular system of equations with dimension N .
However, the required memory increases with each iteration, posing a high demand
on the machine. To address this problem, in KEMField, the Krylov subspace ba-
sis vector is discarded after a specified number of iterations. This implementation is
called restarted GMRES (GMRES(n)) and no longer guarantees convergence [141].
On the other hand, BiCGSTAB has a small, fixed memory requirement but may result
in poor convergence, if it converges at all [141].

The memory and arithmetic scaling of these methods are summarised in Table 4.1. For
Krylov methods, the scaling depends on the number of iterations k, which, in the worst
case, may diverge to infinity; however, in most cases it is smaller than N [141]. In
the remaining sections, I will focus on GMRES, which exhibits good convergence for
the TPC geometry implemented in this work. The convergence was also significantly
faster than using the Robin-Hood solver with 4 K40 GPUs or 2 A100 GPUs.

Table 4.1: Scaling properties of different algorithms [141]. The number of iterations k > 1.

Method Memory Scaling Arithmetic Scaling
Robin-Hood O(N) O(N2)
(Preconditioned) GMRES O(kN) to O(N2) O(kN) to O(N3)
(Preconditioned) BiCGSTAB O(kN) to O(N2) O(kN) to ∞

After the charge density is calculated by the solver, the electric field can be calcu-
lated at arbitrary points. Due to the long-range Coulomb force, evaluating the elec-
tric field can be computationally demanding and scales linearly with the number of
elements. In KEMField, the electric field can be calculated by direct summation,
which is slow but robust, or by a special version of fast Fourier transformation on
multipoles (FFTM) [141], which approximates the far-field using multipole expan-
sion [148, section 3.4.5.3]. The implementation significantly accelerated the field
calculation process.
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Concerning the boundary discretisations, basic geometries, such as cylinder and torus
are provided by another module of Kassiopeia, called KGeoBag. Discretised external
geometry can also be imported into KEMField for calculation.

The simulation framework used in the remaining sections is summarised in Table 4.2.

Model Method Tool
2D axisymmetric model FEM COMSOL
local 3D model FEM COMSOL
full 3D model BEM KEMField

Table 4.2: Simulation frameworks for the XENONnT TPC.

To ensure the reliability of the simulation models, both verification and validation
should be performed. In the context of numerical modelling, verification concerns
the correctness of the numerical solution of the governing equations, while validation
concerns the appropriateness of those equations for describing the underlying physical
phenomena. The verification process involves checking for errors in the solver imple-
mentation, discretisation, and BCs. To achieve this, the thesis compares the computed
numerical solutions with analytical solutions and benchmark results. The different
numerical models are also cross-compared. Discretisation errors are additionally as-
sessed by performing the same simulations with various discretisation element sizes,
a process known as mesh refinement. The computed solutions were also compared
with XENONnT experimentally derived quantities.

4.2 Case Studies

The performance of the simulation frameworks was evaluated using simple test cases
for which analytical solutions are available. These cases enable the identification of
subtle differences between software implementations and the verification of the cor-
rectness of numerical models. The quantity of interests, such as charge and electro-
static forces, from the Krylov solver in KEMField, COMSOL and analytical solution.
The solved potential and electrostatic field Robin-Hood solver in KEMField was al-
ready tested and compared, thus not the focus of this section [59].

4.2.1 Parallel-plate Capacitor

The parallel-plate capacitor is an importnat case for understanding the differences
between the two simulation software, as the electrodes in the TPC are essentially
capacitors with a dielectric material between them. In this simple case, the COMSOL
simulation uses a 2D axisymmetric model. The KEMField model simulation uses a
3D model, although an axisymmetric model is also available in KEMField.

The parallel capacitor consisted of two separate conductive plates and a cylindrical
outer shell enclosing them. The simulation model was defined with the parameters
listed in Table 4.3. The dimensions of the plate and the applied potentials were se-
lected to approximate the anode-gate electrode configuration in XENONnT. The shell
dimension was set to 30 times the plate separation. In COMSOL, the material of the



Chapter 4. Electrostatic Field Simulation 57

shell medium was set to either air or LXe. In KEMField, the material of the medium
cannot be specified. The simulation geometry and the electric potential of the domain
from the COMSOL simulation are shown in Figure 4.1.

Table 4.3: Geometrical and electrical parameters for both the COMSOL and KEMField sim-
ulation.

Parameter Value
Plate radius 685 [mm]
Plate thickness 0.216 [mm]
Plate separation 7.784 [mm]
Shell height (COMSOL) 233.52 [mm]
Shell radius (COMSOL) 233.52 [mm]
Anode voltage 4900 [V]
Cathode voltage 299.89 [V]
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Figure 4.1: Simulation domain of the parallel-plate capacitor using COMSOL. The colour
bar indicates the electric potential common to both plots. Left: 3D render by revolving the 2D
solution. Right: 2D close-up at the edge of the plates.

The shell defines the finite simulation domain, which is necessary for FEM models,
but not for BEM models. When the shell is not present in KEMField, the potential at
infinity is set to V = 0V [150]. To reproduce this behaviour in COMSOL, a large
grounded shell was introduced. The shell was grounded because KEMField does not
support floating-potential BCs, whereas COMSOL does. This distinction between the
two frameworks does not affect the TPC simulation, as the TPC cryostat is grounded
in all cases.

The total charge on the electrode surfaces, computed using different software, is tabu-
lated in Table 4.4, with the electrodes submerged either in air or in LXe. For the total
charge calculated by COMSOL, both the built-in expression es.Q0 {terminal
name} as well as a line integral of the charge density are listed for reference. The
case of the shell in floating potential is also listed for comparison. Both the discretisa-
tions in COMSOL and KEMField were refined to minimise discretisation error while
maintaining a reasonable simulation time. For comparison, the result from another
simulation package (elcd3 3) was quoted [150].

In the COMSOL model, in which the shell potential was floating, there was no external
reference potential defined, in contrast to KEMField. In other words, the COMSOL
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Table 4.4: Charge on the surface of the electrodes computed by different software.

Charge on
anode [µC]

Charge on
cathode [µC]

in Air
external software elcd3 3 [150] 7.985 -7.857

KEMField (GMRES) 7.982 -7.855

COMSOL (grounded shell): es.Q0 8.013 -7.842

COMSOL (grounded shell): line integral 8.003 -7.835

COMSOL (floating shell): es.Q0 7.938 -7.938

in LXe
KEMField (GMRES) 7.982 -7.855

COMSOL (grounded shell) 15.06 -14.74

model was equivalent to the case where both the anode and the cathode have the same
potential (at ±2300 V). Therefore, by charge conservation, the charge on the anode
and the cathode are identical as expected. However, with the grounded shell, the
reference potential on the shell broke the symmetry, resulting in a slightly different
charge distribution on the electrodes, as also observed in other simulations.

In the case of a dielectric material (LXe) filling the gap between the electrodes, the
stored charge in the capacitor increases with the dielectric constant of the material.
Still, the electric field between the electrodes remains constant, set by the potential
difference between them.

In KEMField, the dielectric constant of the domain(s) is not explicitly specified, unlike
in COMSOL. In the single-phase configuration, Neumann BCs cannot be imposed
either. As a result, the BCs imposed in any medium are identical, thereby necessarily
leading to an identical amount of charges on the electrodes both in air or in LXe.
From this, it follows that the charge computed in KEMField corresponds to the sum
of the free charge on the conductive materials and the bound charge associated with
the dielectric materials that share the exact boundaries.

For COMSOL, materials are specified for each domain. From the results, the charge
on the electrodes submerged in LXe was increased by the dielectric constant ϵLXe =
1.88 [71, 72], implying that the built-in expression es.Q0 calculates only the free
charge on the electrodes. This yields results that differ from those of KEMField; thus,
the charge cannot be used for comparisons between software, especially when there
is more than one medium with different dielectric constants between the electrodes,
without an analytical prediction.

4.2.2 Parallel-wire Capacitor

The parallel wire case consists of two parallel wires with length L = 1m. The simu-
lation model was defined with the parameters listed in Table 4.5.



Chapter 4. Electrostatic Field Simulation 59

Table 4.5: Geometrical and electrical parameters for both the COMSOL and KEMField sim-
ulation.

Parameter Value
Wire diameter 0.3 mm
Wire length 1000 mm
Wire pitch (separation centre-to-centre) 10.3 mm
Shell radius (COMSOL) 5000 mm
Anode voltage −500 V
Cathode voltage 500 V

For KEMField, the cylindrical geometry provided by KGeoBag was used and discre-
tised with 200 elements along the axial direction and 72 elements along the azimuthal
direction. Two 2D COMSOL models were tested, namely a planar model and an
axisymmetric model.

For the axisymmetric model, the wire array was approximated by two toroidal rings
with major radii r = {0.5, 1.0, 1.5}m and a minor radius of 0.15 mm. The rings were
separated by the wire pitch along the z-axis, which corresponds to the axis of rotation.
While it is not possible to simulate parallel wires exactly in an axisymmetric model,
increasing the major radius r improves the approximation to a parallel-wire system.
The charge and force were subsequently divided by 2πr, yielding consistent results
for the different values of r. The results from the analytical calculation and different
simulations are shown in Table 4.6, which are in good agreement.

Table 4.6: Results of the parallel-wire capacitor simulation. The capacitance was calculated
by πϵ0/ cosh

−1(S/D) =6.57 × 10−12 C.

Quantity Analytical
Calculation [150]

KEMField
(Krylov)

COMSOL
(2D planar)

COMSOL
(2D axial)

No. of cross-
sectional mesh

72 160 160

Charge Q [nC] C ×∆V =
6.57

6.59 6.58 6.58[nC/m]

Force on cathode
F [×10−5N]

Q2 · E(r = S) =
7.54

7.50 7.55 7.54 [N/m]

A subtlety arises when computing electrostatic forces on wires using KEMField. First,
the charge distribution was computed for the full simulation. Then, to evaluate the
force on a wire, the field acting on each surface element is calculated by excluding the
contributions from the charges on the same wire. Otherwise, an unphysical self-force
would be introduced. In reality, this self-force is internally balanced by the mechanical
structure of the wire and should therefore not be included. For large geometries, the
discussed procedure of manually setting the charge to zero and summing the resulting
fields directly for each element becomes computationally expensive.

A faster implementation of KEMField has been proposed, in which the charge distri-
bution is duplicated, the charges on the entity of interest are set to zero, and the built-in
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force calculation is then applied. However, this approach is not further explored in this
thesis.

By contrast, the force evaluation in COMSOL is straightforward: the electrostatics
module provides a built-in force calculation terminal that can be directly
evaluated in the Result node. As demonstrated by this example, the 2D models
yield a force on the wires that is consistent with the analytical calculation and the
KEMField result. Note that in other geometries, such as hexagonal-mesh electrodes,
the 2D axisymmetric model cannot be applied.

4.3 Field Calculation for XENONnT

The 2D axisymmetric COMSOL model, as well as the local 3D model for the perpen-
dicular wires, has been extensively studied and compared with data [19] and has since
been adopted in the XENONnT analysis pipeline. For the full 3D KEMField simu-
lation, the XENONnT TPC geometry before the electrode upgrade (section 2.2) was
implemented and compared with those from the 2D axisymmetric model. In the fol-
lowing, the 2D axisymmetric model and the implementation of the full 3D model are
described in detail. Discussion of the local 3D models is postponed to later sections,
where the relevant context is provided.

4.3.1 2D Axisymmetric Model

The 2D axisymmetric model developed in [19] is shown in Figure 4.2. Although
the XENONnT TPC geometry (Figure 2.5) is approximately axisymmetric, it is not
exactly so. While the 2D axisymmetric model captures most of the features of the
TPC, it deviates from the real geometry in several respects. In this 2D model, wires are
represented as concentric rings rather than parallel wires, and the PMTs are similarly
approximated by axisymmetric structures. As a consequence, the electric field near the
central axis (r = 0) cannot be accurately reproduced. Perpendicular wires are also not
included. Furthermore, inherently non-axisymmetric components, such as the HVFT
or the polygonal electrode frames of the top stack, cannot be modelled within a 2D
framework.

Despite these discrepancies, the 2D model has shown good agreement with the data
in the drift region [19]. Subsequently, it was used to impose BCs for local 3D simula-
tions, for example, for the field near perpendicular wires [19]. Local 3D simulations
allow much finer meshing in the region of interest, enabling detailed studies and more
accurate results. However, they remain limited for extended, non-axisymmetric struc-
tures, such as the HVFT, or near the electrode frame, where BCs are more difficult to
impose. Thus, while the combined 2D–3D framework is effective, a full 3D model
remains necessary for comprehensive verification.

Note that in [19], it was shown that the agreement with data improved when a non-
zero charge distribution was imposed on the PTFE side reflector. However, this effect
is not implemented in the full 3D simulation, as explained in the following section.
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Figure 4.2: COMSOL 2D axisymmetric model for the field simulation of XENONnT. Left:
geometrical implementation. Middle: discretisation elements. Right: potential throughout the
detector. Image taken from [19].

4.3.2 Full 3D Model

For the full 3D model, most of the relevant components to the electric field in the TPC
was implemented for the full 3D simulation using the KEMField package, namely
the electrodes and the screens, the liquid-gas interface, the field cage, the simplified
version of the PMTs, and other periphery entities such as the HVFT for the cathode,
some grounded conductors around the TPC to further improve the field uniformity, and
the inner vessel of the cryostat. The PTFE insulators were, however, not implemented
due to a convergence problem. Given that the dielectric constant of PTFE (2.0 – 2.1
[151]) is close to that of LXe (1.88 [71]), the absence of the PTFE side reflector is not
expected to affect the result significantly (subsection 4.3.3).

The model-building process for the full 3D field simulation used a C++ plugin that
interfaces with the Kassiopeia software, which involved defining the geometry, dis-
cretising it into elements, specifying the BCs, and configuring solver parameters. As
part of the general workflow, complex geometries, such as electrode frames and per-
pendicular wires, were discretised into triangular elements in COMSOL and imported
into KEMField. Compared with the native geometry builder in Kassiopeia, named
KGeoBag, COMSOL offers greater control over geometry definition, operations to
simplify CAD drawings, and customisable discretisation with fine meshing in specific
regions. It is therefore highly efficient for complex geometries. Only the wire-like
structures far from the region of interest were discretised into the native discretisation
elements (rectangles and 1D line elements) from KGeoBag, as these discretisation
elements cannot be imported.

Since BEM tends to exhibit instabilities and divergent results when intersecting ele-
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ments or boundaries are present, attentions were paid to avoid crossing boundaries.
Also, connecting parts (e.g., the anode frame, the parallel wires, and the perpendicu-
lar wires) were discretised together in COMSOL, ensuring that the boundaries of the
discretisation elements were mutually consistent.

For the BCs, all conductors were set to the Dirichlet BC, either grounded or with a
bias voltage according to the SR0 configuration listed in Table 2.3. The liquid-gas
interface was set to the Neumann BC.

While building the TPC model, the simulation and its components were also checked
and verified across multiple aspects. First, the total charge on the boundaries should
cancel out. Therefore, the charge on the dielectric surface and the conductor was
evaluated to ensure they cancelled out and remained close to zero. Secondly, the
field in the bulk volume was compared to the COMSOL 2D model, including also
the discontinuity at the liquid-to-gas interface. Lastly, the electric field inside the
conductor was monitored, which should theoretically be zero. Due to the discretisation
error, this field was not exactly zero and approached zero as the discretisation was
refined. This can be an indicator of significant discretisation errors for the conductors
in the model.

Electrodes and Screens

The electrodes before the upgrade consisted of electrode frames and a few hundred
parallel wires with the diameter of 0.216 mm or 0.304 mm. For the anode and the
gate, there are additionally 2 and 4 perpendicular wires, respectively.

The CAD drawings of the frames for all five electrodes, including the two screening
electrodes, were simplified and discretised in COMSOL before being imported into
KEMField. For the cathode and the screen electrode grids, the accuracy of the field
near the parallel wires is less critical than for the anode and the gate. To reduce com-
putational cost, the parallel wires were modelled and discretised as 1D line elements,
which are native to KEMField and KGeoBag. In practice, to avoid intersections be-
tween discretisation elements, the grids for these electrodes are slightly offset from
the electrode frame.

The anode and gate were more finely discretised to improve the accuracy of the electric
field in the region between them, which is particularly important given the small gap,
the high field strength, and its role in defining the S2 signal. Therefore, the parallel-
wire array, the perpendicular wires, and the frame from the CAD drawing were built
together and discretised in COMSOL. The union operations in COMSOL ensure that
no boundaries or elements overlap or cross.

The parallel wires were discretised into 4 elements along their cross-sectional sur-
faces. An attempt was made to refine the element size by doubling the elements
around the wire for all the parallel wires, but the simulation did not converge to the
correct results (subsection 4.3.3). The total charge on the conductors was yielding at
O(10−14C), compared to the case of O(10−6C) in the correctly converged cases, and
the field map was showing unphysical values. Therefore, the unrefined discretisation
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was kept for the anode and the gate. The 6 perpendicular wires and the nearby parallel
wires were, however, finely meshed to resolve wire crossings.

Liquid-to-gas Interface

In COMSOL, each domain was assigned a material with the specified dielectric con-
stant, thereby affecting the field configurations. In KEMField, the material properties
are not specified; only the dielectric-constant ratio between the two materials is set at
the boundary, which is the liquid-gas interface in this case. The interface was simu-
lated as a disk and was imposed with the Neumann BC, with the ratio of 1.88 [71].

Originally, the disk geometry from KGeoBag was used. The discretisation uses a
polar-coordinate mesh, in which the user can specify the number of elements in the
radial and azimuthal directions. Such discretisation necessarily leads to certain ele-
ments having a high aspect ratio, as shown in Figure 4.3. Aspect ratio is a common
indicator of mesh quality. High aspect ratio generally leads to large numerical errors
and a longer time for convergence.

Figure 4.3: Discretisation elements of part of the disk geometry. Colour scales with the aspect
ratio, where light blue is closest to 1 and preferable. Red has a higher aspect ratio with highly
skewed elements, which is not preferred. Left: elements from KGeoBag. Right: elements
from COMSOL.

To circumvent both problems, the disk was discretised in COMSOL. The normal vec-
tor is defined to point in the positive z-direction. With the use of free triangles in
COMSOL for the discretisation, the aspect ratio for all the elements also improved, as
shown in Figure 4.3.

Field Cage: Field Shaping Rings and Guards

Details of the construction and design of the field cage can be found in [19, 70].
The field cage consists of an inner and outer array of oxygen-free high-conductivity
(OFHC, 99.99%) copper rings along the sides of the TPC, outside the PTFE wall.
Their potentials were set by potential dividers so that the potential decreases gradually
from the gate to the cathode, thereby improving field uniformity between the gate and
the cathode. The field-shaping rings were designed to be in contact with the PTFE
side reflector to remove the charge deposited on it, thereby avoiding field distortion
[70]. The field cage comprises 71 smaller internal field-shaping rings and 64 larger
outer rings (later termed field guards), arranged in two alternating layers, except at the
top and bottom. The diameter of a ring is 2 mm and the length of ∼4 m.
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Unlike in COMSOL, KEMField does not impose a zero field inside the conductor be-
cause the volumetric domain is not material-specific. To achieve a zero field inside
the conductor, the charge should be allowed to migrate so that it cancels the external
field. In KEMField, the charge distribution is constant on an element [141]. There-
fore, the field can be reduced to near zero with finer meshing. While this may not
necessarily affect the field outside the conductor, it can serve as a useful indicator of
large discretisation errors.

The field-shaping rings were constructed using the KGeoBag torus geometry, which
was discretised into rectangular elements. The poloidal number of elements, that is,
the number of elements around the cross-sectional plane, was chosen at 10. The choice
was made because the reduction in the field began to flatten out as the number of ele-
ments increased. The toroidal number of elements was set to 200, such that the aspect
ratio was less than 100. Simulations of rings with aspect ratios greater than 100 re-
quired increasing computational time per element. On the other hand, simulations
with small aspect ratios require a large number of elements, making them computa-
tionally expensive. Details of the refinement study are provided in Appendix A.

The cross-section of the field guards is approximately oval and cannot be simulated
using the same geometric construction as that of the field-shaping rings. They were
built and discretised in COMSOL and imported into KEMField. The vertical field
strength across the field guards was also compared with the COMSOL simulation,
yielding consistent results.

Others

To simplify the calculations, the PMT was only implemented as a plain disk, as the top
and bottom screen shielded most of the field from the PMT array [147, Figure 3.11].
Note that this may not hold for the field configuration after the upgrade.

The HVFT, the grounding sleeve around the HVFT, the grounded bell on top of the
top PMT array, and the copper ring near the gate electrodes are constructed and dis-
cretised together to avoid cross-boundary effects. They were imported into KEMField
separately to set separate BCs. For these structures, no systematic mesh-refinement
study was conducted because they are farther from the TPC.

The PTFE side reflector comprises a PTFE panel and pillars located within the field
cage, as mentioned. However, the PTFE side reflector was excluded from the KEM-
Field 3D model because the simulation did not converge, despite careful checks of the
boundaries to ensure no crossings. That being said, the dielectric constant of PTFE
(2.0 – 2.1 [151]) is close to that of LXe (1.88 [71]), therefore, the absence of the PTFE
side reflector is not expected to affect the result significantly.

On the other hand, there is evidence that the PTFE side reflector of the XENONnT
experiment presents a surface charge that affects the electric field within the TPC [19,
70]. However, a BC with a specified surface charge is not available in KEMField.
This is one of the most significant limitations of the current KEMField model for the
XENONnT experiment.
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Lastly, the inner cryostat was included in the model. Since the field contribution
from the inner vessel is shielded by the inner components, the implementation of the
exact geometry is less critical. The geometry was extracted from the 2D axisymmetric
simulation, revolved by 360 degrees, and partitioned at the liquid-gas interface to
account for the connecting boundaries. The constructed geometry was discretised in
COMSOL before importing into KEMField.

Final Configurations

To summarise, the final geometrical configuration of the simulation model is tabulated
in Table 4.7. The minimum (maximum) element size is 0.00219432 (1421.78) mm2 at
the anode (bell). The minimum (maximum) aspect ratio is 1.2 (65.5) at the liquid-to-
gas interface (top screen). Concerning the solver, the tolerance was set at 10−6, with
50 iterations before restarts. Further details on the Krylov solver settings are provided
in Appendix B.

Table 4.7: Configurations for the KEMField full 3D model. GND stands for ground. The
meshing type starting with “KG” is the entity from KGeoBag in Kassiopeia. The boundary
conditions for the field-shaping rings and the field guards are unspecified, as each entity has a
different potential.

Part Meshing type No. of ele-
ments

Boundary
Condition

Inner vessel COMSOL triangles 422,984 GND

Bell + HVFT sleeve +
copper ring

COMSOL triangles 47,053 GND

HVFT (cylinder) KGeoBag rectangle 960 −30 kV

PMT (disk) COMSOL triangles 2× 83,106 −1.3 kV

Top screen KGeoBag 1D line 26,500 −0.9 kV

Top screen frame COMSOL triangles 81,178 −0.9 kV

Anode (wires + frame) COMSOL triangles 602,586 +4.95 kV

Liquid-to-gas interface COMSOL triangles 660,476 1.88

Gate (wires + frame) COMSOL triangles 509,228 −0.9 kV

Field shaping rings KGeoBag rectangle 71× 2,000 Dirichlet

Field guards COMSOL triangles 64× 1,2910 Dirichlet

Cathode KGeoBag 1D line 18,200 −2.75 kV

Cathode frame COMSOL triangles 106,358 −2.75 kV

Bottom screen KGeoBag 1D line 18,200 −1.3 kV

Bottom screen frame COMSOL triangles 126,362 −1.3 kV

Total no. of elements 3,883,189

4.3.3 Simulation Result

For the KEMField computation of the full 3D simulation, the charge-distribution cal-
culation 3,883,189 on three K40 GPUs required 7.8 hours. The total charge, which
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is ideally zero, amounted to 2.24 × 10−12 C, with −3.29 × 10−6 C on the dielectric sur-
faces and 3.29 × 10−6 C on the conductors. The 2D axisymmetric model of COMSOL
with 4,714,800 discretisation elements takes ∼ 7 minutes to compute the solution on
an AMD Ryzen 5 5625U processor with 6 cores.

To generate electrostatic field maps from the full 3D model for comparison and further
studies, the electrostatic field was evaluated on a grid using FFTM. A fine resolution
grid across the entire TPC volume will require substantial memory to load and analyse.
To improve computational efficiency and reduce memory usage, field maps at different
resolutions are generated. In the bulk region, where the field is more uniform, a 3D
5 mm grid was used to evaluate the field and potentials. For the top and bottom parts
of the TPC near the electrodes, where the field is less uniform and exhibits large
gradients, a grid spacing of 1 mm was used.

The field strength map in the TPC from both the KEMField 3D model and the COM-
SOL 2D model on the y-z plane, as well as the relative difference between the two
maps, are shown in Figure 4.4. The parallel wires on the electrodes point into the
page. The HVFT is visible on the right side of the KEMField y-z map, which cannot
be simulated by either a 2D axial or a local 3D simulation. The COMSOL 2D ax-
isymmetric map was mirrored for comparison and is shown on the y-axis instead of
the r-axis. The KEMField map is evaluated on a uniform grid, whereas the COMSOL
FEM model is evaluated at the centroids of the discretised mesh, which is irregularly
distributed. The COMSOL map was interpolated into the KEMField grid for a fair
comparison and shown in the figures.

Figure 4.4: 2D field maps overlay with the geometry from the KEMField simulation for
reference. The field strength contours are shown as black lines. Left: the mirrored COMSOL
2D map, and then mapped to the y-z coordinate. Middle: the sliced KEMField 3D map in the
y-z cut plane through x = 0. The field lines are also shown in grey. Right: relative difference
between the two maps in the active volume.

The relative difference between the maps in the active volume or the drift field region
is less than 2% for most of the space. This is in agreement with the estimated system-
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atic error of 1% for the COMSOL 2D map [19, Section 4.2.2]. At around y = 0mm, it
is expected to exhibit larger deviations due to the misrepresentation of the concentric
wires in the 2D axial model. Note also that the effect from the HVFT is limited, as
most are shielded by the field cage.

Drift Field

The field strength of the drift field along the vertical axis (z in Figure 4.4) of the TPC is
shown in Figure 4.5. The results from KEMField and COMSOL 2D field are sampled
along a set of vertical lines, named the cut lines, parallel in the y-direction (the side
without HVFT) or r-direction, respectively, ∈ [10, 610]mm in 50mm step.

For the result from KEMField, the line from the side with the HVFT (y > 0 in Fig-
ure 4.4) does not show a significant difference with that on the side without the HVFT
(y < 0), thus not shown. The band for the KEMField shows the maximum and mini-
mum field strengths recorded along these parallel lines from the KEMField field map.

Figure 4.5: Left: averaged drift field from different models with SR0 configuration in Ta-
ble 2.3. The solid lines represent the average values up to r = 610mm. Data points from the
data-driven field map were retrieved from [19]. Right: TPC geometry, where the lines indicate
the position at which the field in the left plot was evaluated.

As shown in Figure 4.5, the average field values obtained from the COMSOL 2D
model exhibit only minor deviations from the KEMField results. This indicates that
the 3D structures included in the full 3D model do not significantly affect the validity
of the 2D axisymmetric approximation. Additionally, the discrepancy between the 2D
and 3D models is substantially smaller than the effect of charge accumulation on the
PTFE panels, indicating that other detector effects dominate the uncertainties arising
from the simulation models.

The field strength was also estimated from XENONnT calibration data [19] and is
shown in Figure 4.5 for comparison. The data-driven field was estimated from the
ratio of the two S1 peaks from 83mKr ER events, corresponding to the 32.2 keV and
9.4 keV electron transitions [152]. The ratio entails information about the field, owing
to the field dependence of the recoil’s light and charge yields. The data-driven field
estimate shows the best agreement with the 2D COMSOL simulation that includes
charge-up effects on the PTFE side reflector. This supports the conclusion that the
deviation between the data-driven field and the nominal 2D COMSOL model arises
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from wall charge-up effects, rather than from limitations in the geometric fidelity of
the 2D axisymmetric model.

Extraction Field

The extraction field 1 µm below the liquid phase is shown in Figure 4.6 (right). The
field distortion from the perpendicular wires is visible. The liquid-phase extraction
field, starting from the centre of the surface and extending across the wires, is shown
in the same figure (left), as well as the COMSOL counterpart. For the KEMField
result, it was a synthetic case where the wires at the centre have more elements than
the other wires, so as to study the effect of discretisation error.

Figure 4.6: Extraction field from different simulations. The extraction field is the field
strength in LXe 1 µm below the LXe surface. Left: 1D extraction field at x = 0 computed by
KEMField and COMSOL 2D axisymmetric model. For the shown KEMField result, 5 par-
allel wires at the centre (shaded) were refined 5 times more than the other wires. Right: 2D
extraction field map from KEMField. The pink arrow indicates the position at which the field
in the left plot was evaluated.

In general, the extracted field from KEMField is lower than that obtained from COM-
SOL. This is likely due to the fewer elements around the wire than in the 2D simu-
lation, as argued below. While the 2D simulation had 32 elements along the cross-
sectional edge, the 3D simulation had 4 elements along the cross-sectional surface.
For a refined discretisation for the 3D simulation with 8 elements along the cross-
sectional surface of each wire, non-convergent results were obtained.

While refinement was not feasible, to understand the effects from the discretisation er-
ror, only the central 5 parallel wires (shaded) of the anode, and 6 wires of the gate were
refined 5 times and had 20 elements around each wire; other wires had 4 elements.
The difference in field strength between the non-refined wires and the COMSOL 2D
model is approximately 7With the refined meshing, the field strength is higher and
becomes closer to the COMSOL result. This is a strong indication that the reduced
field strength was due to discretisation error.

In addition, the KEMField results show a discontinuous profile for both FFTM and
direct-field calculations; only the FFTM result is shown in the figure. It may be due
to discretisation errors on the liquid xenon surface, even though the surface was finely
discretised.



Chapter 4. Electrostatic Field Simulation 69

80 100 120 140 160 180 200

x [mm]

40

20

0
z 

[m
m

]

10 0 10

y [mm]

anode
LG interface
gate

Figure 4.7: Projected electron propagation path around the perpendicular wires computed
using PyCOMes onto x-z plane (left) and y-z plane (right). The geometry from KEMField
at y = 0 is drawn in black solid time for reference. “LG surface” stands for the liquid-gas
interface.

Perpendicular Wires

Concerning the extended object in the TPC, namely the perpendicular wires, the 2D
axisymmetric model cannot properly account for these structures. A local 3D simula-
tion was used [19], in which the BCs at the top and bottom boundaries of the domain
were taken from the COMSOL 2D axial model, while the sides were set as the sym-
metry planes. With this technique, however, the validity of the symmetries exploited
by the local simulation is reduced when the domain is near the electrode frames.

Since the field inside the detector cannot be measured directly, an alternative method
for evaluating the simulation results is the electron distribution after propagation.
Electrons are simulated and propagated in the generated field maps using a Python
package, PyCOMes [153]. The package was developed to handle COMSOL output
files and to track electron drift in the liquid xenon target [19]. The package also in-
cludes the drift speed and diffusion models from the literature to simulate the longitu-
dinal and transverse spread of the produced electron cloud. It was extended to handle
also the output from the 3D map from KEMField. The electron distribution provides
a clearer understanding of the field’s effect on the electron’s trajectory and affects the
position of S2 relative to the event vertex. The electron position at the liquid surface
can be used as a proxy for the reconstructed S2 position.

While Figure 4.6 shows the effect of the perpendicular wires on the extraction field
from KEMField, the electron propagation was done to further quantify the effect of
the field distortion, as shown in Figure 4.7. PyCOMes interpolated the field maps from
KEMField and performed charge propagation until the liquid level. With the coarse
field map with 5 mm resolution, the electrons were propagated from z = −45 mm
until z =−10 mm, then the fine field map with 1 mm resolution was used to propagate
the electrons until z = 4mm. The starting z-position was chosen such that the effect
from the field distortion is insignificant, and it was consistent with other simulations
for comparison.

Due to field distortion near the electrodes, electrons flow around the electrode wires.
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As the electron approaches the parallel wires, starting from ∼5 mm below the gate
at z = 0mm, the paths split between the wires and reach the liquid-gas interface.
This is named the focusing effect. The perpendicular wire above the gate produces a
significant and non-periodic field distortion that extends 20 mm below the gate. These
effects have also been observed using local 3D COMSOL [19] and full 3D KEMField
simulation [147]. The full 3D KEMField simulation from this work yields consistent
electron paths.

Furthermore, a 1D projection of the distribution of the electron position on the liquid
surface along the x-axis is shown in Figure 4.8. The result from KEMField from this
work is in good agreement with the local 3D simulation from COMSOL. Comparing
with the previous full 3D KEMField simulation [147], the distribution is also closer
to XENONnT data, obtained by the S2 signal projection from the 83mKr calibration,
despite still having a significant mismatch as in the case for the local 3D simulation.
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Figure 4.8: 1D projection of the distribution of the electron position on the liquid surface
along the x-axis. The plot for “KEMField sim, smeared” was the result from KEMField,
smoothed by 3σ Gaussian function. The plot for “COMSOL 3D local” and “83mKr” data were
taken from [19]. The plot for “KEMField (ref.)” was taken from [147], which was a full 3D
XENONnT simulation, but using an older version of KEMField and with the Robin-Hood
solver.

The mismatch with data for both the local and full 3D simulations suggests additional
effects that were not accounted for in this study, such as the shadowing effect from the
wires (more discussion in section 5.8), or the position reconstruction of the S2 signal.
Nevertheless, this comparison cross-verifies that the mismatch does not originate from
the 3D local simulation.

HVFT

For the HVFT, a local 3D simulation was performed to verify that the electric field
between the HVFT and the field cage remains below breakdown thresholds [19, Fig-
ure 4.5]. However, because the HVFT extends along the full length of the TPC, its
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potential impact on the global field configuration cannot be fully captured by either
a 2D axially symmetric model or a local 3D simulation. As discussed previously
and shown in Figure 4.4, the resulting field leakage from the HVFT into the TPC is
expected to be limited.

To confirm, electrons were simulated and propagated using the same method described
above, starting at z = −1450mm, i.e., with a long drift path on which the HVFT
field distortion has the largest impact on the electron trajectory. Result is shown in
Figure 4.9. The effect does not extend into y < 600mm. . Additionally, it indicates
that HVFT is not the most concerning 3D feature in the experiment.

Figure 4.9: Eletrons propagate from z = −1450mm from the side with HVFT. Mirrored at
x = 0 for better visualisation. The projected geometry of the simulation model is shown in
black solid lines, without the parallel wires. The perpendicular wires are indicated.

4.3.4 Discussions

The simulation results from KEMField are in good agreement with COMSOL 2D and
local 3D FEM simulations. This indicates that, firstly, the 2D axial symmetry is a good
approximation to the XENONnT TPC geometry, despite the presence of the parallel
wires, perpendicular wires or the HVFT. This is also believed to hold for the next-
generation detector, which has an even smaller surface-to-volume ratio. Secondly, the
models with different software, namely KEMField and COMSOL and different meth-
ods, are cross-verified, thereby increasing confidence in the correct implementation of
the simulation models as well as the absence of systematic effects due to a particular
solver or software. The results are also compared with experimentally derived quanti-
ties. At the same time, several limitations on the full 3D model for the TPC have been
identified.

First, the largest limitation is the lack of a charge BC. As shown in [19] and Figure 4.5,
the difference introduced by the wall charge-up is significant on the overall drift field,
and it can better match the simulation data. However, such a BC is absent in KEMField
and not trivial to implement for the Krylov solver. One possible workaround is to
impose a Dirichlet BC on a plane based on the results of a 2D simulation, which
yields a wiggling potential due to the field cage. Each entity in KEField can have only
one potential value; the PTFE panel must be divided into small segments to assign the
varying BCs.
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On a related note, the TPC design exhibits mirror symmetries that should be exploited
to reduce simulation size, particularly for future-generation experiments. While this
feature is available in COMSOL by imposing a symmetry plane or a zero-charge BC,
neither is available in KEMField.

Secondly, the non-convergence limits the refinement of the discretisation on the parallel-
wire electrode, thereby introducing a non-negligible error in the extracted field. Com-
pared to the finely meshed 2D model, the difference is 7% (Figure 4.6). As mentioned,
with the restart GMRES scheme for the Krylov method, the convergence is not guar-
anteed. Robin-Hood solver also suffers from a divergence issue when implementing
the TPC geometry.

Thirdly, in both the 2D COMSOL and 3D KEMField models, the deflection of the
electrode grids has been neglected. Local 3D simulations and data-driven methods
have been used to estimate anode deflection. This adds systematic uncertainty to the
results. In the future, one should use multiphysics coupling in COMSOL between
electrostatic and structural mechanics simulations; however, this limitation also ap-
plies to the COMSOL 2D axial model when used without structural modelling.

Given these considerations, the strategy adopted in the remaining part of the chapter is
as follows: the COMSOL 2D axial model is used for faster field optimisation; COM-
SOL 3D models are used to study local effects from non-axisymmetric geometric
objects; and KEMField 3D simulations are employed to evaluate extended structures
that are difficult to capture with the FEM simulations (such as the HVFT or welded
strips), at the cost of reduced accuracy in local or surface-field estimates, and to verify
the results from local 3D simulation.

4.4 Field Configuration after Upgrade

In the following sections, the simulation models used for the XENONnT experiment
before the upgrade were extended to examine new field configurations after the up-
grade under nominal conditions. The upgrade changes were incorporated into the 2D
axial and full 3D simulations. With the updated global field simulation, the BCs for a
local three-dimensional (3D) field simulation was approximated.

As the detector has been upgraded and is in the commissioning phase at the time of this
work, there are uncertainties regarding its constraints and performance. To narrow the
scope of the study, the liquid level and the potentials at the anode, gate, and cathode
were set to the nominal values listed in Table 2.3. The absence of wall charge-up
is also assumed for further study of the detector’s field configuration following the
upgrade.

Three upgrade options were introduced in section 3.4, and the electrode design optimi-
sations presented in chapter 5 and chapter 6 were initially based on Option I. However,
upon opening and inspecting the detector, the top and bottom screening electrodes
were found to be in poor condition, with substantially reduced wire tension. As a
result, Option III was adopted for the electrode upgrade, resulting in the removal of



Chapter 4. Electrostatic Field Simulation 73

the wire electrodes from the top and bottom screens. The major difference between
Option I and III is that the parallel wires on the top and bottom screens are absent in
Option III. In this case, the PMTs are exposed to a high external field, the effect of
which is outside the scope of this thesis. It will be shown that the difference has a
limited impact on the electric fields between the main electrodes (subsection 4.4.2).
Consequently, the optimisation results presented here mostly focus on Option I.

4.4.1 Field Uniformity from the Central Welded Strip

A monolithic electrode at the size of ∼ 1.5 m with submillimetre-scale fine structures
is not readily commercially available. To overcome this challenge, we laser-weld two
half-meshes to form a robust, high-quality mesh chapter 6. The edge for laser welding
is thicker (∼2 mm each) to facilitate the welding process. More details can be found
in chapter 6.

The S2 signals are sensitive to the field inhomogeneity between the anode and the gate,
as shown in subsection 4.3.3, the effect of perpendicular wires before the upgrade.
Therefore, the design with the central welded strip is not the most suitable candidate
for the anode and the gate electrodes. Therefore, the design was only considered for
the cathode electrode. The effect of the central welded strip on the drift field is studied
in the following.

The 2D axial-field simulation is not accurate at r = 0, and the structure is also ex-
tended in one direction, so that axisymmetry is no longer valid. To study the effect of
the 4 mm welded strip on the field homogeneity, both a full 3D KEMField and a local
3D COMSOL simulation were performed.

For the KEMField implementation, since the hexagonal geometry is computationally
expensive to simulate, the geometry was simplified by using a wire grid class from
KGeoBag together with an imported plate geometry (4 mm width) placed on top of
the wire grid to represent the welded strip along the y−axis, as shown in Figure 4.10.

x
y
z x

y

Figure 4.10: Geometry of the upgrade cathode implemented in KEMField. The discretisation
elements are marked in blue solid lines.

The resulting field strength above the cathode, measured along a set of lines perpen-
dicular to the central welded strip and parallel in z−direction, is shown in Figure 4.11.
The plot shows the field enhancement caused by the welded strip, although this inho-
mogeneity diminishes at greater distances from the cathode. The effect of the elec-
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trode frame is also visible on the outer edge of the detector (|x| > 0.5m). Starting
from z ∼ 4 mm above the cathode, the field enhancement due to the welding is smaller
than that caused by the welded strip.
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Figure 4.11: Field strength Ez computed by KEMField at various distances above the cathode
on the line perpendicular to the cathode. The welding is at x =0 m. The variation dies out as
the distance increases.

Since the geometry implemented in KEMField did not exactly match the upgraded
cathode design, a COMSOL local 3D simulation with the truncated upgrade cathode
was performed and compared with the full 3D results. It utilised the accurate mesh ge-
ometry from the computer-aided design (CAD) drawing, along with a smaller domain
around the welded strip and a finer discretisation. The zoomed-in simulation domain
is shown in Figure 4.12 (left).

In the previously mentioned local 3D simulations, the BCs were taken from the 2D
simulation, which is invalid in this case. Therefore, the field at the top and bottom
boundaries was taken from the KEMField simulation, at the z-position where the field
was found to be more uniform. The domain was extended in the x-direction with x ∈
[−40, 40]mm, such that the inhomogeneous field due to the welded strip is sufficiently
small. Then, zero-charged BCs were imposed on the lateral boundaries, meaning the
simulation domain was infinitely repeating.

To evaluate the results of both simulations, an array of lines in the z-direction was
defined, each perpendicular to the welded strip at y = 0 and x ∈ [−40, 40]mm. The
normalised standard deviation of the field magnitude along these lines was used as
the metric for field homogeneity. In comparison, the same calculation was performed
for parallel wires without the central welded strip. The result is shown in Figure 4.12
(right) against the distance from the top surface of the cathode in the z-direction. The
results from both the full 3D and local 3D simulations are generally in good agree-
ment. The imposed BCs from the global simulation to the edge of the local simulation
domain faithfully reproduced the bulk field behaviour. The different geometry of the
upgrade cathode implemented in KEMField had no significant effect in the region of
interest.



Chapter 4. Electrostatic Field Simulation 75

-20 -10
0

0

10
20

-5

5

-1460

-1480

-1500

mm

mm

E
 n

o
rm

 [
V
/c

m
]

400

350

300

250

200

150

100

50

min: 15.7

max: 26300

Figure 4.12: Left: close-up of the result of the local 3D simulation with COMSOL. The
welded strip is along the y-direction. The Enorm field on the x-z plane at y = 0 is also
shown by the colour map. Right: the standard deviation of Enorm for x ∈ [−40, 40]mm
normalised by the mean field at the same z-distance from the cathode. Results from both the
local 3D (solid line) and global 3D (dashed line) simulations from COMSOL and KEMField
are shown. The colour indicates the electrode configuration, with a hexagonal mesh cathode
in blue and a parallel wire cathode in orange. The fiducial volume (FV) cut from the previous
XENONnT analysis [99] is also indicated by the dashed-dotted line. Events to the right of the
FV cut were accepted. The field inhomogeneity due to the welded strip vanishes from about
7.5 cm above the cathode.

Compared with the parallel-wire case, the case with the welded strip exhibits a larger
field deviation, as expected. The closer it is to the cathode, the greater the field inho-
mogeneity. However, the breakeven point is approximately 7.5 cm above the cathode,
comparable to the previous XENONnT fiducial volume [99], which is acceptable.
Therefore, the hexagonal etched mesh with a central welding strip can be used as the
upgrade cathode. Note that for future applications, the width of the strip may possibly
be made narrower, which will further reduce the field inhomogeneity caused by the
welded strip.

4.4.2 Surface Field and Electrostatic Force

As explained in chapter 3, other important parameters for the electrodes are the surface
field and the load from the electrostatic force acting on the electrodes, which induces
deflection on the electrodes.

As discussed in subsection 4.2.2, KEMField cannot efficiently calculate the electro-
static force acting on an entity, so the COMSOL FEM model was used. For the wire
electrodes, from the 2D model, the force is calculated from the force acting on one
of the concentric wires and then divided by 2πr of the wire to obtain the load per
unit length, where r is the distance between the centre of the wire and the centre of
the TPC. As shown in subsection 4.2.2, this method yields consistent results with 3D
simulations. Additionally, the surface field on the wire was obtained by the built-in
evaluation node in COMSOL of the maximum value in the selected domain around
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the wires.

To simplify the calculation, the cathode welding and mesh were treated separately.
For estimating the surface field on the cathode welding, a rectangular feature of 4 mm
width at r ∼200 mm was introduced in the 2D model. Although this representation
does not exactly reproduce the true geometry, it is sufficient for evaluating the sur-
face field. The welding corners were rounded with a radius equal to one-tenth of the
cathode thickness, which is a conservative choice for the rounded edge. The electro-
static force on the welded strip was not estimated, because the mechanical simulations
described in subsection 6.1.2 only assumed a uniformly distributed load, and the con-
tribution is expected to be small as it contributes to only 4% of the coverage of the
entire mesh. Moreover, the welded structures are expected to be sufficiently robust
that the additional electrostatic forces do not significantly affect their mechanical sta-
bility.

To model the electrostatic force acting on the cathode mesh, a simplified local 3D
simulation was employed. The CAD drawing of the hexagonal etched mesh was trun-
cated to a minimal rectangular unit cell corresponding to the repeating element of the
hexagonal mesh pattern. The lateral boundaries were defined as symmetry planes to
represent an infinitely repeating structure. The top and bottom BCs were taken from
the 2D axially symmetric model, which specifies the drift and reverse electric fields.

The electrostatic force was evaluated using the built-in force calculation in COMSOL,
and the resulting total force was normalised by the area of the unit cell to obtain the
electrostatic load per unit area. This load was then used as input for the mechanical
simulation described in subsection 6.1.2.

Since the actual potential on the cathode highly depends on the HV stability during
the commissioning phase and the actual operation, a dependence of the surface field
and the load per unit length or unit area on the cathode potential is shown in Fig-
ure 4.13. The potential across the electrodes was set at the designed value specified in
Table 2.3. Both the case for Option I (with screens) and the case for Option III (with-
out screens) are shown. As expected, the gate and the anode have limited dependence
on the cathode potential.

A few observations can be made from the plot. First, the plot demonstrates that the
local surface field on the cathode scales linearly with the applied potential. This is
also true for other electrodes. Secondly, the absence of the screen reduces both the
surface field and the load as expected. Thirdly, as discussed in section 3.2, the surface
field of the cathodic electrodes, that is, the gate and the cathode, should be kept low,
ideally below 50 kV/cm [96, 109, 121]. The surface field on the cathode and the gate
from Figure 4.13 was calculated to have a field below 50 kV/cm.

Despite the bulk field above the central welded strip being enhanced, the surface field
is lower compared to the legs of the mesh, because the geometry is more extended.
The exact value of the maximum field on the mesh legs highly depends on edge round-
ing. The rounding at the edge was set to one-tenth of the mesh thickness. Although
the exact cathode surface profile could not be determined, Figure 6.3 indicates that a
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Figure 4.13: Dependence of the surface field and the load per unit length or unit area on the
cathode potential. Top: maximum surface field strength of the electrodes. Middle: load per
unit length of the wire electrodes. Bottom: load per unit area of the hexagonal mesh cathode.

30 µm rounding radius is likely a conservative estimate: this corresponds to a surface
field below 50 kV/cm.

The sign convention adopted for the load defines a negative value as pointing down-
ward, in the same direction as gravity. The electrostatic load acting on the gate is
approximately half of that on the anode. This difference arises because the dielectric
constant leads to an electric field around the anode that is roughly twice as strong
as that around the gate. It is worth noting that an electrostatic load results in grid
deflection, which in turn increases the local electric field strength and thus further en-
hances the load. This positive feedback mechanism was not taken into account in the
results shown in this plot. However, for small deflections, the effect of this feedback
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is expected to be minor.

4.5 Conclusion and Outlook

There are inherent limitations in numerical modelling when attempting to replicate
real-world systems.

Concerning various modelling schemes, while local 3D models offer improved dis-
cretisation and therefore higher accuracy, they can yield incorrect results if BCs are
not applied correctly, which is not always straightforward. The global 3D model,
implemented with KEMField and BEM, while sacrificing local accuracy, provides a
valuable tool for verifying local 3D simulations or for studying configurations where
the 2D axial symmetry approximation breaks down. This hierarchical modelling strat-
egy is commonly employed in numerical simulations that span wide ranges of length
scales, such as in meteorology.

At the technical level, KEMField offers several advantages over COMSOL for large-
scale TPC field simulations. For example, it includes the FFTM solver, which enables
extremely fast field evaluations once the charge distribution is computed. KEMField
is also customisable and open-source, allowing all computed quantities to be directly
inspected and verified within the code. In contrast, COMSOL is commercial software
that operates as a black box for certain internal computations. On the other hand,
KEMField also has important limitations. Most importantly, the charge BCs are not
supported, which prevents the exploitation of geometric symmetries and the study
of field distortions due to PTFE side reflector charge-up. Refined discretisation was
occasionally constrained by convergence issues.

Overall, the different modelling approaches are complementary. Together, they pro-
vide a flexible and robust simulation framework for the XENONnT detector geometry.
The models with different software are established, cross-verified and compared with
the data, increasing confidence in the correct implementation of the simulation mod-
els as well as the absence of systematic effects due to a particular solver or software.
These simulation models will also be employed in the subsequent chapters to study
upgraded electrode designs and related detector effects.

Looking ahead to future-generation experiments, such as XLZD, a similar multi-tiered
approach can be adopted, combining models of varying accuracy and computational
efficiency. Additionally, alternative tools, such as the BEM module in COMSOL, may
be explored to further enhance simulation capabilities and the versatility of the model.



Chapter 5
Parallel-wire Electrodes

From section 2.1, we can see the importance of electrodes and their effect on the
signal. From there, we learned the criteria needed for the electrodes. In chapter 3,
an overview of different types of electrode designs was presented and extended to
the latest developments in electrodes across various experiments and observations,
specifically regarding HV stability and electrode backgrounds. In subsection 2.2.1,
section 3.4, and section 4.4, details specific to the XENONnT current and upgrade
electrodes were introduced, which set the context for this and the next chapter. Note
that this chapter and the next chapter are complementary to [1].

In particular, this chapter focuses on developing a parallel-wire electrode to enhance
the anode, with particular attention to improving structural integrity and the assembly
procedure. While both the anode and the gate were made as parallel-wire electrodes,
the anode has a more stringent requirement than the gate. Therefore, the discussion
is centred around the anode without loss of generality. The next chapter focuses on
building a hexagonal-mesh electrode for upgrading the cathode, with emphasis on HV
performance.

While the concepts and motivations behind this and the next chapter are relevant
for the next-generation detector, namely the XLZD experiment, the actual work was
performed on the upgrade electrodes for XENONnT, with a diameter of 1.4 m. Ex-
periences and insights were obtained and summarised from the production of these
XENONnT electrodes for future electrodes for XLZD (i.e., around 3.0 m).

The parallel-wire anode electrode in discussion consists of 265 SS fine wires, mounted
parallel to each other onto an icositetragon SS frame. Wires were bent by 90◦ into
holes with a diameter of 2.1 mm on both ends. Then, copper pins were pressed into
holes on both ends. Since copper is a softer material compared to SS, the copper
deformed into the shape that could securely clamp the wires in place without damaging
them. Grooves stemmed out from the holes to align and hold the wires in position.
To maintain the field homogeneity, the separation between the centres of wires (a.k.a
pitch) is the same across the whole electrode, at 5 mm.
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In the remaining chapter, I will discuss first the wire (section 5.1), then the frame of the
electrode (section 5.2), followed by the assembly method (section 5.3). These sections
include simulation, tests, and mitigation for a major manufacturing fault. Afterwards,
the QA/QC measures and the final assembly was summarised, with a comparison to
the gate electrode (section 5.4, section 5.5, and section 5.6). Finally, this chapter is
concluded with the lessons learned for the XLZD experiment (section 5.7).

5.1 Wires

As summarised in section 3.1, one of the most detrimental problems to avoid for the
parallel-wire electrode is wire breakage during the operation of the detector. This
could be induced by mechanically overloading the wires or by an HV breakdown. To
prevent the latter case, the wires were carefully observed before installation to avoid
kinks. The edges of the electrodes were also covered by insulators. On the other hand,
since the anode is not cathodic, it is less prone to inducing breakdown. Therefore,
the remaining problem is the mechanical sturdiness and the structural integrity of the
whole electrode system. More importantly, the wires must withstand the load and
tension applied to them to prevent breakage.

Secondly, as argued in section 2.1, the deflection (hogging or sagging) of the wires
should be reduced until the marginal benefit is at the expense of the permanent defor-
mation of the wire and the increasing thickness of the wire. This is because the wire
deflection directly affects the gain and the signal shape of the S2 signal, as explained
in section 2.1. Specifically for the case of the anode in XENONnT, it was required to
target the deflection of 0.5 mm during operation. The stringent requirement was cho-
sen such that there could be some extra room for additional deflection for relaxation
after cooling cycles.

As the wires are mounted onto the frame, they naturally deflect under their own
weight, as well as the electrostatic force and the buoyancy during operation. To limit
the deflection to 0.5 mm, thicker and stronger wires that can withstand a higher axial
tension should be used. In addition to the loads and the high axial tension, the wire
also has to withstand the thermal stress during the cool down of xenon to the liquid
phase at around 177 K. On the other hand, in terms of LCE, the thinner the wire,
the better. This motivates a dedicated study to select a thin and robust wire that can
withstand the loads and meet the deflection requirement.

5.1.1 Choice of Wire Material

The wire candidates are listed in Table 5.1. SS316 or SS316L was considered due
to the better resilience to electron emission [96] (see also section 3.2). In general,
SS316 and SS316L have similar properties, while SS316L has a lower carbon content.
Another major difference is the corrosion resistance after welding [128, 129], which
is irrelevant in our application, as no welding on the wire is needed. In the case of
PandaX-4T, where spot welding was used to fix the wire, this should be taken into
account, and dedicated tests should be performed.
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Table 5.1: Datasheet information for the candidates of the wire tests. The measurements of
ultimate tensile strength and yield tensile strength are presumably taken at room temperature.

Manufacturer Diameter [mm] Material (AISI) UTS [MPa]
YTS at 0.2%
offset [MPa]

California Fine
Wire (CFW)[154] 0.216 316 annealed 884 725

Vogelsang [155] 0.212 316 semi-hard 1000-1200 N.A.
Dahmen [156] 0.221 316L full-hard 1916.5 1528.5

5.1.2 Wire Deflection and Axial Tension

Loads on Wires during Operation

During the operation of the TPC, the weight of the wires, the electrostatic force, and
the buoyancy force are the major contributors to the deflection of the wires. The
weight and the buoyancy force are uniform along the wire. The load from the weight
per unit length, ωg, was calculated by

ωg = ρssπr
2 × g, (5.1)

where ρss is the density of SS, taken as 8000 kg/m3 for SS316 [112, 157, Fig. 2], r
is the cross-sectional radius of the wire, g is the standard gravity, taken as −9.81 m/s2.
The load from buoyancy per unit length, ωb, was calculated by

ωb = −ρf × g × πr2, (5.2)

where ρf is the density of the fluid, either LXe or GXe. Assuming the operating
temperature is at around 177 K and 1.928 bar at saturation, the density of GXe and
LXe is 18.077 kg/m3 and 2859.8 kg/m3 respectively [39].

For the electrostatic force per unit length, ωel, it was estimated from a two-dimensional
(2D) axisymmetric model mentioned in subsection 4.3.1. In the COMSOL model, a
force calculation node was added to the wires at three radial positions r away from
the centre. Since it was an axial-symmetric model, the length of the wires was 2πr.
The average value of the total electrostatic force on the wires, divided by the length of
the wire, results in the load per unit length. As demonstrated in subsection 4.2.2, this
method of force calculation in the 2D axisymmetric model yields results consistent
with those obtained from a 3D simulation and from analytical calculation.

For reference, the respective values for the anode and the gate are listed in Table 5.2,
for the wire with a diameter of 0.216 mm. Note that the loads depend on the wire
diameter. The total load per unit length acting on the anode wires in this case is
−1.84 × 10−5 N/mm.

An accurate estimation of the mechanical load induced by electrostatic forces requires
a coupled electrostatic–mechanical simulation, which is left for future work. First, the
more the wire deflects, the higher the electrostatic force, which might further increase
the deflection. This is called the feedback effect. Secondly, the relative difference in
the deflection between nearby wires changes the field and thus the electrostatic force
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Table 5.2: Load on the anode and the gate assuming the wire diameter is 0.216 mm and the
load is uniform across the electrode. Negative denotes pointing downwards.

Type of Load Load on Anode [N/mm] Load on Gate [N/mm]
Weight (ωg) −2.88 × 10−6 −2.88 × 10−6

Electrostatic (ωel) −1.56 × 10−5 +8.47 × 10−6

Buoyancy (ωb) +6.51 × 10−9 +1.03 × 10−6

TOTAL [N/mm] −1.84 × 10−5 +6.62 × 10−6

on the wire. Thirdly, since the anode and the gate are typically within O(10mm),
and are under a strong electric field with a dielectric boundary in between, the effect
from the gate and the liquid surface might affect the deflection on the anode. Fourthly,
the load per unit length is non-uniform along the wires as assumed in the simplified
model, as shown in [158].

Regarding the feedback effect, it was shown in [110, Section 4.4.2] that with a small
deflection, the prediction between a simple model and their non-linear model is sim-
ilar. While both models assume a constant electrostatic force on the wire, the former
one ignores the feedback effect. For simplicity, we are using the simplified model for
the moment, given the stringent deflection requirement.

Axial Tension on Wire

To limit the maximum deflection under the aforementioned loads, axial tensions were
applied to each wire during assembly to compensate for the load. As mentioned, if
assuming the load is uniform on the wire, the wire deflects into a catenary profile [110,
159]:

z(x) =
Fax

ω

[
cosh

(
xω

Fax

)
− cosh

(
L0ω

2Fax

)]
, (5.3)

where z(x) is the z-direction profile as a function of position x, Fax is the axial tension
on the wire, ω is the total load per unit length for each wire, and L0 is the undeformed
length of the wire between supports.

Consider the longest wire where the deflection is the most prominent, L0 is 1340.4 mm.
With the load at O(1× 10−6 N/mm) and the typical Fax at around 5 N, the higher or-
der terms of cosh can be disregarded. At the center of the wire, i.e., x = 0, we can
relate the wire deflection and the axial tensions Fax on the wires:

Fax =
(ωg + ωel + ωb)L

2
0

8hmax
(5.4)

where ωg, ωel, and ωb are given in Table 5.2. hmax is the maximum deflection. Another
treatment considered also the finite Young’s modulus for the wire [19], giving the
results in < 0.2% difference.

From Equation 5.4, the axial tension to reach 0.5 mm deflection, Fax has to be greater
than 8.26 N for the longest wire. To leave some safety margin, 8.6 N was chosen
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during the design phase. Also, in principle, the tension is proportional to L2
0. How-

ever, we limit ourselves to 4 different tension values to reduce human error during the
assembly process, ranging from 3.2 N to 8.6 N.

Maximum Stress on the Wires

There are several contributions to the stress on the wire at different stages. First of
all, when installing the wires to the frame, each wire was loosely inserted into a hole,
bending in 90◦. Then, a copper pin was inserted and deformed to fix the wire with
friction. This stress is non-linear and highly geometry- and method-dependent, and
therefore not estimated.

After installation, the major contribution to the stress is from the aforementioned axial
tension, ranging from 3.2 N to 8.6 N, that keeps the wires from deflection. Then, when
filling the TPC with LXe at ∼177 K, the electrode frame cools down slower than the
wire due to their surface-to-volume ratios, inducing thermal stress on the wire:

σS = Eαth∆T, (5.5)

where σS is the thermal stress, E is the Young’s Modulus, αth is the coefficient of
thermal expansion, ∆T is the temperature difference. The formula is independent of
the geometry. Assuming the maximum temperature difference of 25 K, the Young’s
modules to be around 200 GPa between 175 K and 293 K [160], and the coefficient of
thermal expansion is 1.5 × 10−5 [160], the thermal stress is 75 MPa. That is ∼2.75 N
for the wire diameter of 0.216 mm.

During the operation, there is no longer thermal stress, but the electrostatic force acting
on the wires. Its contribution, together with the gravitational load, amounted to only
∼0.02 N. Therefore, the maximum stress on the longest wires with a diameter of
0.216 mm is estimated to be at 11.35 N, given by the axial tension and the thermal
stress.

5.1.3 Wire Strength at Different Temperatures

The main purpose of this test was primarily to determine the appropriate wire can-
didate that can survive the stated maximum stress, as well as the 90◦ bend from the
copper pin fixation. Secondly, there was a hint that the strength of the wire changes
with temperature [109], while more measurements were needed to confirm the depen-
dence.

Thirdly, due to the slight difference in thermal expansion coefficients between copper
and SS, it was unclear whether the fixation strength would change after a cooling
cycle. The expected shrinkage in diameter of the copper pins is ∼3.9 µm using the
thermal coefficient of 1.6 × 10−5 [161, Table 4] and the diameter of the pin of 2.1 mm.
Note that the amount of shrinkage is much smaller than their fabrication tolerance
of 50 µm. The corresponding change for the holes in the SS frame is ∼3.7 µm.
The minor shrinkages are not expected to have a macroscopic effect. However, their
impact on the mechanical sturdiness of the fixation at cold temperatures and after
cooling cycles is to be verified.
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Given the above motivations, a custom-made tensile test setup, as shown in Figure 5.1,
was built to accommodate different measurements compared to the standard tensile
test facility. We performed tensile tests with the wire candidates, summarised in Ta-
ble 5.1, at 5 temperatures from room temperature down to 200 K to search for suitable
wire candidates that can withstand the stresses reliably at low temperatures. We also
performed the same test with an electrode frame mock-up and the copper pin fixation
(later referred to as the copper pin fixation) to see the additional effects due to the
fixation itself.

Lv

pulley wire fixation

wire clamp

load cell

stretching screw

mechanical 
insulation

Lh ~ 2.6 m
cold bath

aluminium 
beam

(d)(c)(b)(a)

Figure 5.1: Drawings and photos of the wire test setup. The schematic drawing (top right)
shows the setup when loaded into the cold bath. The L-shaped aluminium beam profile is
supported externally outside the cold bath, which is not indicated in the drawing. The dashed
line indicates the wire sample. Lv and Lh represent the vertical and horizontal length of the
wire, measured from the centre of the pulley. The photo on the left is a composite image from
two photographs to illustrate the vertical part of the setup. It consists of the Fixation V to fix the
wire sample, a stretching screw to manually increase the strain of the wire sample, a load cell
measuring the axial tension on the wire sample, and the mechanical insulation that decouples
the movement of the stretching screw and the load cell. Fixation V is either (a) copper gaskets
or (b) a screw clamp. The wire passed through the pulley to enter the horizontal part of the
setup and was fixed by Fixation H, which is either (c) copper gaskets or (d) a copper pin with
the mock-up of the electrode frame segment.

Experimental Setup

The setup contains an L-shaped aluminium beam profile, where the wire sample was
mounted along the profile through a pulley, as shown in the schematic diagram in
Figure 5.1. A wire fixation, either with a copper gasket or the copper pin fixation,
fixed the wire to the end of the horizontal part of the setup, named as Fixation H
in the remaining part. They are shown in Figure 5.1 (c) and (d) respectively. The
wire passed through the pulley and was fixed at the other end to the vertical part by
another fixation, named Fixation V. The length of the horizontal part and the vertical
part of the wire is around 2.6 m and O(10 cm) respectively, and they varied and were
measured for each measurement. For Fixation V, we either used copper gaskets or
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a screw clamp, shown in Figure 5.1 (a) and (b) respectively. We expected the two
fixation methods to induce slightly different systematic errors, but we did not observe
significant differences between the results. The Fixation V was attached to a screw
system, which was used to stretch the wire sample in the axial direction. The screw
was then indirectly attached to a 200-N load cell, which measures the axial force of
the whole system, effectively of the wire sample, as the other components are far less
ductile. The load cell was calibrated from time to time between measurements using
standard weights hanging from pulleys.

As described at the beginning of the chapter, to install the wire, the wire first passes
through the hole of the frame mock-up with a 90◦ bend. The position of the wire
was guided by the groove in front of the hole. Then, a copper pin was inserted into
the same hole. During the initial testing phase, the wires often broke at the tip of the
groove, later referred to as the groove tip, during the pin insertion due to the sharp
edges. To mitigate this, we manually ground the groove tip with grinding cords. The
difference is shown in Figure 5.2. After the grinding, the wires did not break during
the pin insertion. For future electrode design, this should be taken into account to
achieve a smoother or rounded groove tip, ensuring that the feature is produced right
from the manufacturing phase.

Figure 5.2: Difference before and after grinding the tip of the groove, named the groove
tip, enclosed by the red circles. Circles (a) and (b) indicate the groove tips before and after
grinding, respectively. (b) shows a clear edge at the end of the groove compared to (a). The
side edge of the groove is also indicated by the black straight line, named the groove edge.

For each measurement, we first mounted a wire sample onto the aluminium frame out-
side the bath. Then, the cold bath was prepared by adding dry ice to a bath of ethanol
inside the partially thermal-isolated bath. The liquid level covered approximately half
of the pulley, as indicated by a marker. As the temperature reached the desired value,
we positioned the whole aluminium frame so that the horizontal part of the wire was
completely immersed in the cold bath. One temperature sensor, which we were us-
ing PT100, is sitting at the end of the bath to monitor the temperature Tbath. Another
PT100 (Tdip) is attached to the horizontal aluminium beam and is around the middle
of the wire sample. A DAQ module from National Instruments [162] at the rate of
50 Hz continuously read out the measurement from the load cell and the temperature
sensors during a measurement. Then we turned the screw in steps by 1/4 of a turn
while the stress was recorded by the load cell. Note that the wire samples and the load
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cell did not rotate together. Since the threads on the screw are at equal distances, we
afterwards determined the change in strain for each step, as well as the corresponding
stress value.

In addition, for the copper pin fixation, we did an additional tensile test after the
system underwent a thermal cycle down to 200 K. We cooled down the setup for
around 1 minute until Tdip almost stabilised around 200 K. Then, we took out the
setup for warming up until Tdip went back to room temperature before the tensile
test. In case of a significant thermal relaxation between the copper pin fixation, the
wire, and the electrode frame, there might be more room for the wires to wiggle. In
such a case, the wire could slip through, and the YTS and UTS were expected to be
reduced. In other words, the reduction in YTS and UTS, if any, would be caused by
the relaxation of internal tension and stress, but not due to thermal shrinkage.

The Stress-Strain Curve

For each measurement, we obtained a continuous record of the tension measurement
as we changed the length of the wire, as shown in the inset of Figure 5.3. To obtain
the strain, ∆L/L, we determined ∆L, which is the change in length, and L, which is
the initial length of the wire sample. Given the diameter of the thread pitch, we could
determine ∆L for the 1/4-turn, specifically steps of 0.25 mm or 0.4 mm in our tests.
The initial wire length L = LH+LW , as labelled in Figure 5.1. To compute the stress,
we converted the measured voltages from the load cell to forces with the average load
cell calibration values. The wire diameter was measured at several positions using a
micrometre, and the average value was used to obtain the stress. As a result, each
measurement was processed into a stress-strain curve, as shown in Figure 5.3.

Figure 5.3: Example for the stress-strain curve from the data. The blue line in the inset plot is
the calibrated raw data. The orange dots are the stress and strain values obtained from the raw
data. Note that the time and the strain axis are not exactly one-to-one corresponding, and they
are manually scaled for illustration purposes. The upper plot showed the stress-strain curve
with the linear fit in the green line. The lower plot showed the stress-strain curve, subtracting
the linear fit shifted by 0.01%. The grey dashed line indicates the interception points, where
the y-value gives the yield tensile strength (YTS) at 0.01% offset.
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According to the standard tensile test, the linear part of the stress-strain curve is de-
fined as the elastic range of a material. A linear function can be fitted to the elastic
range, where the slope is defined as the Young’s Modulus. The YTS is defined as the
stress at which the material starts to deform permanently. The value can be estimated
by the intersection point between the stress-strain curve and the linear fit shifted by a
certain amount. The conventional shift, or offset, is 0.2%, measuring the stress where
the material is permanently deformed by 0.2%. In other words, the sample underwent
an additional 0.2% deformation beyond the elastic deformation, which is irreversible.
To further avoid the risk of permanently deforming the wire to a large degree, we set
a more stringent requirement with an offset of 0.01% instead. The standard offset of
0.2% was used to cross-check with datasheet values.

For the linear fit, the first few points were usually off the straight line because the
wire was slightly under-tensioned. Therefore, different fitting ranges were used, and
only those with the R-square > 0.99 were considered in the final results. The line was
then shifted by a 0.01% offset to the right, so that the intersection point between the
fit and the stress-strain curve determines the YTS at 0.01% offset of the sample. The
resulting YTS and Young’s modulus were the mean value from the different fit ranges,
while the fitting error is the standard error from the different fit ranges.

Results and Discussion

The resulting YTS at 0.01% offset for all the measurements at different tempera-
tures is shown in Figure 5.4. The temperature was the average value recorded by the
two PT100 sensors inside the bath. The error bound is the maximum and minimum
recorded temperature measured by the sensors throughout each measurement. The
error for YTS consists solely of the fitting error. For the California Fine Wire (CFW)
sample at room temperature, we took 5 data points, and the statistical error is around
10%. It was, however, not shown in the plot due to the limited statistics. The maxi-
mum stress acting on the wire is also shown in the same plot for comparison. Since the
value has a minor dependence on the diameter of the wire, only the one for 0.216 mm-
diameter is shown, which is the diameter for CFW.

The error in ∆L is < 0.05mm, which is negligible compared to L ∼ 2600m, so it was
not considered. Since the vertical part of the wire was not submerged in the cold bath,
this added an error to the initial total length. It was checked, and it was insignificant
when determining the YTS.

Another systematic error comes from the friction of the pulley. In the ideal case, the
change in strain on the vertical part of the setup should transfer exactly to the change
in strain of the horizontal part. Consider the rolling friction coefficient for steel at
room temperature is 0.002 [163]. The value might be higher at lower temperatures
[164]. However, no value measurement exists at 200 K. If taking the value at room
temperature and considering the tension at 30 N, the normal force acting from the wire
to the pulley is ∼6 N, resulting in the frictional force of 0.012 N, which is 0.04% of
the tension on the wire. Therefore, this effect on the measurement was also smaller
than the fitting error.
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Figure 5.4: Results from the tensile tests at various temperatures. The top plot shows the yield
strength at 0.01% offset, meaning the wire undergoes 0.01% additional deformation beyond
elastic deformation. The bottom plot shows the ultimate tensile strength of the sample. Dashed
lines in the bottom plot: the UTS values from the data sheet, as shown in Table 5.1. Dash-
dotted line on both plots: the maximum stress on a 1340.4 mm wire, including the stress due
to tensioning and thermal shrinkage when cooling down the TPC. The temperature gradient
was assumed at 25 K, which is very attainable. The first left axes on both plots indicate the
conversion to force acting on the CFW sample. The second left axes on both plots indicate the
safety factor away from the maximum stress on the CFW wire. The filled and hollow points
represent different Fixation V shown in Figure 5.1. Circle: tests in which the Fixation H is the
copper gasket clamped the wire. Inverted-triangle points: tests with the copper pin fixation,
where the wire was bent by 90°. Star points: tests with the copper pin fixation, and went
through a thermal cycle.
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From our results, all wire samples tested can withstand their maximum stress, caused
by the axial tension and the thermal stress, with less than 0.01% plastic deformation.
Specifically, the maximum stress for CFW is 11.35 N, indicated by the dash-dotted
line in Figure 5.1. Compared to the estimated maximum stress, the average safety
factor for CFW until deformation is 1.6±0.2, with the minimum at 1.4. Subsequently,
under the gravitational, electrostatic, and buoyancy forces, the deflection would be less
than 0.5 mm for the anode electrode.

Additionally, as the temperature decreased to 200 K, we observed a slight increasing
trend in the YTS at a 0.01% offset, as suggested in [109], with correlation coefficients
ranging from −0.62 to −0.68 for all wire candidates. The YTS at a 0.01% offset with
copper pin fixation differs by less than 5% compared to the copper gasket fixation,
regardless of whether the system underwent a thermal cycle. From this result, we can
infer that the copper pin fixation can reliably hold the wire in place in cold conditions
and after the cooling cycle.

We validated the measurement by comparing the YTS at 0.2% offset, the UTS, and
the Young’s Modulus to the datasheet values, as shown in Figure 5.5. Concerning
the YTS of CFW, the mean value we measured at room temperature is consistent
with the datasheet value, being 744 ± 12MPa and 725 MPa respectively. The error
is the standard deviation of the measurements to account for systematics between
configurations. Note that the datasheet value was obtained directly from the spool
specifications, and the value differed between batches. [165] reported the general YTS
at 0.2% for annealed SS316 at 241 MPa, which also differs from the actual values of
the particular batch we tested. For the Dahmen wire, the operating range of the setup
was not enough to compute the 0.2% offset at room temperature. And there is no
datasheet value for the Vogelsang sample to compare with.

For the UTS comparison, the datasheet values were presumably measured at room
temperature, and they are systematically higher than the measured values. A hint can
be seen in Figure 5.3, that as the wire sample entered the plastic region, the force
decreased between steps of changing the strain. The effect grew stronger as the wire
deformed more, as we observed (not shown). It can be understood as a physical pro-
cess that, as the wire enters plastic deformation, part of the wire stretches more to
compensate for the overloading tension, such that the tension drops. This could mean
that first, the strain was underestimated, and second, the wire was continuously losing
the applied tension between each step, resulting in a lower measure UTS. Compared
to a standard measurement, an automatic device continuously increases the length at
a definite strain rate or stress rate based on DIN EN ISO 6892. Slower strain rate can
result in a lower UTS measured [166]. This can explain the incompatible result from
the industrial measurements. Nevertheless, it is important to note that this systematic
effect on the strain and UTS in plastic deformation was not expected to affect the re-
sult in the YTS, also demonstrated in Figure 5.3 (right). This is because the stress
should start to deviate from the linearity at the strength regardless of the strain. And
the reduction in tension was the strongest during plastic deformation.

While the measured YTS is in good agreement with the value from the datasheet,
the measured Young’s Modulus is also systematically lower than the value listed in
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Figure 5.5: Comparison between the measured values and the datasheet values. Left shows
the measured yield tensile strength (YTS) at 0.2% offset, and right shows the ultimate tensile
strength (UTS). The dashed lines are the datasheet values. The points are the measured values
using the same set of data as in Figure 5.4, but at 0.2% offset. Some data points were missing
as they were out of range.

[160]. This may imply that the strain was underestimated by around 17% compared
to the industrial standard. While the exact reason remained unclear, it does not affect
the measurement of the strength of the wire with a similar argument in the previous
paragraph.

Conclusion

From the test, we concluded that the relaxation and thermal shrinkage do not signifi-
cantly reduce the strength of the copper pin fixation. We also concluded that all tested
wire samples could, in principle, withstand the stress from axial tension and the stress
due to temperature difference.

There are additional metrics to consider when selecting suitable candidates for the
parallel wire electrode. Other collaborators checked the surface smoothness and dis-
charges at high voltage, but they were not decisive factors between the Volgesang
semi-hard wire and the CFW wire samples. When comparing SS316 and SS316L,
the major difference is the corrosion resistance after welding [128, 129], which is
irrelevant in our application, as no welding on the wire is needed.

Regarding the mechanical performance, the Dahmen full-hard wire breaks during in-
stallation with the 90◦ bend and copper pin insertion. Although its YTS is higher, hard
wire is generally more brittle than soft wire. Annealed SS, on the other hand, exhibits
enhanced ductility among the three samples, providing a longer range of plastic defor-
mation before fracture. This property is crucial for preventing wire breakage, which
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Table 5.3: Useful mechanical parameters for the CFW in the anode electrode.

Quantity (symbol) Taken from Value or conversion
CFW parameters
Wire diameter (d) datasheet 0.216 mm
Cross-sectional area (Aw) πd2/4 3.664 35 × 10−8 m2

Min. YTS at 0.01% offset (YTSmin) Figure 5.4 445±9 MPa = 16.31 N
UTS datasheet 884 MPa = 32.39 N
Detector parameters
Thermal stress (σS) at ∆T =25 K Equation 5.5 75 MPa = 2.75 N
Longest initial wire length (L0) CAD drawing 1340.4 mm
Total load (ω) Table 5.2 −1.84 × 10−5 N/mm
Force from the load ωL0 0.02 N = 0.5 MPa
Option I
Axial tension (Fax) consideration 8.61 N = 235 MPa
Maximum stress on wire (Stot) Fax/Aw+σS 310 MPa = 11.36 N
Safety factor for plastic deformation YTSmin/Stot 1.44
Safety factor for breaking UTS/Stot 2.85
Expected wire deflection (hmax) Equation 5.4 0.48 mm downward
Option II
Axial tension (Fax) consideration 9.20 N = 251 MPa
Maximum stress on wire (Stot) Fax/Aw+σS 326 MPa = 11.95 N
Safety factor for plastic deformation YTSmin/Stot 1.37
Safety factor for breaking UTS/Stot 2.71
Expected wire deflection (hmax) Equation 5.4 0.45 mm downward

could result in electrode short-circuiting or sparking at high voltages. Therefore, we
subsequently used the CFW sample for the remaining tests and assembly.

5.2 Electrode Frame

The geometry of this electrode largely follows the XENONnT electrode design [19,
35]. The frame is a icositetragon (24-gon) with the inner diameters of around 1.33 m.
The frame comprises an annealed SS316 slab with a YTS of about 240 MPa. The
choice of material is again based on corrosion resistance and reduced electron emis-
sion compared to SS304 [96, 110]. Annealed SS, meaning the SS sample was heated
in the oven during the manufacturing process to reduce the internal tension stored dur-
ing machining. This was expected to reduce the relaxation after the cooling cycle, as
such a relaxation can reduce wire tension, thus increasing the wire deflection. It was
later found that only annealing was not enough to prevent the loss in tension due to
the cooling cycle. More discussion on this can be found in section 5.6.

5.2.1 Improving the Mechanical Sturdiness of the Electrode Frame

Since the axial tension on the wires was substantially increased from around 4 N to
8.6 N, the wires exert greater stress on the electrode frame compared to the previ-
ous design. This created a weak point in the electrode frame, thereby compromising
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the structural integrity of the overall electrode. The challenge was that the room for
changing the electrode frame design was limited and constrained by other components
of the detector. Therefore, a dedicated mechanical simulation on the electrode frame
was performed to locate the weak points and only strengthen those regions to improve
the sturdiness of the frame. In addition, the deformation of the electrode frame with
the 265 wires was calculated, as the deformation has to be within the tolerances of the
detector to maximise the fiducial volume.

For this, we used ANSYS Workbench 2021 for the finite element analysis (FEA).
Instead of having 265 × 3 force components as the input, the forces on each poly-
gon section were combined into a single force vector to simplify the calculation. To
further increase the computational efficiency, we applied mirror symmetry along the
horizontal axis in Figure 5.8. The simulation setup ended up with 12 input forces for
the FEA.

To evaluate the component stresses on the electrode frame, the von Mises stress cri-
terion was applied, which is commonly used for ductile materials such as steel. The
multiaxial stress state in the real component was represented by an equivalent uniaxial
stress, providing a comparable measure of material stress. This equivalent stress value
can then be compared to the material’s yield tensile strength (YTS) to assess the risk
of material failure.

With iterations of the simulation, the geometry of the electrode frame was altered to
better withstand the increased axial tension from the wires. The height of the SS frame
increased from the original 18 mm (XENONnT design before upgrade) to 24 mm. In
addition, the width varies along the circumference from 30.975 mm to 33.975 mm.
The semi-circular hole where the high-voltage feedthrough would pass through was
also thickened in width.

The final maximum stress was 98.6 MPa, where the cross-section is the smallest.
Compared to the mentioned YTS of the material, the safety factor against permanent
plastic deformation is 2.4 times. In addition, given the load of the wire tension, the
ring deforms outward by a total of 4.41 mm in the direction perpendicular to the wires.
Parallel to the direction of the wires, the ring deformed inward by 4.44 mm in diame-
ter. This deformation is later compared to the measurement in subsection 5.4.1. After
the optimisation, the frame was then manufactured by Mühlbauer Parts & System
(MPS) [167].

5.2.2 Major Manufacturing Fault

An error occurred during the manufacturing process of the anode frame. The man-
ufactured anode frame possessed visible physical imperfections and deviations from
the original design, as shown in Figure 5.6. Since the anode frame is thicker in height
compared to the previous design, the holes were machined from both sides. Part of
the problem was due to the unstable frame when machining, which could explain the
edge on the inner wall.

From a quick test, we found that some wires could not be properly fixed due to the
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(a) (b) (c)500 μm 500 μm 500 μm

Figure 5.6: Top panel: Examples of physical flaws and deviations from the intended geometry
on both sides of the electrode frame, resulting from manufacturing process errors. Bottom
panel: Close-up images of the pin holes. (a) A hole with a smooth inner surface, deemed to be
of good quality. (b) A hole with an edge on the inner wall, which could potentially damage the
inserted wire. (c) A damaged hole with distorted geometry and a hazardous surface exposed
to a high-field region. The open surfaces of similar holes were later manually polished, but the
inner wall surfaces remained untreated.

elongated or enlarged holes. Some wires were broken during the pin insertion process,
unlike the test mentioned in subsection 5.1.3, which used a segment sample of the
frame with the same design. With the monolithic nature of the electrode frame, it is
challenging to repair or remanufacture the frame. This should be taken into account
for future generation detectors, which have twice the diameter of the frame.

Three solutions were implemented to mitigate the situation. First, the rough surfaces
exposed to high voltage–—i.e., those not located within the pin holes—were locally
and manually polished using sandpaper and grinding cords.

Second, the entire frame underwent an additional electropolishing to further smooth
sharp edges and rough surfaces. It is also found that electropolishing reduces the
chance of breakdown [96].

Thirdly, we produced copper pins (OFHC, 99.99% Cu) in five different geometries and
diameters so that at least one could hold the wires in place. The primary geometric
difference among the pins was the presence or absence of a head (see Figure 5.7). In
most cases, the elongated holes had a smaller diameter or a more favourable geometry
on the opposite side of the frame due to the two-sided machining process. As a result,
headless pins could penetrate deeper into the hole, thereby providing effective wire
retention.

It was expected that the absence of a head should also reduce the electrostatic field
around the pin, as the head has a sharper geometry. A 3D local field simulation was
performed to confirm the effect of the pins on the field (Appendix C). The result
showed that the field above the copper pin head for the pin with head (Pin H-) was
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Figure 5.7: Different types of pins used for the anode electrode. All dimensions are in mm.
Pins labelled “H” have a head, while those labelled “N” do not. The clipping parts of the pin,
which exerted most of the force to fix the wire in place, were approximately 9 mm in length
and had a conical shape. The “++”, “+” and “-” signs indicate the maximum diameter of the
clipping part of the pin to be 2.5, 2.2 and 2.1 mm respectively. The remaining part of the pin,
which had a thinner diameter, was the extension that held the pin in place right before the
insertion process.

around 4 kV/cm higher than the case with the “headless” pin (Pin N-). Therefore,
from an electrostatic perspective, headless pins are more favourable.

From this focused local simulation, it was also shown that the side edge of the wire
groove, hereafter referred to as the groove edge, and the wires exhibited the highest
field magnitude. In other words, the groove edge is the limiting factor of achieving a
low electrostatic field in this design, but not the pins. Nevertheless, the actual value
is likely lower than the simulated value due to additional rounding from electropol-
ishing. These regions are also fully covered by the PTFE insulation to suppress the
likelihood of breakdown. Nevertheless, for next-generation electrodes, these groove
edges should be designed with rounded or filleted profiles to reduce the local field.

5.3 Assembly Procedure

As pointed out in [92, 109, 110, 168], the previous common strategy of mounting
parallel wires onto the electrode frame was a challenging and iterative process. On the
other hand, the shorter the assembly time, the better, to limit the exposure of the wires
to 222Rn in air. Otherwise, the plate-out of 222Rn daughters from the wire surfaces
during operations would contribute to the radioactive background [92].

The challenge was due to the coupling between the elastic SS frame and the many SS
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wires, in this case, 265 of them. This makes the system a non-linear complex system,
for which an iterative process is typically required. Additionally, the non-uniform load
from the parallel wires caused the frame to deform anisotropically. According to the
internal experience of the previous wire installations, the frame was first externally
deformed. Throughout the wire installation, the frame’s shape was constantly mon-
itored and re-shaped accordingly so that the wire tensions could stay at the desired
values. For an even larger electrode, a new installation method is needed to reduce
the installation steps and time needed for a full assembly, as well as human error and
inaccuracy during the process.

In this work, we developed a new set of tools and procedures for a robust parallel-wire
electrode installation, as shown in Figure 5.8. Essentially, we deformed the electrode
frame to the final equilibrium shape before mounting the wires. The deformation was
held by an external structure that kept the frame roughly in shape throughout the wire
installation. Finally, the assembled electrode was dismounted from the station.

Figure 5.8: Schematic drawing of the wire electrode frame mounted onto the tensioning sys-
tem. The colour on the electrode frame indicates the target tension of the wires in each section.
The tensioning system underneath the frame consists of the tensioning rods that hold the ring,
with the hexagonal screw changing the length and the load cells that measure the axial tension
on the respective tensioning rods. The band underneath the load cells limits the lateral load
on the load cells. The stand supports the whole structure, and the isolation connections allow
movements and relaxations of the ring and the tensioning rods relative to external anchors.
The indicated coordinate system was used during the assembly for clarity and to reduce errors
and documentation. The inset shows the picture of the assembled electrode, where individual
wires are separated in 5 mm and fixed by copper pins.

The more detailed procedure is as follows. First, during preparation, we assembled
seven tensioning rods to deform the electrode frame. Each tensioning rod consisted
of three 5 mm-diameter SS rods, sandwiching a brass hexagonal screw and a load
cell. The hexagonal screw adjusted the length and thus the tension on the tensioning
rod. The load cell then measured the tension on the rods. Each tensioning rod was
mounted onto two stands on each side through an isolation connection, such that the
stands had the freedom to move in a relative longitudinal direction. Secondly, seven
sets of tensioning rods and stands were prepared on a table with a rough relative po-
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sition of the electrode frame, parallel to the wire direction. The stands, apart from the
central one, could move in longitudinal and lateral directions. Thirdly, the electrode
frame was mechanically coupled to the tensioning rods with screws. Since the stands
could move freely on the table, the frame and the tensioning rod were decoupled from
external anchors. Therefore, by reducing the length of the tensioning rods with the
hexagonal screw, the electrode frame was pulled into the final equilibrium shape as if
all the wires were mounted. The required tension on each rod is calculated by FEA,
as shown in Figure 5.8.

When tuning one rod, the tension on the other rods also changed non-linearly. There-
fore, it is still an iterative process, which took around half a day to reach the required
values within ±10 N altogether. Compared to the previously known procedure, this
reduces the complexity of optimising the tension on the 265 wires and the ring to
only seven tensioning rods. After tensioning the frame and before installing wires, we
waited a few days for the whole system to relax.

During installation, the shape of the electrode frame has limited change from wire
installation due to the stiffness of the tensioning rods. The wires are installed with
their target tension values as indicated in Figure 5.8. With custom-made tools, we
tensioned the wire on both ends through the pin hole and fixed the wire using copper
pins.

A laser measurement system pioneered in [169], updated and fabricated by [170] was
used to measured the axial tension. The working principle is as follows: A laser1

is shone onto a tensioned target wire, where the tension is to be determined. For
each measurement, a wire vibrates as GN2 is blown from a nozzle. A photodiode
subsequently measures the scattered laser on the wire to determine the normal modes
of the vibration. The frequency of the first harmonics νf can then be related to the
axial tension of the wire by [19]:

νf =
1

2L0

√
Fax

A0 · ρss
, (5.6)

where L0 is the undeformed length of the wire, Fax is the axial tension on the wire, A0

is the undeformed area of the wire, and ρss was taken at 8000 kg/m3 for the density of
the SS316 [112, 157]. Given the large number of wires, to monitor tension more effi-
ciently and reduce human error, I further developed an automatic scanning algorithm
for the system, which was equipped with a motor rail, enabling it to scan a continuous
array of wires. From the axial tension, we could obtain the expected wire deflection
during the detector operation using Equation 5.4.

If we assume the tensioning rods are perfect rigid bodies, after all the wires are in-
stalled, all the load on the tensioning rod will be transferred to the tensioned wire to
hold the frame in the final shape in equilibrium. In reality, there was some net force

1Laserfuchs spot laser. 650 nm, class II with 0.75 mW, 3 V DC, dimension10×22 mm, focus ad-
justable. Adjustable focus is useful to obtain a sharper signal.
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component remaining between the tensioning rods and the frame. Therefore, there
were screws at the end of each rod to release the remaining tension and decouple the
tensioning system and the frame. The frame was removed from the tensioning system.

5.4 Quality Assurance

In the following section, the electrode, that is, the wires, the frame, and the copper
pins, together with the assembly procedures, were tested to assure the quality of the
final assembled anode that can satisfy our scientific requirements:

• maximum of 0.5 mm wire deflection
• limited frame deformation as predicted
• sturdy wire fixation that does not lead to wire breakage

5.4.1 Test Assembly

The test assembly took place at Karlsruhe Institute of Technology (KIT) in a non-
cleanroom environment, with the procedure described in section 5.3. No parts were
cleaned or degreased beforehand except for the copper pins, as will be discussed fur-
ther later.

We monitored the tension of all mounted wires using the mentioned laser measure-
ment system during and after the assembly. The force on the tensioning rods was also
monitored using the load cell attached to them (see Fig. Figure 5.8). Figure 5.9 shows
the results from this test installation, including the tension values, the estimated de-
flection after all the wires, and the time trends of selected wires. From the plot, the
final tension is centred around the target value both before and after dismounting the
electrode from the tensioning system. The maximum deflection of each wire is mostly
less than 0.5 mm in this test installation.

In the lower plot of Figure 5.9 between the long time gap between 2023-11-22 and
2023-12-01, the electrode was transported forth to Johannes Gutenberg University
Mainz (JGU) and back to KIT, showing that the axial tension of the selected wires
remained steady after transportation. In fact, all measured wires retained their tension
within the measurement error after the transportation.

Frame Deformation

The deformation of the frame was measured by a FaroArm® (4-meter long 7-axis
QuantumM) [171, 172] during the test installation as listed in Table 5.4. Note that the
deformation was referenced to the measurements before deformation, but compared
to the CAD drawing. This is because the actual geometry of the manufactured frame
also deviated slightly from the CAD drawing, and it is highly affected by how the
frame was placed in the laboratory for measurements.

After all the wires were installed, the frame deformed slightly upward along the wire
direction and slightly downward across it. The unevenness of the frame increased
from 0.43 mm, with no wires installed, to 0.73 mm, with all wires installed and the
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Figure 5.9: Top panel: Wire tension and resulting expected wire deflection across all wire
IDs before and after dismounting of the tensioning rods. The wire ID notation is defined
in Figure 5.8. The red dashed lines indicate the target tension of the wires. Bottom panel:
Wire tension over time of selected wires. The black dashed line indicates the time when the
tensioning rods were dismounted. Figure adapted from [1].

Table 5.4: Deformation of the electrode frame derived by FEA simulation and from mea-
surement with FaroArm® at different stages of the assembly. The deformation parallel and
perpendicular to the wires is shown in the second and third columns, respectively. All mea-
surements with the Faro Arm have an uncertainty of 0.24 mm.

Deformation [mm]
Status of the Frame ∥ to wires ⊥ to wires
Only Tensioning Rods installed
simulation 4.46 -4.48
measurement 4.26 -4.34
diff. (simulation - measurement) 0.20 -0.14
Fully assembled and rods dismounted
simulation 4.44 -4.41
measurement 4.48 -4.35
diff. (simulation - measurement) -0.04 -0.06

rods were dismounted. Concerning the planar deformation, as shown in Table 5.4, the
measured values were in good agreement with the FEA simulation in subsection 5.2.1
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within an error of 0.24 mm. This error originates from discrepancies between mea-
surements taken on the bore of the hole and on the side surface of the frame. In
principle, both methods should yield identical deformation values; however, the use
of uneven and non-identical surfaces led to small differences. Thus, the error is at-
tributed to the measurement surfaces rather than to the FaroArm® itself.

It is not listed in the table in Table 5.4, but the transportation to JGU and back to
KIT results in sub-mm changes in the geometry in all directions, which is negligible
compared to measurement uncertainties. This again demonstrated that the electrode
remained sturdy against vibrations and forces due to inertia.

Discussion

There are a few additional observations. First, halfway through the installation, we
realised the copper oxide layer of the copper pin unpredictably increased the wire
tension values when we pressed the copper pins into the pin hole. This explains the
wide range of wire tension deviating from the target value in Figure 5.9. Later trials
with cleaned pins significantly reduce the difference between the installed tension and
the target tension.

In addition, since the tensioning rods are not perfectly rigid, the tension on the wires
reduced as we inserted more wires. Examples are shown in Figure 5.9. The earlier
the wire was installed, the greater the reduction, with the maximum drop of ∼2 N.
Since the installation started from the middle of the electrode towards the sides, the
tension of most wires in the middle sections fell below the target value. To mitigate
this, we increased the target axial tension of the central 3 sections of the 24-gon from
8.6 N to 9.2 N for the final installation to ensure that the maximum wire deflection can
be kept below 0.5 mm after dismounting the tierods. The safety factor from 0.01%
permanent deformation becomes 1.5 compare to Figure 5.4 The increase in frame
deformation would be increased by 0.2 mm from the FEA simulation, which is still
within tolerance to be compatible with the rest of the TPC components. For the future
generation parallel-wire electrode, one can use thicker tensioning rods to increase
the stiffness of the tensioning system and mount the wires from the outermost wires
towards the centre.

Another observation is that the tension for all wires increased after dismounting the
electrode from the tensioning system, with the maximum of 1.1 N. One possible
contribution is from the non-zero pulling tension remaining on the tensioning rods,
of around 300 N. After dismounting, the electrode frame extended backwards and
stretched the wires. We also monitored the total tension gained by the installed wires,
∆Fwires, and the total reduction in tension in all tensioning rods, ∆Frods, which should
be the same in an ideal case.

5.4.2 Pull Test

As mentioned, the stress acting on the wire from the groove tip and copper pin fixation
was not quantified and was potentially significant. During the test installation, wires
in certain holes were more susceptible to breakage, likely due to sharp edges at the
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groove tip. To quantitatively and systematically assess and measure this, a “pull test”
was performed after shipping back from Mainz. Based on the result of the test, we
further polished the frame and repeated the test.

To perform the test, all the installed wires were first cut in the middle. A wire was
then tied to a force gauge2 while it was still fixed by the pins on one side. The wire
was then pulled at the force gauge along its length until it broke. At the same time, the
force gauge was recording the maximum force from the wire, with the instrumental
error of 0.1 N. The test was repeated for all the wires and holes.

From the results, most wires broke at around 30 N, consistent with the UTS in subsec-
tion 5.1.3. However, some wires broke at a lower force and broke at the groove tip.
This is likely due to the plastic deformation and damage done by the groove tip on the
wire during the pin installation. Figure 5.10 shows the different fractures on the wires
as they broke, captured using a digital microscope3. The ductile fracture happened
at the groove tip, indicating additional damage to the wire, creating a weak point for
fracturing. The wires that did not break at the groove tip exhibited necking fracture.

Figure 5.10: Photos of wire breakage. Photos (a) and (b) show two examples where the wires
broke at the groove tip. (a) was installed with a headless pin, while (b) was installed with a
pin with a head. (c) is a necking fracture on the wire, and (d) is a ductile fracture.

2Brand: Sauter. Model: FK 100.
3Brand: KEYENCE. Model: VHX-7000 digital microscope. Lenses: VHX-E20 / VHX-E100 /

VHX-E500. Mobile camera: VHX- Z20R.
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To reduce the stress on the wires, we manually polished the edge of some of the
groove tips with a grinding cord the second time, especially where the wires broke at
the groove edge or at a stress much lower than 20 N. Since the grinding introduced
rough surfaces and possibly degraded the HV performance of the electrode, the frame
subsequently underwent the second electropolishing. The pull test was then partially
repeated for a subset of holes, with the result shown in Figure 5.11. For simplic-
ity, only the data points with the maximum force less than 21 N before treatment are
shown. Some data points have large uncertainties because the values were not prop-
erly recorded and had to be estimated qualitatively based on the force experienced
while pulling. From the result, most of the wires reinstalled showed the UTS back
to beyond 30 N after the treatment. One of them had a lower value, but it was likely
due to measurement error. Repeated measurement with new wires on the same hole
showed the UTS greater than 30 N. This indicates that the frame after the treatment
is more reliable against overloading the wires and early wire breakage compared to
before the treatment.
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Figure 5.11: Results from the pull test. The top and the bottom plots correspond to the
north and south sides, as indicated in Figure 5.8. The data points indicate the maximum force
recorded for the wire ID. The hollowed points were the measurements before the grinding
and electropolishing treatments, while the filled blue points were the measurements after the
treatments.

5.5 Final Assembly and Handling

As the requirements were met after a few iterations and improvements, all parts were
ready for the final assembly. All parts of the electrode (the wire, the frame, and the
copper pins), as well as the tools, were extensively cleaned.

For the wire, a new spool of wire from the same batch, which had been extensively
tested and certified for use, was prepared for the final installation. They were wound
onto a frame specially designed for cleaning and standby. A fresh batch of copper pins
with different sizes and geometries, as in Figure 5.7, was also prepared for the final
installation.
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For the frame, the following summarises all the treatments performed on it from man-
ufacturing up until the final installation in a cleanroom environment at Laboratori
Nazionali del Gran Sasso (LNGS):

• manually grinding all the grooves of the frame at MPS
• first electropolishing at MPS
• test assembly and quality assurance (transportation and HV test)
• manually grinding some grooves, given the result of the pull test
• second electropolishing at MPS
• localized and manual electropolishing
• cryogenically treated the frame with LN2

• cleaning

Note that we cryogenically treated the frame with LN2 before installation. This was
to further relax the mechanical stress built up during the machining and handling of
the frame before wire installation [173]. Otherwise, if the mechanical stress is only
released after wire installation, the axial tensions of the wire might reduce, as is the
case for the original XENONnT electrodes. It was done by immersing the frame
segment by segment in the LN2 bath, and subsequently left to warm back to room
temperature. There will be more discussion on this in section 5.7.

Cleaning Electrodes

Proper cleaning of all components introduced into the TPC is crucial, since impuri-
ties increase the background rate and absorb signals, thereby degrading the detector’s
sensitivity. This requirement is particularly stringent for electrodes, where surface
contaminants such as dust can also trigger unwanted electron emissions and even elec-
trical breakdowns.

Passivation improves the electrical performance of electrodes and suppresses electron
emissions, which otherwise contribute to the background events of the detector [96,
97, 110] (see also section 3.2). A common passivation method is to immerse degreased
SS samples in a nitric or citric acid bath. The acid removes impurities, the native
oxide layer, and corrosive compounds, enabling the formation of a new oxide layer
under controlled and clean conditions. This regenerated layer exhibits an enhanced
chromium-to-iron ratio, which is more chemically stable.

Since citric acid also has demonstrated promising results in suppressing electron emis-
sion [97, 110] and is easier to handle than nitric acid, we adopted citric acid for passi-
vating all SS electrode components. However, based on internal experience, operating
an ultrasonic bath with citric acid was found to increase the surface roughness of the
SS wires. To mitigate this effect, the ultrasonic bath was used only during the initial
10-minute acid cleaning and switched off for the subsequent passivation step.

The overall cleaning procedure for the SS parts of the anode is briefly summarised
below. They were first degreased with HARO soaps and then rinsed with deionised
water. This was followed by a 10-minute acid cleaning (with ultrasonic bath) and a
50-minute passivation using 7% citric acid at around 40◦C. Finally, the SS parts were
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thoroughly rinsed and dried by blowing nitrogen. Similarly, for the copper pins, they
went through steps of degreasing with Decon® acid rinse, passivation for 15 minutes,
rinsing, and drying.

Wire Tension

The final wire tension after the installation is shown in Figure 5.12. As in the case
discussed in subsection 5.4.1, the wire tension increased by around 1 N after releasing
the tierods.
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Figure 5.12: The wire tension after installation in the cleanroom.

Frame Deformation

As mentioned, the axial tension of wires on the centre 3 sections increased from 8.6
to 9.2 N. Therefore, the nominal value of deformation from the FEA calculation is
−4.62 mm (4.64 mm) for the direction parallel (perpendicular) to the wire direction.
The average values measured were −4.57 mm (4.54 mm) ±0.24mm. The error is due
to the geometrical uncertainty of different surfaces used to evaluate the deformation,
as mentioned in subsection 5.4.1.

The ring also deforms in the z-direction from the FaroArm® measurement. Due to this
z-direction deformation, the overall unevenness increased from 0.39 mm to 0.86 mm.
Note that the unevenness of the surface that the ring is lying on was not calibrated;
nevertheless, the difference between the two numbers should cancel out the effect. The
changes in the unevenness were slightly greater than the one quoted in subsection 5.4.1
(from 0.3 mm to 0.47 mm), which was expected due to the increased axial tension of
the wires in the central segments.

Discussion

During installation, we encountered a problem when mounting the cleaned wires onto
the cleaned frame. Initially, the wires could not be tensioned beyond 6 N, a limitation
not observed in previous generations of detector since the wires had never been ten-
sioned to this level. After a series of tests, we hypothesised that the issue arose from
attractive forces between two clean metal surfaces of the same material at the atomic
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Figure 5.13: Photos of assembly. Left: adjusting the laser measurement system for the gate
electrode. Right: installing the wire and inserting the pin for the anode electrode. Plastic cover
on top of the tierods to prevent wire damage or kinks during installation.

level. This effect, also exploited in cold welding, occurs once a certain pressure thresh-
old is exceeded. This effect, occurring only after a certain pressure threshold, is also
the working principle used in the cold welding technique.

The problem posed two challenges for installation: first, the wire could become stuck
and fail to reach the target tension; second, conventional lubricants such as grease
could not be used due to radiopurity and cleanliness requirements. To address this
onsite, we dripped ethanol into the grooves to act as a temporary lubricant. In addition,
the wires were slightly tensioned and released to help them slide more smoothly into
the desired tension. This combined method proved effective and was systematically
applied throughout the entire installation campaign.

For future parallel-wire electrodes, it was suggested to use different SS grades for the
wires and the frame to mitigate this issue. For example, using SS316 wires for their
lower electron emission rate, and SS304 frames, which are already covered by PTFE
insulators.

5.6 Quanlity Control

After completing the full installation of the electrodes in the cleanroom, they under-
went the final quality control step to ensure the quality of the final production.

5.6.1 The PANCAKE test

An XLZD-scale testing facility at the University of Freiburg, PANCAKE, was adapted
to test the XENONnT upgrade electrodes at 173 K [174]. The campaign aimed to
emulate the relevant operating conditions of XENONnT to assess the reliability of
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the electrodes. The assembled anode, gate, and cathode were all tested together in
the PANCAKE setup, placed in an open-topped vessel with a flat floor. The gate
and cathode (excluding the frame) were separated by only 3 cm, compared to about
1460 cm in the actual TPC. The temperature difference between the wires and the
electrode frame was limited to 20 K, as the open-topped container was filled with LXe.
The liquid level was positioned between the anode and gate electrodes. High voltage
was applied such that the resulting fields between the electrodes were comparable to
those in XENONnT. By the end of the test, the electrodes had undergone a complete
thermal cycle, including cooling, submersion, and warming back to room temperature.
Further details of the setup and results are provided in [174].

5.6.2 Gate Electrode

Before discussing the result, the following summarises the gate electrode properties
and assembly for completeness and for later comparisons.

The gate electrode was assembled in the summer of 2021 and was essentially a replica
of the original XENONnT design, with a few minor modifications. To minimise wire
tension loss after cooling cycles, the frame was annealed and mechanically relaxed
during manufacturing, just as the anode electrode was. In addition, the axial tension
of the central segments was increased by 1 N, so that any reduction after cooling would
still limit deflection to an acceptable level. The choice of 1 N was based on previous
experience, where the tension was reduced by around 1 N after the cooling cycle [19].
This adjustment was further motivated by the fact that relaxation effects diminish with
successive cooling cycles and that the TPC would undergo only a limited number, if
any, of such cycles.

After the assembly, the gate electrode was stored in a custom-made storage box purged
by gaseous nitrogen for years to avoid accumulation of 222Rn. The wire tension was
measured again in early 2024 to see if the tension had reduced during the few years of
storage using the laser measurement system described in section 5.3. No significant
deviations were observed. Then it was shipped together with the assembled anode
and cathode to the University of Freiburg for the PANCAKE test. The results together
with the anode electrode will be discussed in the following subsection.

As shown in Table 5.2, the total load on the gate electrode wires is around a third
of that for the anode electrode. That was because the field is lower in the liquid
phase, and the downward gravitational force on the wires partially cancels out the
upward electrostatic force. In addition, the wire deformation of the gate electrode has
a lesser effect on S2 signal amplification and signal shape. Therefore, the deflection
requirement was less stringent for the gate than for the anode, resulting in lower axial
tension. This also justified the less extensive tests on the gate electrode.

5.6.3 Final Result

The difference in the axial tension before and after the PANCAKE test of both the
anode and the gate is shown in Figure 5.14. The significant deviation for Wire ID 1
for the gate was likely due to measurement error, due to the short length of the wire,
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and the limited space for the laser measurement. While the anode wires did not show
any significant reduction in the axial tension, the tension of the gate wire significantly
reduced, with a maximum of 1.4 N for the wire at the centre segment. This translates
to around 0.2 mm increase in the deflection. The expected maximum wire deflection,
given the load in Table 5.2, amounted to 0.6 ± 0.3mm. Nevertheless, the amount
of tension reduction is close to expectation, and the expected wire deflection is still
within tolerance.
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Figure 5.14: The difference in wire tension before and after the PANCAKE test in LXe tem-
perature. The top is for the anode, while the bottom is for the gate electrode.

Relaxation after the cooling cycle could be problematic for the TPC as the tension on
the electrode might be significantly reduced, increasing the sagging and thus affecting
the signal response, like the original XENONnT electrodes. From this result, the
difference in results between the anode and gate may provide insight into how to
effectively limit the relaxation of the electrode after cooling cycles. Several possible
explanations were considered.

Both frames were fabricated from SS316L slabs supplied by Nironit and machined
by MPS [167], and both sets of wires were SS316 manufactured by CFW. Although
the materials were not from the same batch and their properties (e.g., YTS) may dif-
fer slightly, this can hardly account for the observed discrepancy. The specific YTS
of the gate wires was not measured, but general values for annealed SS316 wires
are ∼241 MPa [165]. With a pretension of 4 N, the stress should remain well below
this limit. Moreover, if the wire tensions or frame stresses had exceeded the YTS, a
reduction would already have been observed after long-term storage. Likewise, the
differences in stress due to the differences in frame dimensions also seem insufficient
to explain the results.

Localised overstress at the groove tips of the gate electrode is similarly unlikely, as
this would produce isolated deviations, as seen during the test assembly, rather than
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the systematic trend shown in Figure 5.14. Long-term storage of the gate is also
an unlikely cause, since tension measurements before and after storage showed no
significant change. Additionally, their installation procedures differed slightly: the
gate frame underwent iterative deformation during wiring, while the anode was pre-
deformed to its equilibrium geometry during installation. However, the connection
between this difference and the observed relaxation remains unclear.

A more plausible explanation lies in the additional relaxation step applied only to the
anode frame. Both frames were annealed before the final machining step to reduce
internal stresses, though some residual stress likely remained. Prior to the wire in-
stallation, the anode frame was cryogenically treated by immersing small segments
sequentially in liquid nitrogen and then allowing the entire ring to warm to room tem-
perature overnight. The gate frame did not undergo this process. This treatment likely
released residual stresses in the anode frame, thereby minimising relaxation during
cooling cycles, similar to the standard cryogenic treatment for metals [173].

For future-generation electrodes, particularly if monolithic or large mechanical sup-
port frames are adopted, comparable relaxation procedures should be applied after
manufacturing and before installation to ensure stable electrode tension through cool-
ing cycles.

After all manipulations, the wire tension of both the anode and the gate was measured
again. From the measured values, the final expected wire deflection for the anode and
the gate is shown in Figure 5.15. Note that no feedback effect was considered, as it
was expected to be small given the higher wire tension.
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Figure 5.15: The estimated wire deflection of the anode and the gate electrode based on the
final wire tension measurement. The top is for the anode, while the bottom is for the gate
electrode.
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5.7 Lessons Learned from the XENONnT Parallel-Wire
Electrode

We have conducted a series of simulations and tests to ensure a reliable electrode de-
sign with sufficient safety margins. Our new installation method also reduces the com-
plexity of installing the parallel-wire electrode while remaining reliable. Nevertheless,
there are additional challenges or further R&D needed to realise the next-generation
electrode with 2.6–3m, should a parallel-wire design be considered.

One problem that would be common to the existing design of future generation elec-
trodes would be the relaxation of the internal tension in the electrode frame after a
cooling cycle, which reduces the wire tension and increases the sagging as mentioned
in subsection 5.6.3 and [19]. This effect should be more apparent for a larger mono-
lithic electrode frame, which might explain why it was not reported before, and more
severe for parallel-wire electrodes than for woven-mesh or etched mesh electrodes. It
is expected to affect the future generation electrode as well, not just the parallel wire
electrodes. In addition to annealing the frame during the manufacturing process, we
also found that cryogenically cold cycling the frame before wire installation might
help to further release the tension. Further investigation into the causal relationship
and tests with additional samples could confirm this observation. Regardless of the
method, future generation electrodes should ensure that they release this internal ten-
sion before wire installation. After the installation, a test with a full cooling cycle
should be carried out.

Another issue common to the existing design of parallel wire frames is the saddle
shape of the frame, as pointed out in [109]. The design with the wires on top of the
frame (both for XENONnT and PandaX-4T electrode [107]) would inevitably create a
z-component of force to the frame, resulting in a chip or saddle shape profile after full
installation. Although a thicker frame can alleviate the effect, it increases the difficulty
of manufacturing and the radioactive background due to the additional material. For
future detectors, a ”counter-frame” can be fixed on top of the assembly electrode to
reduce the saddle shape formation. Such an equipotential cover can also remove the
high localised field from grooves in general or the welding spots in the case of PandaX-
4T.

An elliptical ring, as the one demonstrated by PandaX-4T, could be a good solution to
further reduce the material of the electrode frame. With the capability for an accurate
FEA simulation, the geometry can be designed such that the final equilibrium shape of
the electrode is close to a perfect circle. The advantage is that the stress on the frame
is more distributed, rather than having a localised weak point or stress hotspot. In this
case, the electrode frame can be made thinner.

As mentioned in subsection 5.2.2 and Appendix C, the groove edges would be a lim-
iting factor to lowering the field on the electrode frame. In case of future design, if
an equipotential cover or insulators do not cover the grooves on the electrode frame,
the frame should be designed such that the groove edges are smoother or rounded to
reduce localised high fields. Note that if only insulators are used, such as PTFE, there
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is still a risk that a strong breakdown could establish a permanent path through the
PTFE or insulating material. The risk of breakdown scales with the stress area of the
electrode [97], so it would become a higher risk in the future. Therefore, adding an
equipotential cover with smooth surfaces should also be considered.

One of the advantages of the parallel-wire electrode, often mentioned, is the ease of
repair and manufacturing feasibility. However, from the endeavour described in this
work, one often neglected factor is the challenge brought by the monolithic electrode
frame. Compared to the etched mesh, the parallel-wire electrode frame involves more
substructures at a sub-millimetre scale within the meter-scale frame, such as the wire
grooves. Specifically, in the case of XENONnT, the faulty machining of the pin holes
was severely lengthening the testing and fabrication time. On the other hand, a mono-
lithic electrode frame is favourable for reducing mechanical complexity and risks to
structural integrity. Possible solutions to this dilemma could include designing with a
thinner frame or conducting R&D for sturdy composite rings.

Concerning the wires, the current safety margin for annealed SS316 does not accom-
modate significantly larger electrodes. Therefore, if we use the same type of material,
a thicker wire is anticipated, which means a reduction in optical transparency, see
section 5.8 for more discussion. Another possibility is to have a new wire fixation
mechanism that avoids bending the wire by 90◦, allowing the design to accommodate
harder but more brittle wire candidates. For example, PandaX-4T fixes the wire by
glueing it with epoxy or clamping the wires using copper plates.

On a related note, experiences suggest that the copper pin fixation should be avoided.
First, it creates unpredictable, non-linear stress on the wire as it was bent and pressed
at 90°. Second, it requires delicate craftsmanship, making it difficult to automate.

Additionally, it was suggested to use different SS grades for the wires and the frame
to mitigate this issue. For example, using SS316 wires for their lower electron emis-
sion rate, and SS304 frames, which are already covered by PTFE insulators. This is
expected to be specific to the copper pin fixation, or a similar kind. In the case of an
installation method like PandaX with epoxy, this should be less of an issue.

5.8 Parallel-wire Anode for XLZD

This section evaluates the feasibility of using parallel-wire electrodes for XLZD, with
particular emphasis on the anode, which has the most stringent requirements in terms
of optical transparency and mechanical sagging. At present, no final decision has been
made regarding the electrode design for XLZD. Possible options include parallel-wire
arrays, hexagonal-etched meshes, or woven-wire meshes, with the final choice driven
by both performance and feasibility considerations. The study presented in this section
provides a fundamental input to the electrode design of the XLZD project.

When considering the optimal anode wire diameter, one might expect that thinner
wires are better to maximise LCE. However, reality is more complex. First of all,
the thinner the wire, the less axial tension can be applied, and the more it will sag.
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The more the sagging, the less uniform the single electron gain (SEG) (see subsec-
tion 5.1.2 for more) over the horizontal plane. Thinner wires can sustain less axial
tension, increasing the sagging under electrostatic force: this reduces the uniformity
of the SEG (subsection 2.1.3) in the (x,y) plane. Secondly, the more the wires sag,
the stronger the field between the wire and the liquid-gas interface, which increases
the electroluminescence yield. Meanwhile, the shorter drift path reduces the creation
of electroluminescence. Thirdly, the thinner the wire, the less light would be blocked
by the wire itself. Therefore, the direct effect on the S2 signal is also unclear. If all
of these factors are considered, it is hard to tell which wire diameter is preferred and
what sagging level is acceptable.

It boils down to the question, what is a feasible wire diameter, and correspondingly,
the relation to the S2 signal or the SEG. Then, we can also inquire about the reduction
in LCE in case we need to use thicker wires. To address these questions, I identified
the one parameter that cannot be arbitrarily changed and is the same for all wire di-
ameters. It is the material strength of the wire. In subsection 5.1.3, I performed the
tensile test measurements for different wire candidates. Weighing in factors such as
surface quality and ductility, we preferred the annealed SS316 from CFW over the
harder wires. The minimum measured YTS at 0.01% offset was 445 MPa, which is
independent of wire diameter (see also Table 5.3). Consider this value, and a safety
factor of 1.5 from plastic deformation, as well as subtracting the thermal stress of
75 MPa assuming a temperature difference to be 25 K, then a maximum allowed axial
stress on the wire was calculated to be 222 MPa, valid for wire of different diameters.
This value is the premise for the whole study.

Then, for different wire diameter, the applied axial tension applied to the wire varies
due to the changing cross-sectional area. On the other hand, the load from the elec-
trostatic force, weight, and buoyancy also changes according to equations in sub-
section 5.1.2. From the two information, the maximum sagging was determined for
each wire diameter, including the feedback effect from the electrostatic force. Subse-
quently, for each wire diameter with different sagging values, I estimated the amount
of photons produced by a single electron using empirical formulas, defined as the
SEG. The shadowing effect was also estimated by neglecting all the reflection and
secondary photon propagation effects. Eventually, I obtained the estimate SEG as a
function of wire diameter.

Several assumptions were made to simplify the model. Here I only considered the
longest wire of the anode, which was set at 2.6 m, with the lowest point of sagging in
the middle (i.e., the centre of the horizontal plane). I also kept the gate wire diameter
constant at 0.3 mm. This is assumed because the gate wires have less effect on the
SEG compared to the anode wires. The load on them is also smaller than that of the
anode, so thinner wires are likely still a viable option for the gate wires. Also, the pitch
of both the anode and gate wires is not changing. For a final design, this parameter
should be optimised. However, for a fair comparison, this number remains unchanged.

The anode and the gate are assumed to be biased at +6.5 kV and −1.0 kV, respectively,
same as the XENONnT designed values. And the initial gap length between the anode
and the liquid-gas interface was set at 4.04 mm. For the feedback effect, I assumed
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the electrostatic force to be uniform along the whole wire, and considered the entire
wire to sink by hmax amount instead of having the sag profile. This overestimated the
electrostatic force, resulting in sagging, but it can be treated as a conservative value.
The deflection of the gate wires also contributes to the feedback effect of the anode
wires [19], but it is also not considered for this study.

Additionally, for the shadowing effect, I assumed that the SS wire is 100% opaque.
It is likely to be lower, but the exact number from the literature is inconclusive in the
cold xenon environment. Also, the ring deformation caused by the wire tension was
not considered, because it was shown that there are ways to mitigate it.

5.8.1 The Feedback Effect

The initial sagging for all wire diameters was assumed to be zero, and the central axis
of the wires was kept the same. Then, a 2D axially symmetric COMSOL simulation,
same as in subsection 5.1.2, was used to calculate the electrostatic force on the wires.
The load, ωel, was obtained by averaging the force measured on three wires at different
radial positions r away from the centre – more details in subsection 5.1.2. This is
defined as the 0th iteration of ωel. The load from weight and buoyancy, ωg and ωb

respectively, was also calculated for each wire diameter, but they do not change with
sagging. As mentioned, the maximum stress allowed on the wires was calculated at
222 MPa. The stress multiplied by the cross-sectional area of the wire yielded the
maximum axial tension force on the wire. Then, using Equation 5.4, the 0th iteration
sagging was calculated, as shown in Figure 5.16.
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Figure 5.16: Iterations to obtain the converged sagging values for different wire diameters.
Left: load from only the electrostatic force (ωel). Middle: the total load from the electrostatic
force, the weight and the buoyancy (ω). Right: maximum sagging (hmax) using the assumed
Fax and the load from the middle figure. There are a total of 5 iterations as labelled.

The calculated sagging was used to update the simulation geometry in the COMSOL
simulation and recalculate the new ωel for the subsequent iterations. For wire diam-
eters of 0.2 and 0.25 mm, the sagging diverged after a few iterations, indicating they
are would snap under the electrostatic force and are unlikely to be viable options for
the XLZD-scale parallel-wire anode. So they are not considered for the remaining
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steps of this study. Subsequently, field maps for each wire diameter and the associated
sagging were produced by the same 2D axial simulation from COMSOL.

5.8.2 Electron Path

As explained in chapter 2, when the extracted electron propagates through GXe to-
wards the anode, it excites the xenon atoms, which subsequently emit electrolumines-
cence photons along the drift path. The number of photons emitted along the path can
be estimated by the empirical formula [59, 75, 175]:

dNph

dl
= A ·Ne(l) ·

(
E(l)

p
−B

)
p, (5.7)

where Nph is the number of photons produced, l is the position along the drift path,
dl denotes the differential path length, Ne(l) is the number of electrons, E is the field
strength that changes along the path, p is the pressure in atm (or bar), and both A
and B are empirical parameters determined by experiments. Physically, A can be
interpreted as the amplification factor, and B can be the threshold of the reduced field
E/p to produce proportional electroluminescent photons [75]. I am using the result
from the measurement of A = 151±19 photons/e−/kV and B = 0.97±0.13 kV/cm/bar
[59, 176].

To estimate the SEG, the number of electrons extracted from the liquid-gas interface
Ne(l = 0) = 1, without loss of generality. As the electron drifts along its path, it may
have sufficient energy to ionise atoms, releasing more electrons. This happens only
in high field regions, typically beyond 14 kV/cm in GXe in our operating conditions
[59]. Accumulatively, the number of electrons produced at a certain point l′ along the
path is given by:

Ne(l) =

∫ l

0

α(l′) dl′, (5.8)

where l = 0 denote the location of the liquid-gas interface, and α is the first townsend
coefficient of ionisation. This coefficient is parametrised by the reduced field, which
depends on the pressure [177]. Given the pressure at around 2 atm and temperature at
180 K, the coefficient can be simplified to [177, 178]:

α(l)
[
cm−1

]
= 1.39× 104 × exp

(
− 53.2√

E(l′) [kV/cm]

)
, (5.9)

For the numerical integration, the step sizes dl → ∆l were chosen at 0.0001 mm,
as it was checked that the discretisation error becomes negligible from this step size.
For the first-order estimation, the field line was used as the drift path of the extracted
electron, meaning the diffusive motion was not considered. The field line started from
the same lateral position as the wire (r = 336.25mm), as shown by the example in
Figure 5.17 (right). This is because the anode and the gate are off by half of the pitch,
so the extracted electrons are focused by the gate wires to the position right below
the anode position, spanning a radius of 0.1 mm (Figure 4.7). Electrons propagated
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from 0.1 mm away from r = 336.25mm resulted in reduced light production, but
the difference caused by this was found to be smaller than the difference caused by
the wire diameter. Therefore, the following only consider the electron started at r =
336.25mm, right below the anode wire.

Note that in the example in Figure 5.17, the field close to the wire is above 40 kV/cm,
which is well beyond the ionisation threshold of gaseous xenon [179, 180]. However,
since the high field region is very localised, the additional number of electrons pro-
duced on average due to ionisation (Equation 5.8) is only 0.03 in this example, far less
than 1. This means that the number of electrons cannot be effectively multiplied, let
alone causing a breakdown. More will be discussed in subsection 6.4.2.

For comparison, the same calculations were performed for the wires without any wire
sagging, with all wires centred 4.04 mm from the liquid-gas interface. The numer-
ical differential photon production per unit length, ∆Nph/∆l (see Equation 5.7), is
shown in Figure 5.17 for illustration. The plot also shows the calculation with the
consideration of the shadowing effect, which is explained in the following subsection.

Figure 5.17: EL production calculation for the case without wire sagging. Left: differential
photon production. Right: field map and the field line for the path integral, with wire diameter
of 0.5 mm. The liquid level is right at the bottom of the domain. The trigonometric calculation
of the solid angle is drawn in magenta lines.

5.8.3 Shadowing Effect

One can observe in Figure 5.17 (dashed lines) that the majority of the light is produced
beneath the wire where the electric field is the highest. However, the closer the photon
is produced near the wire, the more the light is obstructed by the wire. The reflectivity
of SS wire at LXe temperature was not directly measured, but it showed a quick drop
below room temperature in vacuum, down to 35% at 0 °C [82]. The current best
guess and value used in simulation is at 30% [83]. To simplify the calculation, it was
assumed that the SS wire is not reflective at the LXe temperature.
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Given that the drift path is a straight line below the anode wire, the light blockage
by the wire was calculated as follows. Let the distance between the photon emission
position, l, and the bottom edge of the wire be denoted as rph. This distance also
defines the minimum distance at which a photon emitted at position l can intersect the
wire. Assuming isotropic photon emission at position l, a photon propagation sphere
of radius rph can be defined. For each step in l, the angle θ between the line connecting
the emission point to the tangential edge of the wire and the line connecting the centre
of the photon propagation sphere to the centre of the wire was calculated, as illustrated
in Figure 5.17 (right). Photons contained within the spherical wedge span by an angle
2θ were assumed to be completely blocked by the wire. The corresponding solid angle
fraction of the spherical wedge is given by θ/π. The shadowing correction factor S(l)
at each position l was therefore defined as the fraction of photons not blocked by
the wire, namely S(l) = 1 − θ(l)/π. This factor can be applied as a multiplicative
correction to the right-hand side of Equation 5.7. In reality, photon propagation also
involves reflection and other microphysical processes. A full optical simulation, for
example, using the GEANT4 package, would be required to account for these higher-
order effects.

5.8.4 Result

The final form for the total number of photons produced, also known as the the EL
photon yield, with numerical integration is:

Nph =
n∑

i=1

A ·Ne(li) ·
(
E(li)

p
−B

)
p · S(li) · (li+1 − li), (5.10)

where n is the nth segment of the path length when the field line reaches the wire.

To compare this amplification factor with experimental data, other detector effects
were added to account for the number of photons detected by the photosensors [19,
Chapter 6]. Since the produced photons might escape or transmit away instead of
reaching the PMTs, the factor LCE obtained from optical simulation was used to cor-
rect this effect. In GXe it is around 23% [19], which is usually lower than that in LXe
due to the absence of total internal reflection. Note that the LCE should also depend
on the wire diameter, but the dependence is expected to be small as it is dominated by
other factors, such as the photosensor coverage, the geometry of the TPC and the cov-
erage of the PTFE reflectors. For those photons reaching the PMTs, there is a certain
probability that a photoelectron is emitted at the photocathode inside the PMT, named
the QE. In the LXe temperature, the QE of the PMTs is around 30% [35, 84]. Around
20% of the time, known as the double photoelectron emission (DPE) probability, two
photoelectrons are created at the photocathode instead of one [181]. Among them,
around 90% of them can reach the first dynode for the signal multiplication in a PMT
[86]. This is called the collection efficiency (CE). For this simplified model, the EL
photon yield Nph is multiplied by all these correction factors to obtain the estimated
SEG:

SEG = Nph × LCE × QE × (1 + DPE)× CE. (5.11)
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Figure 5.18: Estimated single electron gain (SEG) vs wire diameter for different cases. The
corresponding optical transparency was marked with a dashed line. The XENONnT reference
point was the median of the SEG map, taken from [99, Figure 13], where the error bar corre-
sponds to the range of the colour map.

The results with and without sagging, and with and without shadowing corrections,
were calculated and shown in Figure 5.18. The SEG from XENONnT science run
0 data [99] was added to the plot for comparison. Due to the slightly different field
configuration (subsection 2.2.1), the value from XENONnT is not directly comparable
to this study for the case of XLZD. Still, the compatible result demonstrates the
validity of this simplified model.

Generally, the SEG drop with thicker wires, but not by a substantial amount. At the
same time, in Cases II and IV, the SEG dropped if the wire diameter is thinner than
0.35 mm due to more sagging. When comparing Case I and Case III without sagging,
the difference is due to the correction of the shadowing effect. The difference due to
the correction is more significant for thicker wires, as expected.

In addition, consider the cases ”without sagging” (i.e., Cases I and III) as the wires at
the edge of the electrode, where sagging is minimal. The cases “with sagging” (i.e.,
Cases II and IV) indicate the place with the strongest sagging, that is, the centre of
the electrode. The difference in the values between the centre and the edge can be
understood as the measure of SEG non-uniformity across the horizontal plane. From
Figure 5.18, the difference in SEG between the edge and centre is larger for thinner
wires. The same conclusion can be drawn whether or not the shadowing correction is
applied. This is expected, because the thicker the wire, the less sagging, as shown in
Figure 5.16, and thus a more uniform SEG across the horizontal plane.

When the sagging effect and the approximated shadowing corrections are taken into
account, that is Case IV, the wire with a diameter of 0.4 mm achieves an SEG of 40.0,
which is the highest among the considered wire diameters. The relative difference
between the centre and the edge is 6.9%, which is lower than that of a 0.35 mm di-
ameter wire at 12.8%, indicating improved signal response uniformity. The optical
transparency is 92.0%, which is comparable to the values reported for the XENONnT
[35] and LZ electrodes [110]. These results also show that the sagging of the wire has
a major impact on the SEG. The dependence of the shadowing effect correction on the
wire diameter is relatively minor.



116

5.8.5 Conclusion

Although assumptions and simplifications were made for this study, they are justified.
The results were also in the correct order compared to experimental data. Therefore,
the conclusion from this study can provide a first-order assessment on the feasibility
of a parallel-wire electrode for XLZD.

The key idea of this study is that material strength is a parameter that is difficult to
alter or optimise, unlike wire diameter, bias voltage or the pitch. At the same time, the
material strength is independent of the wire diameter, unless the difference is by orders
of magnitude. Meaning that the maximum axial tension one can apply to a thinner wire
is less than that on a thicker wire, leading to different wire deflection. Therefore, for
a fair comparison between wires of different diameters, I set the material strength at a
fixed value as the premise, and use the estimated SEG as the final metric to assess the
performance. The shadowing effect was also approximated in this study.

From this study, we first observed that wires with 0.2 mm and 0.25 mm diameters
are likely to snap under electrostatic force due to the limited axial tension they can
withstand. The exact limit of wire diameter also depends on the hardness and strength
of the particular wire used, but the range is limited. Therefore, thicker wires and a
more relaxed sagging limit should be considered if a parallel-wire electrode is pursued
for XLZD.

On the other hand, there was concern that using thicker wires might result in worse
SEG and LCE, which could degrade the performance of the TPC. The result of this
study generally follows this trend, but it also shows that the wire sagging plays a
significant role in the SEG. Thinner wires sag more due to the limited axial tension,
resulting in lower SEG. At the same time, the SEG for thicker wires is still comparable
to that for thinner wires. And the transparency of the thicker-wire electrode can be
comparable to the current generation experiments. Therefore, the use of thicker wires
should be positively considered for the parallel-wire electrode of XLZD-scale.

The major concern for a parallel-wire electrode is the structural integrity. A single
breakage of a wire would result in a detrimental effect on the operation of the elec-
trode. Note that in this study, the safety factor from plastic deformation was fixed at
1.5, and the safety factor from fracture was close to 3. Additionally, future designs
should avoid fixing the wires using copper pins, as pointed out in section 5.7, due to
the unaccountable non-linear stress from the pin acting on the wires. With future R&D
for alternative wire fixing techniques, such as the use of epoxy or other methods, the
structural integrity can be further ensured.

From this study, wires with 0.4 mm diameter seem to be the best option. However, this
cannot be concluded from this study, as it might be subject to change due to factors
such as material strength, wire pitch, field strength, gate wire diameter, and the gap
distance between the anode and the liquid-gas interface, among others. Future studies
should be performed to optimise these factors in addition.

Last but not least, with thicker wires, higher axial tension, and a larger number of
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wires, the force exerted by the wires onto the electrode frame will increase by at
least a factor of two compared to the XENONnT upgrade electrode. In the case of
the wire with 0.4 mm diameter, the force can increase by a factor of 6. Therefore, the
electrode frame should be carefully designed and optimised to withstand the load from
the wires. Possible mitigation might be the use of an elliptical ring, as in PandaX-4T
[107], together with a counter frame as mentioned in section 5.7.
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Chapter 6
Etched-mesh Electrode

From section 2.1, we can see the importance of electrodes and their effect on the
signal. From there, we learned the criteria needed for the electrodes. In chapter 3,
an overview of different types of electrode designs was presented and extended to
the latest developments in electrodes across various experiments and observations,
specifically regarding HV stability and electrode backgrounds. In subsection 2.2.1,
section 3.4, and section 4.4, details specific to the XENONnT current and upgrade
electrodes were introduced, which set the context for this and the next chapter. Note
that this chapter and the previous chapter are complementary to [1].

The previous chapter provided an in-depth discussion of the QA/QC and assembly for
a parallel-wire electrode. This chapter focuses on fabricating a hexagonal etched-mesh
electrode, with particular attention to ensuring high-voltage performance, supported
by quantitative measurements for QA/QC. The reason is that the etched mesh is more
prone to abnormal features and asperities than wires, which can lead to electrode-
induced backgrounds or even earlier breakdown, with the latter potentially being detri-
mental to TPC operation. The manufacturing and repair processes for large-scale
hexagonal etched-mesh electrodes are also known to be difficult, if possible at all, so
overcoming this disadvantage of an etched mesh is another key focus of this chap-
ter. Meshes have a lower risk of structural failure and exhibit less grid deformation,
making these positive aspects less of a focus in this chapter.

The chapter is organised as follows. I will first discuss the design and manufacturing
of the meshes (section 6.1). The assembly procedure for the mesh electrode is then
described in section 6.2 to provide more context for subsequent sections. The quality
of the mesh was ensured through iterative testing and repairs (section 6.3). Among
the quality assurance steps, the extensive HV test was treated as a separate section for
clarity (section 6.4). After quality assurance, the cathode electrode was assembled in
a cleanroom, and its final quality was controlled (section 6.5).

While the concepts presented in this chapter are relevant to the next-generation detec-
tor, namely the XLZD project, the work was performed on the upgrade electrodes for
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XENONnT, which have a diameter of approximately 1.3 m. Experiences and insights
were obtained and summarised from the production of the XENONnT cathode for
future XLZD mesh electrodes (i.e., approximately 2.6−3 m in diameter).

6.1 Design and Manufacturing

The hexagonal etched mesh discussed here was produced by photochemical etching
of a 0.3 mm thick SS sheet manufactured by PCM Products, Inc. [182]. As mentioned
in chapter 3, photochemical etching is a subtractive manufacturing process commonly
used for thin SS sheets. It allows the manufacturing of complex-patterned stainless
steel sheets with high precision depending on the thickness of the SS sheet. It has
been used in various experiments for producing electrode meshes [114, 115].

The general procedures for photochemical etching are described here in the following
[183]. The surface of the SS sheet is first cleaned and coated with a photoresist.
Then, the photoresist is exposed to UV light through a mask of the desired geome-
try. Depending on the type of photoresist, the exposed part becomes more soluble or
harder. Then an alkaline solution can wash away the softer or more soluble part of the
photoresist, while the remaining part adheres to the SS sheet. Since the photoresist is
resistant to the acidic etching chemicals, the non-covered part of the SS sheet is subse-
quently etched away upon the application of the etching chemicals, and the protected
areas remain intact. In the end, the photoresist is removed from the SS sheet. There
might be a final etching step (or post-etching step) to reduce sharp edges from the
initial etch [114]. It is well known that no mechanical stresses are introduced during
photochemical etching [111].

In our case, hexagonal openings 7.5 mm in size were etched to allow light to penetrate.
The drawing and photos of the mesh are shown in Figure 6.1. The edges of each
hexagon will subsequently be referred to as the legs. The cross-section of the legs
is 0.3 × 0.3mm2. Meshes with thinner legs with the dimension of 0.2 × 0.2mm2

were found to be too fragile. These meshes had apparent broken legs and could not
withstand the subsequent electropolishing1 and tensioning. These broken legs can
induce a high field and potentially an electrical breakdown due to their sharp ends.
Therefore, to gain mechanical robustness, the thicker leg width (0.3 mm) was chosen,
despite sacrificing slightly the LCE. Later in [114], it was reported that a mechanically
robust electrode with the leg cross-section of 0.127 × 0.127mm2 was manufactured
by the same company (see also section 3.3), by using thicker photoresist and skipping
the final etching step. Note that no test against electropolishing was reported.

The material used for the hexagonal etched mesh is SS304, as the manufacturer in-
dicated that greater hardness than SS316 was required to withstand manufacturing
stresses. While SS304 was shown to have a higher electron emission rate compared to
SS316 [96], it was compromised to reduce the risk of having broken legs, which can
induce significant electrode backgrounds and potentially cause breakdowns. Note that
the etched mesh reported in [114] was made of SS316Ti, with a small titanium content

1As mentioned in section 3.2, electropolishing can help smooth the surface and has been shown to
reduce the electrode background [96].
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7.5 mm leg

0.3 mm

4 mm

inner ring
outer ring

Figure 6.1: Illustration of the hexagon mesh with insets showing close-up images of several
locations on an electropolished mesh. The leftmost inset shows the 4 mm wide laser-welded
strip and the welding seam in its middle. The upper-right inset displays the dimensions of an
individual hexagon in the mesh, with a leg thickness of 0.3 mm and an opening of 7.5 mm.
The bottom-right inset illustrates the outer edge of the mesh, with the inner and outer rings
designed for stretching and fixation on the electrode frame, respectively. An omega-shaped
section on the outer ring is circled in black. The red line indicates the boundary beyond which
the structure is intended to be mechanically cut after the installation of the mesh onto the
electrode frame (see Figure 6.2 and section 6.2).

that is absent in SS316, which may be worth considering for the XLZD project.

6.1.1 Welded Strip

At the time of design and fabrication, an etched mesh in a single piece with a diameter
D≈1.3 m was not commercially available (see section 3.3 and [114]). To overcome
this issue, two half-meshes were laser-welded together at the centre. The joining
edge on each half-mesh is 2 mm wide to facilitate welding and to ensure mechanical
stability. After welding two meshes together with a butt joint, a SS central strip 4 mm
wide is formed, which will be referred to as the central welded strip.

Other methods of joining two half-meshes, such as spot-welding and soldering, were
not desired, as they might introduce additional material with high radioactive back-
grounds. They were also tested to provide insufficient mechanical stability [114]. The
laser-welding technique does not require additional material, minimising the risk of
decreasing radiopurity. The ultimate tensile strength of the joint was later tested and
found to be well beyond the load exerted on the mesh (see subsection 6.3.4).

It was later reported that PCM Products, Inc. [182] managed to produce etched meshes
with the size of 1.5 m [114]. For the XLZD cathode electrode of D≈2.6 m, a simi-
lar design could be feasible by welding 4 quarter-meshes together with laser-welded
strips, at least from a manufacturing point of view.
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The effect of the central welded strip on the field uniformity was addressed in sub-
section 4.4.1. To summarise, the strip enhanced the field in the nearby regions as
expected. For the cathode, the field above the welded strip was found to increase
moderately, without entering the active volume of the TPC. However, the enhance-
ment makes such a design unsuitable for the anode or the gate due to the O(1 kV/cm)
field strength and the narrow gap between the electrodes.

According to the CAD drawing, the etched mesh with the welded strip has an optical
transparency of 91.42%. Compared to a parallel-wire electrode with 0.3 mm diameter
wires and the same pitch of 7.5 mm, the transparent area ratio is reduced by 4.6%,
which is still within the requirements and does not significantly reduce the sensitivity
for WIMP detection.

6.1.2 Deflection of the Cathode

One of the most significant advantages of the hexagonal mesh is that it distributes load
in all directions [114], despite the limited strength of SS sheets being typically lower
than that of cold-drawn SS wires (see section 3.1). The deflection of the mesh during
detector operation is therefore expected to be moderate even with a limited applied
tension.

The deflection and the stress on the cathode mesh were estimated using ANSYS Work-
bench 2021 [184]. To reduce the computational time, a 2-fold mirror symmetry was
applied. Additionally, the leg width and opening were scaled by a factor of 2, whereas
the leg height was not. With this scaling factor, the increased mass from the wider leg
was offset by the wider opening, thereby keeping the load from the weight constant.
A comparison model with a smaller mesh size but higher complexity verified that the
mentioned scale factor did not affect the results.

Various loads acting on the mesh were considered for the simulation. The electrostatic
force acting on the cathode was estimated (see subsection 4.4.2), where the value of
1.5 N/m2 was used as the input for the mechanical calculation. The load from the
electrostatic force is comparable to the gravitational load, which is determined in the
simulation at 1.9 N/m2. The gravitational loads, thermal shrinkage, and an assumed
tensioning stress on the mesh were also accounted for.

Since it was non-trivial to measure and control the tension applied to the mesh [114],
the sagging of the mesh under gravitational force hg was controlled instead. Using
the mechanical simulation, the measured hg was given as the input to calculate the
tension applied on the mesh, as well as the mesh deflection ho during the operation
of the detector. If hg is controlled at 0.6 mm, ho was calculated at 1.1 mm, which is
within the TPC detector requirement.

In this case, the maximum stress in the mesh was found to be 167 MPa, with a 25 K
temperature difference between the mesh and the frame. This corresponds to a safety
factor of 1.4, assuming the YTS of the material of 240 MPa [112, page 29]. The
UTS of the mesh, which is the maximum recorded force measured by a force gauge2

2Brand: Sauter. Model: FK 100.
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until breakage, divided by the cross-sectional area of 0.09 mm2, was measured to be
600 MPa.

6.2 Tensioning and Assembly Procedure

The details of the assembly procedure are described in [1]. For completeness, the
essence of the assembly is mentioned here for the subsequent discussion.

The frame for the etched mesh is an SS ring with a major radius of 1.395 m and width
of 20 mm. It was produced and electropolished by Mühlbauer Parts & System (MPS)
[167]. The top of the frame is flat, allowing the etched and laser-welded mesh to
be placed, stretched by external holders, and secured with SS clamps. A schematic
diagram of the frame and the tensioning method is illustrated in Figure 6.2.

final configuration:

mounting table

electrode
frame

etched mesh

electrode frame

clamp

cover

fixation segment

stretching segment

stretching screw

Figure 6.2: Schematic diagram of the electrode frame and the tensioning method. The view
shows the cross-section of the setup at the edge of the electrode. The inner part of the electrode
is located on the right-hand side and is not shown. The etched mesh is highlighted in red. The
objects in shaded grey are screws. The final configuration after assembly is shown in the
upper-right inset diagram. The large arrows on the left of the figure indicate the direction of
motion. The stretching screw was turned inward (towards the right of the figure) such that
the stretching segment, together with the etched mesh, moved outward (towards the left of the
figure) relative to the electrode frame, which was fixed by the fixation segment.

The laser-welded mesh has an outer and an inner ring for stretching and fixing the
mesh to the electrode frame, respectively, as shown in Figure 6.1. During the as-
sembly, the inner ring was lying right on top of the electrode frame, while the outer
ring was fixed right on top of the stretching segment in Figure 6.2. The position of
the electrode frame was also fixed by the fixation segments, which are secured to the
mounting table. During the final assembly, cleaning cloths were placed between the
fixation segment and the frame to protect the frame from scratches by the segments.

To tension the mesh, a torque wrench was used to screw the stretching screw inward,
with the torque of 0.1−0.15 Nm, such that the stretching segment, together with the
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outer ring of the mesh, moves outwards relative to the electrode frame. The 72 stretch-
ing screws were screwed inward sequentially for several rounds until the mesh reached
the target sagging hg. Then, the etched mesh was secured to the electrode frame us-
ing 24 SS clamps and 96 coated SS screws (M4). Initially, silver-coated screws were
used, but later replaced by gold-coated screw, explained in section 6.5. Finally, the
outer ring is removed by cutting at the connection point to the inner ring (see Fig-
ure 6.1). In total, 24 SS covers were placed on top of the clamps to cover the sharp
edges from the cuttings, fixed by 72 coated screws (M2.5).

The assembly process was first tested at KIT in non-cleanroom conditions, without
removing the outer ring. Then, the mesh was stress-tested in an HV environment
(section 6.4) before the final assembly in a cleanroom at LNGS (section 6.5).

6.3 Quality Assurance

Two complete etched meshes were laser-welded: one was used as a sample mesh
and not used in the TPC, the other one was installed in the TPC for the XENONnT
upgrade, named the TPC mesh. The sample mesh was electropolished before any
handling and QA/QC, while the other one was electropolished at a later stage.

For the mesh deflection, the assembled electrode was monitored after the test assem-
bly. Regarding HV performance, the metric used to assess electrode quality was the re-
sistance to electrical breakdown until the desired bias voltage of the TPC was reached.
The quality assurance was done in four steps:

1. identifying the imperfections or abnormal features that might induce early break-
downs (subsection 6.3.3),

2. repairing the imperfections using the laser-welding technique (subsection 6.3.4),
3. testing the mesh in an HV setup (section 6.4),
4. repeating Step 1-3 to verify the quality of the repaired mesh (section 6.4).

6.3.1 Deflection of the Etched Mesh

As mentioned in subsection 6.1.2, to achieve the sagging during operation ho of
1.1 mm, the deflection after installation hg should be less than 0.6 mm. The torque
set on the torque wrench affects the final tension and deflection of the etched mesh,
which should not be overstretched. As noted, no analytical calculations or simula-
tions were performed to predict the required applied torque for the target deflection.
Therefore, it was tested on the sample mesh before the actual assembly.

The hg was measured by inserting a screw on the mounting table until it just touched
the middle of the central welded strip from below (see the right photo of Figure 6.10).
Then, the FaroArm® probed the position of the mesh on top of the screw relative to
the frame to give the sagging magnitude. With the sample mesh, we used a torque of
0.1 Nm and 3 rounds of tensioning, resulting in approximately 0.5 mm of sag under
the gravitational load, corresponding to approximately 1 mm of sag during operation.
Under such tension and sagging, no leg breakage was observed, unlike in the etched
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mesh with a leg cross-sectional area of 0.2×0.2 mm2.

6.3.2 Cross-sectional profile and surface roughness

The cross-section of a leg of the mesh was profiled using a KEYENCE microscope3.
A cutout from the non-electropolished mesh was positioned vertically on the micro-
scope platform with the side of the leg facing upwards. The 3D profile was acquired
by scanning the sample in the z-direction, constructing the profile from the focused
regions of each image. The profile obtained with the microscope head tilted by 15° is
shown in Figure 6.3. The results indicate that the sides of the leg are convex, suggest-
ing a cross-sectional shape more consistent with a hexagon than a square profile. The
former shape results in a lower surface field, which is desirable although unintended.
The profile also showed substantial corner rounding. However, the degree of rounding
appeared to depend on the measurement angle, limiting confidence in the measured
curvature of the corners.

Figure 6.3: Cross-sectional profile of a hexagonal etched mesh leg. Right: zoomed-out view
of the measurement sample inclined at the angle used for 3D profiling. Upper-left: high-
magnification 3D profile of a leg. The blue line, drawn perpendicular to the leg, defines the
cutline for the cross-sectional profile, as shown in the lower-left plot. Lower-left: 1D profile
perpendicular to the leg. The x-axis is the distance along the blue line in the upper-left plot.
The y-axis represents the profile’s height.

The thickness of the mesh legs was measured using a microscope on both electropol-
ished and non-polished etched mesh. The measurements were compared to estimate
the change in leg width resulting from electropolishing. The measured values are sum-
marised in Table 6.1. It is important to note that measurements for the electropolished
mesh were taken only at the outer region, whereas those for the non-electropolished
mesh were scattered throughout the mesh. Due to resistance effects during electropol-
ishing, more material is removed from the outer region than from the inner region.
This sampling of measurement points likely introduced an upward bias in the differ-
ence between the two mesh types, which was found to be 106±8 µm. Nevertheless,

3Brand: KEYENCE; Model: VHX-7000 digital microscope; Mobile camera: VHX-Z20R.
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Table 6.1: The thickness of the mesh legs was measured using a microscope on both elec-
tropolished and non-polished etched mesh. The measurement error was the standard error of
the measurements.

Mesh No. of legs measured Average leg width [µm]
Electropolished 6 239 +/- 8
Non-electropolished 19 345 +/- 2
Difference 106 +/- 8

from the trial tensioning, we observed that the reduction in thickness did not compro-
mise the structural integrity of the mesh.

The surface roughness, Ra, was measured using a stylus-type profilometer. Since the
profilometer could damage the surface, measurements were taken only at the edge.
Along an 800µm path, Ra was found to be 0.35µm and 0.51µm for the electropol-
ished and non-electropolished mesh, respectively. Although the results were not di-
rectly comparable, the electropolished mesh was expected to have a smoother surface,
as indicated by the measurement.

6.3.3 Defect Identification and Evaluation

Two methods were used to identify abnormal features that could potentially enhance
the field and induce electrode-induced backgrounds or breakdowns. The first method
was thorough human inspections. The second utilised a machine learning algorithm
trained on photos taken of the entire mesh [1]. Human inspection offers greater flex-
ibility for viewing the mesh from different angles and under varying lighting condi-
tions, whereas the machine learning method is constrained by limited input data. On
the other hand, human inspection is time-consuming and impractical for inspecting
the entire mesh of XLZD-scale electrodes. Machine learning methods provide a more
systematic approach that yields consistent results across different operators and com-
parable results across different mesh samples.

In either case, once the features were identified, a handheld microscope was used to
capture their geometry. A list of all identified features on the TPC mesh, whether
found by humans or machines, and their coordinates is summarised in Appendix D,
see also [1, Figure 10]. A physical coordinate system was laid below the mesh to
systematically locate and trace the features with a resolution of ∼5 cm. For future
work, the coordinate system can be incorporated into a 2D robot arm or profiling
system, thereby improving tracking accuracy and coordinate resolution.

The geometries of several defects were measured with microscope images and mod-
elled for electrostatic field simulations. An example of a broken leg on the sample
mesh is shown in Figure 6.4. Because the tips of the broken leg exhibit sharp geome-
try, inducing a rapidly varying field, the result was highly dependent on the geometry.
Two models with slightly different geometries were built for comparison. Only Model
2 is shown in the figure, as it best resembles the real geometry. For Model 1, a different
numerical discretisation was used for the simulation, labelled as “Mesh” in Figure 6.4.
The different parameters are summarised in Table 6.2.
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Figure 6.4: Local 3D field simulation for the broken leg feature on the sample mesh. Left: mi-
croscopic image and dimensional measurements. Middle: implemented simulation (Model 2)
geometry together with the surface field shown. The blue lines indicate the coordinate system,
and the blue dotted line passing through the tips indicates the line where the field is plotted in
the right plot. Right: the field along the blue dotted line in the middle figure. The different
discretisations (Meshes) used are summarised in Table 6.2. The red dashed line indicates the
empirical breakdown limit of 50 kV/cm [96, 109, 121], and the electroluminescence thresh-
olds of 400 kV/cm in liquid xenon [124].

Table 6.2: Parameters for the discretisation used for the simulation for Model 1 shown in
Figure 6.4 (right). The minimum element size refers to the minimum length of the edge of a
discretised element. The growth rate is the ratio of the sizes of adjacent elements.

Discretisation Min. element size Growth rate
Mesh 1 0.002 1.5
Mesh 2 0.002 1.3
Mesh 3 0.001 1.3
Mesh 4 0.002 1.1

While modelling these features in simulations might provide some quantitative risk
assessment, the simulations are subjected to significant uncertainty due to the sharp
geometry and the difficulty of obtaining the exact 3D profile of each feature. In re-
ality, the tip should have a finite curvature. However, this curvature could not be
resolved by the microscope. In the simulation models, the tip was treated as an ideal
sharp point (i.e. with infinite curvature). The curvature was subsequently lowered due
to the numerical discretisation of the simulation domain. In other words, the maxi-
mum field obtained at the tip is highly sensitive to the numerical discretisation and
does not provide meaningful absolute values. Slightly away from the tip, however,
simulations with different discretisations (Mesh) and geometry (Model 1 vs Model 2)
yielded consistent results. The field near the tip of the broken leg exceeds the empirical
breakdown limit of approximately 50 kV/cm [96, 109, 121], and potentially reaches
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the electroluminescence and charge-multiplication thresholds of roughly 400 kV/cm
and 700 kV/cm in LXe, respectively [124]. Such features can readily induce electrode
backgrounds and even cause breakdown events. The result highly underlines that such
a feature cannot be left unrepaired or exchanged.

Removing these features by cutting the entire leg away and mechanically smoothing
the surface was also considered. However, tests and simulations showed that such a
method could create mechanical weak points and non-uniform fields. The removed
region would result in a larger charge-insensitive volume, i.e., the regions where ioni-
sation electrons would not drift towards the gas phase. This is particularly problematic
for some extended defects. This motivated the use of a laser-welding repair technique,
as described in the next section.

6.3.4 Repair via Laser Welding

Protruding features on the TPC mesh were repaired using laser welding, the same
technique used to join the two half-meshes. The repair procedure consisted of the fol-
lowing steps. First, the defective parts were removed from the mesh legs by a cutter. A
replacement part of the same size was also cropped from a spare mesh. The replace-
ment part was then positioned into the removed part. The legs were subsequently
rejoined by laser welding. After the repair, the mesh underwent electropolishing to
further smooth the surfaces. Figure 6.5 shows the image before and after the treat-
ment.

Figure 6.5: Photos of laser-welding repairing. Left: photo of the laser-welding process. Mid-
dle (right): close-up of the features before (after) laser welding. The feature at the top was
repaired by removing the defective part and replacing it with a new piece featuring an etched
mesh. The feature at the bottom was found after electropolishing and was repaired using the
filling technique.

The robustness of the laser-welded connections was verified using tensile tests. Small
segments with and without a welding connection were pulled in opposite directions
until breaking. The UTS, which is the maximum recorded force4 divided by the cross-

4Brand: Sauter. Model: FK 100.
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sectional area (0.09 mm2), was measured at 454 MPa and 600 MPa for the samples
with and without the welding connection, respectively. In the laser-welded segment,
the break occurred at the joint.

Despite the reduction in the UTS after laser welding, the measured UTS values lie
well beyond the maximum load expected on the tensioned etched mesh, which is
167 MPa discussed in subsection 6.1.2. Also, the cross-sectional area of the laser-
welded spots became slightly narrower and non-uniform, and therefore was not well-
defined. Due to this reason, the measured UTS might be underestimated. Therefore,
this test suggested that the laser-welding repair technique will not compromise the
structural integrity of the etched mesh, which was also verified by the mock and the
final assemblies.

Note that not all features were repaired by the laser-welding technique, as the as-
sociated risk of additional damage due to each operation was weighted against the
marginal benefit. Therefore, all large protruding features and those with sharp edges
were repaired, and the repaired mesh was subsequently stress-tested in an HV envi-
ronment, as described in the next section.

6.4 High-Voltage Test in Argon Environment

Each of the aforementioned assurance techniques has limitations: the survey of abnor-
mal features may be incomplete; field simulation is subject to significant uncertainty
due to inaccurate geometry and discretisation errors; and the novel laser-welding repa-
ration has an unknown HV response and performance. Therefore, an ultimate HV test
was required to verify the overall HV performance of the repaired mesh.

The HV test was performed in a gaseous argon (GAr) environment at atmospheric
pressure. Argon was used because of its properties and response to high fields that
are similar to those of xenon [49], while being more cost-effective. The aim is to
directly observe light signals in argon induced by the enhanced local field, such as
by electroluminescence, corona discharge, or breakdown events. This test concept
was proposed in [90, 185] and adapted for the hexagonal-mesh electrode, as discussed
in this chapter. The charge signal can also be observed in instabilities in the power
supply, such as current surges or voltage drops, despite limited sensitivity. The HV
instabilities from the multiple tests were also used to predict the overall performance
of the electrodes in LXe.

This test in GAr was also intended to be quick and to serve as an initial diagnosis,
such that if problems were identified, the mesh could be repaired and treated again.
Therefore, for the test, the repaired mesh was mounted on the electrode frame in a
non-cleanroom environment, and the outer ring was left in place for re-mounting and
final assembly.
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6.4.1 High-Voltage Test Setup

The test setup was built inside the Faraday cage. The hexagonal mesh under test was
negatively biased by the power supply, with the maximum rating to 200 kV. The bot-
tom of the mesh was 4.97 cm above a grounded aluminium plate with a diameter of
1.2 m. The electrodes were placed inside a box that contained the GAr environment.
The lid of the box transmits visible and NIR light. While the power supply measured
the current, commercial cameras were used to record the light signal. The cameras
were positioned at a vertical distance of ∼1.4 m above the mesh, ensuring the entire
mesh was in the field of view. The setup is shown schematically in Figure 6.6. The
following paragraphs provide details on each component of the setup, largely overlap-
ping with ref. [1].

Cameras

~ 1.4 m

GAr inlet GAr

Figure 6.6: Schematic diagram of the HV test setup in GAr (not to scale). The drawing depicts
the final test configuration, in which 4 PEEK pillars suspended the electrode under test. Figure
adapted from [1].

The tests were conducted in a light-tight human-accessible Faraday cage, using an
FuG Elektronik HCP 140 power supply which provides DC voltage up to 200 kV
(negative polarity) with a maximum current of 0.7 mA. The HV was fed from the
power supply into the Faraday cage via a shielded cable, which connected to a custom-
developed ground terminator with an aluminium toroid at its top. A LabVIEW-based
software controlled the power supply parameters, such as current limit and set voltage,
and provided data readout at frequencies of the order of 1 Hz.

Inside the Faraday cage was the square PVC box measuring 1.6 m in length and 20 cm
in depth, which housed the electrode. To maintain a GAr atmosphere and to protect
the electrode under test from environmental contaminants, the box was covered by a
1.1 cm thick lid made of Makroclear® polycarbonate sheet [186], which transmits ∼
90% of the light with the wavelength in the visible and near-infrared range [187, 188].
Strips of Armaflex® tape were added to the side of the lid for partial sealing. Grade
5.0 argon was fed into the box via a GAr tube inlet, and the flow was controlled via a
flow meter connected to the bottle containers. Since the PVC box was not leak-tight,
the pressure inside the box was assumed to be close to the atmospheric pressure, and
thus not monitored. The lid’s weight added only 0.13% to the pressure. Additionally,
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a humidity and temperature sensor5 was placed at the farthest corner from the GAr
inlet, as these parameters can affect the HV behaviour. This will be explained in
subsection 6.4.3. In short, the box was filled with GAr at 1 atm and room temperature
∼293 K.

An unpolished aluminium plate (1.2 m in diameter and 5 mm thick) with a rounded
edge was placed at the bottom of the box, acting as the ground plate in the setup. It
was raised by 1 cm using a smaller metal plate and PVC spacers, so that the ground-
ing connection could be placed below the ground plate to avoid exposure to the high
electrostatic field. In such a configuration, the unevenness of the ground plate was
measured to be 6.4 mm. Throughout the test campaign, the alignment between the
ground plate and the electrode under test was not controlled. With the maximum gap
distance between the mesh electrode and the ground plate to be 4.97 cm, the uncer-
tainty of the bulk field due to the unevenness of the ground plate was derived to be at
most 15%.

An electropolished hexagonal mesh was mounted on the electrode frame in a non-
cleanroom environment, with the procedure described in section 6.2. However, the
non-electropolished outer ring was not removed, as explained at the beginning of this
section, and the SS covers were consequently also not installed. The electrode was
positioned so that the bottom of the mesh was at a maximum distance of 4.97 mm from
the ground plate, without accounting for sagging or unevenness. The electrode frame,
as shown in Figure 6.6, faces away from the ground plate to reduce field strength at
the edge, a configuration different from the final one in the TPC where the hexagonal
mesh is above the cathode frame. The hexagonal frame was connected to a metallic
connection, which was connected to the toroid of HV. The mesh was negatively biased
and cathodic in this test. For most tests, 20 M Ωresistors were added to the HV line
from the test box to the toroid, limiting the transient current into the system in the
event of a breakdown.

During commissioning of the test setup, we tested various insulating materials to sep-
arate the mesh from the grounding plate, including PVC, POM, and a 3D-printed
insulator made of ASA plastic. There were also insulators in various geometries de-
signed to provide a long creepage path between the electrodes. Nevertheless, electrical
breakdown persisted near the insulator and at the edge of the ground plate. This phe-
nomenon may be caused by field enhancement at the fillet profiles of the insulator’s
corners. Such profiles around the electrodes can introduce a narrow gap filled with
gaseous argon (GAr) between the conductor and the insulator. Because GAr has a
lower dielectric constant than the insulator materials, the electric field becomes in-
tensified within these fine gaps at the edges of the ground plate, in which the field
was already higher than in other regions [132]. A similar behaviour was observed for
insulators with chamfered corners [110].

To mitigate electrical breakdown, the electrode under test was suspended from the
lid of the box using PEEK cylinders, so that the insulators were not exposed to a
high electric field. As a result, the field around the edge of the ground plate was not

5Infactory NC-7004-675.
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enhanced. In addition, in this configuration, the substantially longer creepage path
between the electrode and the ground plate further reduced the leakage current. The
lid was mechanically strengthened with four SS profiles, not shown in Figure 6.6, to
reduce lid sagging from the weight of the electrode.

Since the entire electrode was ramped under high voltage, the light signal could be
induced from anywhere on the mesh. Two cameras were installed ∼1.4 m above the
electrode, roughly at the centre, so that each camera’s field of view covered the entire
electrode. Commercial cameras and lenses were used6 with the advantage of wide
field of views and easy position reconstruction, but at the expense of low customis-
ability and light collection efficiency due to the low coverage. To improve the signal-
to-noise ratio, the Faraday cage is wrapped in light-tight covers to reduce background
light. In addition, most images were captured with long exposure times (5−10 s) to
increase the light collected from potential signals. The camera ISO was mainly set to
800 to balance gain and thermal noise from the sensor7. In a subset of tests, a third
camera captured videos with higher temporal resolution, albeit with reduced exposure.

For electrical safety reasons, no cables were allowed to enter or exit the Faraday cage
except the HV power supply. The cameras were triggered by a trigger control with
a timer function, such that their exposures overlapped with each other’s dead times.
Data from the cameras and the humidity sensor were stored internally and read out
after each test.

The procedure for each HV test is outlined as follows. After assembling the setup and
closing the lid of the PVC box, the closed PVC box was continuously flushed with
GAr at a rate of 20 NL/min until the end of the test. Due to the high Reynolds number
of the injected GAr of 5 × 105, the gas mixture was considered reasonably well mixed,
and no additional mixing mechanism was used. The cameras were then installed and
calibrated as described in subsection 6.4.3. Each HV test consisted of multiple ramps.
During each ramp, the electrode bias voltage was increased in steps, with the ramping
speed gradually reduced at higher voltages. The current limit was set to below 5µA to
prevent potential electrode ageing effects as a result of discharges [189]. At the same
time, the current and voltage fluctuations from the power supply were monitored. The
cameras also transmitted live views for monitoring, but with some time delay. In the
event of an HV breakdown or persistent current fluctuations8, the HV was manually
ramped down. The toroid was grounded to discharge the remaining capacitance in the
circuit. We subsequently inspected visually the electrode with the lid closed to ensure
no significant disruption or damage had occurred to the electrode or within the setup.

6.4.2 Working Principle of the Test Setup

In the aforementioned argon environment under HV, various processes occur under
different conditions, resulting in distinct outcomes. To simplify the complicated en-
semble of phenomena involved, I divide the processes into three main stages. First,

6A Nikon Z50 mirrorless camera, a Canon EOS 90D, and a Canon EOS 700D, with the NIKKOR
DX 18-140mm f/3.5-6.3, Canon EF-S 18-135mm f/3.5-5.6 IS USM and STM lenses, respectively.

7Higher the ISO, higher the gain and higher the thermal noise, vice versa.
8It has been reported as early indications of a potential breakdown [97]
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free electrons (sometimes called seed electrons) are generated by various mechanisms.
Secondly, the electrons accelerate in the electric field and deposit energy into the argon
atoms, which is subsequently released either as light or as ionisation energy. Thirdly,
depending on the field strength, an electron avalanche might develop. In the presence
of a feedback effect, this can lead to a discharge or breakdown.

Each of these stages can involve different physical processes that depend primarily
on the material, the local field E, the atom density (or the pressure p), and the gap
distance dG between the anode and the cathode. The material, in our case with SS
and GAr, changes the work function and the ionisation energy. The local field accel-
erates the electrons. The atom density affects the mean free path of the free electrons,
thereby influencing their recoil energy. The gap distance determines the total drift
length, which favours certain processes over others. A commonly used parameter to
characterise gas discharge is the pressure-distance pdG [131], and the reduced field
E/N , defined as the field per atomic density [49], which encapsulates the effects of
both the field and the atom density or pressure. A common unit used for the reduced
field is Townsend, which 1 Td=1 × 10−17 Vcm2atom−1 [49]. In the GAr environment
in our setup at 1 atm and 293 K, the conversion becomes 1 Td=0.256 kV/cm. In the
following, the description focuses on argon, but xenon also undergoes similar pro-
cesses [49].

Seed Electrons

The initial or seed electrons can come from, for example, background radiation and
field emission [131, Chapter 4]. Although the number of initial electrons generated
may be insufficient to produce a detectable light or current signal in our setup, these
processes are essential for providing seed electrons that can be amplified in the pres-
ence of high fields.

Regardless of the field between the electrodes, there are constant background radia-
tions from cosmic rays or radioactivity on the electrode that ionises the surrounding
gas, creating free electrons and a dark current of O(10−15A)[131, 132]. If these seed
electrons are amplified into a detectable signal, the location of the light signal will be
independent of any features or defects.

In case the local field on a cathodic surface is considerably high, for example, due
to a pointy feature, the potential well for electrons at the surface becomes a potential
barrier with a finite width, allowing electrons to escape the surface through quantum
tunnelling [131, 190]. This is called field emission, which can also contribute to seed
electrons [131]. The typical field needed for a detectable current is of the order of
1 MV/cm to 10 MV/cm [131, Page 69] (see also section 3.2). If these seed electrons
are amplified into a detectable signal, the location of the light signal should correlate
with the location of the features or defects, as the normal grid surface does not have
such a high field (see Figure 6.4).

Photoionisation (PI) also produces electrons, as explained in section 3.2. However,
this should not be the primary source of seed electrons in this setup, which is in a light-
tight environment; PI can, however, lead to secondary electron emission. Thermionic
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emission is unlikely to occur in our setup at room temperature and with the current
limit. Ultimately, if the current limits are high, the arc discharge might generate suffi-
cient energy to induce thermionic emission and damage the electrodes [131].

Energy Deposition through Light

Once the initial electrons are present, they accelerate in the electrostatic field before
interacting with the argon atoms. The electrons may scatter and excite the argon
atoms, which subsequently emit photons called electroluminescence (EL). EL can
be futher divided into three types [49]: starting at the lowest field below 4 Td is the
Neutral bremsstrahlung (NBrS), in which the electron is scattered by the dipole field
of neutral atoms and emits bremsstrahlung light [191]. The emitted light spans a wide
spectrum, ranging from 200 to 1000 nm. Starting from 4 Td, some electrons also gain
enough energy to excite the argon atom, which is called the ordinary EL. It is the same
signal observed as the S2 in a TPC with the wavelength in the VUV range (128 nm
for argon). At an even higher field beyond 8 Td [49], higher excited states are also
involved, emitting photons in the near-infrared range (700 − 850nm). The light yield
as a function of the reduced field, as well as its spectrum, is shown in Figure 6.7. From
the spectrum, it is clear that the setup was sensitive to only the EL from NBrS.
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Figure 6.7: Light yield and spectrum of the argon electroluminescence (EL), adapted from
[49]. Left: the EL response as a function of the reduced field. The corresponding field at the
operating condition of this test (1 atm, 293 K) is shown in the top axis. Measurements include
the near-infrared (NIR) EL, the EL due to neutral bremsstrahlung (NBrS), and the ordinary EL
at the VUV range (VUV). The temperature of the corresponding measurements is listed in the
legend. Right: the argon EL spectrum. The transmittance of the Makrolon lid at 4 mm thick
is also shown as a reference [187], while the thickness of the lid in this test is 1.1 cm. The
quantum efficiency of the CMOS sensor in the Canon 50D camera, a similar model to one of
the cameras we used, is shown in the same plot [192, Figure 2 (left)].

Electron Multiplication and Feedback

As the field further increases, some electrons can gain enough energy (>15 eV) [131,
Table 4.3] to overcome the ionisation potential of the argon atoms, resulting in elec-
tron multiplication. The ionisation can be parametrised by Townsend’s first ionisation
coefficient α(E) [179].

Additionally, some mechanisms compete with the multiplication process [131]. The
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electrons lose energy as they propagate and deposit energy to other atoms and molecules,
slowing down the development of the avalanche. Additionally, the electrons pro-
duced are removed by the electrodes and attached to impurities. In order to achieve a
self-sustaining discharge9, a secondary feedback mechanism is needed [132], in other
words, the multiplication of avalanche [131].

There are various feedback mechanisms that induce discharge, such as ion- or photon-
induced electron emission from the cathode. Like primary electrons, electrons from
these secondary emissions can also deposit energy into argon atoms, resulting in light
emission. For a small value of the product of pressure-distance, the feedback can be
provided by the presence of ions close to the cathode [131, 132]. While the impact
ionisation of ions on the cathode is inefficient at knocking out electrons, the field pro-
vided by the ions can cause increased electron emission from the surface, leading to
secondary emissions [131]. At large pressure-distance, the slow-drifting ions cannot
explain the time-scale of observed breakdowns, and the threshold voltage no longer
depends on the cathode material [132]. The streamer mechanism is commonly used
to explain the phenomenon instead [179], in which the multiplication of avalanches
is attributed to the thin channel of high-density ions that enhances the field, induc-
ing secondary electrons by ionisation and photoionisation [131, 132]. The pressure-
distance value for the transition from the Townsend mechanism to the streamer mech-
anism is ambiguous, ranging from 5 bar · mm [132] to 50 bar · mm [179]. The test
setup described here operated in this transition region, with a pressure-distance of
50 bar · mm. Ref. [179] introduced augmented empirical models to bridge the two
breakdown mechanisms, and was found to offer a better match with the data in the
wide range from 1 bar · mm to 100 bar · mm.

Self-sustaining electrical discharges can occur under various conditions, and are gen-
erally classified as follows: glow discharge occurs at a range of currents from 10−6 A
to 10−1 A, typically in low-pressure environments below 10 Torr or 0.013 bar, and is
thus not applicable to this setup. Arc discharge occurs at a high-current regime (>1 A),
which is precluded in this experiment due to the set current limitations. Corona dis-
charge occurs at sharp features and typically initiates at currents of the order of 10−6A.
It is a type of partial discharge that does not connect the anode and cathode electrodes.
In contrast, a breakdown or spark leads to short-circuiting, a surge in current, and
a drop in voltage [131, Chapter 12]. Spark discharge typically occurs at larger gap
lengths and at ambient pressure. Corona discharge can precede a spark if the gap
length dG is much greater than the length-scale of the sharp feature lf , for example, at
a threshold of dG > 6 × lf times in air [131]. Otherwise, a spark can occur directly
without initiating a corona discharge.

Expected Light Yield

The HV setup at KIT is far less sensitive than the underground TPC experiments
for observing faint scintillation light. The LCE is much lower. While the lid has
approximately 90% transmittance, there are no reflective panels between the box and
the camera to collect more light. The camera observed the entire electrode at a distance

9It is a type of discharge or flow of current that, even when the source of seed electron is removed,
the discharge can be sustained.
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of ∼1.4 m. Given that the camera’s aperture is 67 mm, the solid angle is 0.06%, which
can serve as a proxy for the LCE. Note that the camera lens also comprises multiple
optical elements, which further reduce the light reaching the camera sensor; however,
this effect is not accounted for.

Due to the commercial camera’s filter cutoff, the cameras have limited sensitivity to
both VUV and NIR light from the argon emission, leaving the NBrS signal detectable.
Consider the light yield for NBrS at around 10−19 photons · cm2/electron/atom at the
field above 8 Td or 2 kV/cm, as shown in Figure 6.7. The operating condition yields an
argon atom number density of 2.56 × 1019 atom/cm−3, resulting in a specific light yield
of O(1 photon/electron). Given the solid angle of a camera, the light collected by an
emitted electron will be of O(10−3 photons/electron). Note that the efficiency and
the baseline noise level of the camera sensor are not even taken into account, which
could be 20 − 60% [192–194], but no literature values from the used camera model
can be found to the best of our knowledge.

Consider the ionisation due to cosmic radiation, producing around 10 electrons at sea
level per cm3 per second [131]. With the volume sandwiched by the electrodes, there
are O(105) seed electrons per second on average. However, they are sparse and likely
insufficient to produce detectable light, unless a seed electron triggers a discharge or
breakdown. Note that radioactivity on the surface of the electrodes were not taken into
account, which is expected to be lower than the cosmic ray induced ionisation. The
ionisation inside the electrode have to overcome the potential barrier, to contribute as
the seed electron, thus going into the case of the field emission in the following.

For field emission, a significantly enhanced local field is required to produce a de-
tectable signal when the bulk field is insufficient to sustain feedback effects. Using
the formulation in section 2.1 from [130], assuming a highly enhanced local field at
12 MV/cm (enhancement factor β ∼ 100) on a relatively large surface of 0.01 mm2,
the current is of O(10−16A), leading to around 600 electrons and less than 1 photon
possibly reaching the camera sensor. The larger the area, the higher the current, but
the area also anticorrelates with the enhancement factor. Features with an extremely
large enhancement factor that could produce a detectable light signal were unlikely,
as they should have been identified in the extensive survey of abnormal features. To
achieve a measurable light signal, the charge from field emission should be amplified
by the bulk field, entering the corona or spark discharge regime.

6.4.3 Calibrations

Camera Calibration

We calibrated the time, noise levels, and electrode position for each camera. Since the
internal clocks of the cameras were not synchronised, the time difference between the
internal clocks and GPS time was recorded before each HV test. For noise calibration,
images were taken with the cap covering the camera lens and the camera placed in a
dark environment. The obtained images were used to infer which pixels had a rela-
tively higher noise level on the day of measurement. Position calibration images were
taken while the electrode was illuminated, allowing us to subsequently correlate the
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glow or breakdown location in the photos with its position on the tested electrode.

Argon Calibration

Breakdown voltage or HV instability depends, among other factors, on the gas com-
position of the environment as well as the water content in it [132, 195, 196]. As
mentioned, the PVC box of the setup was not leak-tight and could not withstand vac-
uum pressure. Before and during the test, the GAr, which is heavier than air, was
constantly flushed and displaced the air inside the box, albeit partially mixed with the
remaining air. The breakdown voltage in pure argon gas is lower than that in air at our
operating conditions [131]. The mixture of gases thus introduces uncertainty into the
interpretation of HV instability.

To indirectly infer the concentration of the GAr environment, the relative humidity
inside the box measured by the humidity sensor and the GAr flush time were recorded.
The longer the flush time, the more argon displaces the air inside the box, resulting in
lower relative humidity. Since argon has a lower breakdown voltage, the breakdown
voltage should decrease with increasing flush time. As a result, the humidity should
correlate with the breakdown voltage in our setup. A calibration run was performed
to verify the correlation between GAr flush time, humidity, and the HV instability of
the setup.

The calibration setup consists of one biased and one grounded SS plate, with outer di-
ameters of 29.5 cm and 16.5 cm, respectively. The HV was connected to the setup via
the 20MΩ resistor as in the actual tests. The biased electrode was supported by three
PEEK pillars mounted on an external platform. The gap distance was measured to be
35 ± 1mm without alignment control. The setup was assembled in a non-cleanroom
environment, but wiped with ethanol and subsequently positioned at the farthest cor-
ner from the gas inlet. A humidity sensor was placed about 10 cm from the biased
plate, farther from the gas inlet, to measure humidity inside the box. During cali-
bration, as the argon was flushing into the box at 20 NL/min, and the electrode was
repeatedly ramped up until the power supply current limit of 5 µA was reached. The
voltage Vc is defined as the voltage one time-step, which is 0.2 s, before the current
limit was reached, as shown in the inset plot in Figure 6.8. Vc is plotted as a function
of the effective GAr flush time, as shown in the same figure. Voltage drop can also be
used to indicate HV instability, giving similar results.

In this calibration run, most ramps have a ramp-up speed of 500 V/s. Ramps with
ramp-up speeds of 100 V/s and 250 V/s were used a few times, but no systematic
deviations from the overall trend were observed, so they are not shown in the figure.
The HV system was grounded from time to time in between ramps, but no systematic
differences were observed. At the beginning of the calibration campaign (time t < 0
in Figure 6.8), many ramps were performed to condition the system, removing the
remaining dust and impurities [197, 198], resulting in a gradual increase in Vc. At
time t = 0, the GAr valve was opened, and both the humidity and Vc decreased.
Since there was an overnight break during the test, the argon escaped from the box,
causing Vc to increase. Therefore, an additional flush time was required to restore Vc

to its pre-pause level. The dashed line in Figure 6.8 marks the time window that was
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Figure 6.8: Evolution of Vc with respect to the effective GAr flush time. The inset shows an
example of one ramp of Vc, the voltage just before the current reached 5 µA. The y-axis (inner
left) shows the voltage Vc. The y-axis (outer left) shows the reference bulk field, deduced as
Vc divided by the maximum electrode gap. The x-axis is the effective elapsed time of the GAr
flush. At time t = 0 (marked by the dash-dotted line), the GAr started flushing at 20 NL/min.
After around one hour of flushing (marked by the dashed line), there was a 20-hour pause on
flushing, where some GAr escaped. The additional flush time needed to reduce Vc again was
removed from the above plot. The right y-axis indicates the humidity level measured by the
sensor at the synchronised time.

eliminated. The argon flow was intermittently turned off to confirm that the change in
GAr concentration caused the reduction in Vc. Those periods were also removed from
the plot, yielding the effective flush time.

The Vc and humidity profiles show a correlation throughout the test, with the humidity
limited by the sensitivity of its sensor. From the result, a flush time at 20 NL/min
of slightly more than 2 h resulted in a relatively stable Vc. This implied that the
uncertainty in HV instability with respect to GAr concentration became subdomi-
nant. Quantitatively, at a flush time beyond 0.5 h, Vc follows an exponential decay
Vc ∝ e−t/τ with the time constant τ ≈ 1.817 s. From 1.5 h on until the end of the
measurement, the relative change in Vc was 16.4%. The absolute breakdown volt-
age |Vc| plateaued at 18.0 kV after 2.26 h of flushing, corresponding to a bulk field of
5.1 ±0.1 kV/cm. The breakdown voltage between polished spheres in gaseous argon
parameterised by the PyBoltz-Townsend model mentioned in the previous section, at a
pressure of 1 atm and a gap distance of 3.5 cm, was reported at 21.7 kV [179], resulting
in a bulk field of 6.2 kV/cm. The measured breakdown voltage from this calibration
was expected to be lower, as the plate surfaces were not mirror-polished.

6.4.4 Test with Sample Mesh

As a preliminary test and proof of concept, the sample mesh with a broken leg defect,
shown in Figure 6.4, was tested. As the HV ramps up, we observe glow at the outer
edge of the etched mesh, which was not electropolished, as well as at the broken leg.
Note that the outer edge is not electropolished and was later bent slightly upward to
reduce the surface field, as it is not the region of interest in these tests.
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A third camera zoomed in on the broken leg and recorded a video as we ramped up
the HV. Figure 6.9 shows the synchronised current and voltage profiles, along with
the video taken during the measurements, which captures the corona discharge before
spark discharge (breakdown) occurs. This figure indicates that the current profile is in
good agreement with the brightness profile and demonstrates adequate sensitivity to
pre-breakdown discharge. At the same time, we observed the same signal with long-
exposure images from the overhead camera. This indicates that the overhead cameras
were sufficiently sensitive to capture the dim light signal before the breakdown.

Figure 6.9: Example of the test with the sample mesh. The top images are from the video
camera, zoomed in on the region with the broken leg. The video was captured at 100 frames
per second, with each frame’s time rounded to the nearest second. The bottom-left image is
from the overview camera at the same time, with a 10-second exposure and ISO 800. The
region of the broken leg is highlighted with a circle, showing the glow before the breakdown.
The bottom-right plot shows the data from the video frames and the power supply. The pink
line with markers is the maximum brightness over all pixels for each frame. The blue solid line
and green dashed line are the current and voltage readings from the power supply, respectively.
The x-axis represents an arbitrary elapsed time, with 30 s corresponding to 15:44:12, as shown
in the top video frame.

Due to the sharp geometry, the field at the tip can reach a local field of O(1-10MV/cm)
(Figure 6.4), possibly leading to field emission. The field emission provided the seed
electrons, together with the high field, the electron avalanche produced an observable
light signal as shown in Figure 6.9. The jump in current could also be understood as
the transition from the non-self-sustaining background discharge (e.g. dark discharge)
to self-sustaining discharge like corona discharge, with a typical current of O(10−6A)
[131, Chapter 12], in agreement with our observation (Figure 6.9 top left). As the
avalanche multiplied, as clearly evidenced by the light and current profiles, the corona
discharge developed into a complete breakdown. Therefore, an abnormal feature or
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defect of a similar level of field enhancement should be detectable from this setup.

6.4.5 High-Voltage Performance

Concerning the mesh that was eventually installed in the XENONnT TPC, the results
from this HV test setup were reported in section 4.3 of [1]. A few key observations can
be highlighted from the test results. First, no glow other than breakdowns was found
above the light signal threshold in the images, unlike in the case of the sample mesh.
Secondly, the three recorded breakdown events on the mesh cannot be correlated with
known defects or features, including the places with the repaired laser-welding joints.
The mesh was carefully inspected afterwards. A few new features were identified, but
their coordinates did not match the locations of the breakdowns. A similar observation
was made by [114]. Some of these newly identified features were repaired to ensure
the mesh’s mechanical robustness. They were labelled as Stage 2 repair to distinguish
them from the previous repair, which was labelled Stage 1. Subsequent tests did not
record any breakdown on the mesh, but only with a smaller number of ramps. Sta-
tistically, the overall result suggested that the TPC mesh can withstand a bulk field
of 3.1 kV/cm at 95% survival probability in GAr, with upper and lower bounds of
2.8 kV/cm and 3.4 kV/cm, respectively [1].

The observed breakdown events were not preceded by glow or corona discharge, likely
indicating that there are no sharp features at the location of breakdown. The obser-
vation that the breakdown events do not correlate with any known features and are
non-repeating might be explained by seed electrons from background radiation, which
develop into an avalanche and breakdown due to the high field at the surface and be-
tween the electrodes. Another explanation that cannot be ruled out is filament-like
dust particles, given that the test was conducted in a non-cleanroom environment. The
filament might trigger field emission at the cathode surface, leading to breakdown due
to the high field.

While the result does not directly infer the performance of the electrode in LXe, the
GAr result can serve as a proxy and be extrapolated to assess performance in LXe.
First, the extrapolation from GAr and GXe was made by comparing literature values
of the breakdown field using Paschen’s curve. Paschen’s curve is an empirical formula
for the breakdown voltage in a uniform field, given the pressure and gap length. The
empirical values from ref. [179] and [180] to perform this extrapolation as given
in Table 6.3: the former considers both the Townsend and the streamer mechanism,
and the latter accounts for the temperature dependence. The quoted breakdown field
values from these references were measured using uniform fields. In contrast, the
field between the electrodes of this measurement is close to, but not uniform, which
is expected to result in a lower breakdown field. Note, however, that the local field
scales with the bulk field, enabling a naive conversion based on the ratio from GAr to
GXe.

In a second step, the ratios were extrapolated from GXe to LXe. Although the ion-
isation threshold of LXe was found at around 700 kV/cm [124], breakdowns were
recorded at fields lower than this threshold. In a configuration of large electrodes, a
breakdown field of less than 100 kV/cm was reported [108, 109]. Various theories
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Table 6.3: Extrapolation of breakdown from the GAr environment in the HV setup to LXe
in the XENONnT TPC environment. Empirical values in [179, 180] are used. (∗∗): gas Xe
bubbles in the liquid phase.

Ref. [179] Ref. [180]

Condition 1:
HV test condition
(GAr, 1.0 bar, 293 K, gap 4.97 cm)

5.7 kV/cm 12.5 kV/cm

Condition 2:
XENONnT condition
(GXe∗∗, 1.9 bar, 177 K, gap 5.44 cm)

14.4 kV/cm 21.1 kV/cm

Ratio (Condition 1 → 2) 2.5 1.7

Ratio×1.18 (Condition 1 → 2 in LXe) 3.0 2.0

have been proposed to account for this, such as an earlier breakdown due to the pres-
ence of GXe bubbles at the size of the order of 1 mm. The field enhancement inside
such a bubble cavity is calculated as 1.18 times, using the dielectric sphere equation
[132] with the dielectric constant of 1.88 for LXe [71, 72]. With reference to the op-
erating condition in XENONnT Table 2.1, the conversions are tabulated in the table
below:

Two conversion factors were derived. For the conservative case, using the lower con-
version factor of 2.00 and the 95% survival rate at 3.1 kV/cm, the TPC mesh might
withstand a field of 6.2 kV/cm before inducing electrical breakdown. This limits the
field between the cathode and the bottom screen10, which was designed to be around
5 kV/cm. It should be noted that these results do not provide information on other
electrode-induced backgrounds discussed in section 3.2 and [96]. Nevertheless, this
process demonstrates a quick test that can be incorporated into quality assurance pro-
cedures, enabling timely interventions and repairs.

6.4.6 Discussion and Future Work

Several factors limited the test results and can be improved for future tests. First,
during testing, the electrode frame with the screws and clamps faced the high-field
side, whereas in the XENONnT TPC, they will face the low-field side. This test
configuration, intended to reduce the field between the unpolished ground plate and
the electrode frame, left the unpolished, uncovered screws exposed to a high electric
field. As a result, most electrical breakdowns occurred at the frame and the edge
of the ground plate, limiting the ability to stress-test the mesh itself under realistic
conditions.

The quality of the ground plate further constrained the HV setup. Electrodes used in
HV tests are typically mirror-polished and have edges shaped according to the Ro-
gowski profile for optimal field grading. The flatness and alignment to the cathode

10In the actual upgrade, this limits the field between the cathode and the bottom PMT array from a
purely electrical point of view.
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should also be controlled. While a movable grounding probe can improve the res-
olution and accuracy of detecting regions of field enhancement, a sufficiently large
ground plate remains essential for a comprehensive assessment of HV stability of the
entire electrodes.

Furthermore, all tests were conducted outside a cleanroom environment. Despite
cleaning the electrode surfaces with ethanol before testing, dust particles inevitably
remained, potentially influencing the results.

To improve future tests, several enhancements should be considered, which have been
partially implemented in [199]. Implementing a more sensitive, dedicated current
probe in the circuit could improve the detection sensitivity of charge signals, which are
more sensitive than light-based diagnostics but lack position information. Employing
wavelength shifters or placing a broadband photosensor closer to a movable probe
could also enhance light collection. Finally, the testing methodology described here
could be generalised and applied to a range of electrode types.

6.5 Assembly and Quality Control

As an overview, the TPC mesh underwent the following steps of treatments and tests
before the final assembly:

• inspection for abnormal features and defects
• Stage 1 repair
• electropolishing
• HV test with 17 ramps
• Stage 2 repair
• HV test with 5 ramps
• cleaning and passivation

The frame was electropolished twice for a shiny surface and cold-treated before in-
stallation, as in the case of the anode frame described in section 5.5. The frame was
partially immersed in the liquid nitrogen puddle at a time and rotated until the entire
frame was cooled. The frame was subsequently left to warm up overnight.

The cleaning for all SS parts is the same as that described in section 5.5. The silver-
coated screws were qualified for vacuum applications and were thoroughly cleaned
before shipment. They were cleaned in an ultrasonic bath in ethanol at 50 °C right
before installation.

The final assembly in the cleanroom at LNGS took two days, including the wait for
the tensioned electrode to relax. During assembly, to sufficiently tension the mesh,
7 rounds of tensioning were performed using 0.1 Nm torque on the stretching screw
(see Figure 6.2), followed by an additional round using 0.15 Nm torque (Figure 6.10
left). As mentioned in subsection 6.3.1, the sagging was measured by placing a screw
beneath the middle of the welded strip, and the FaroArm was used to measure the sag-
ging from the electrode frame, also shown in Figure 6.10 (right). After dismounting
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all fixations, the final sagging under gravity was measured to be hg=0.6 mm, which is
expected to result in ho=1.1 mm downward during the operation of the TPC.

Figure 6.10: Installation in the LNGS cleanroom. Left: tensioning the etched mesh by screw-
ing the stretching screws using a torque wrench, as explained in Figure 6.2. Right: measuring
the gravitational sagging of the etched mesh, with the screw underneath the central welded
strip.

As mentioned in subsection 5.6.1, the assembled cathode electrode was also tested in
an LXe environment together with the anode and the gate. After the PANCAKE test,
discolouration was observed on the silver-coated screws of the frame covers, likely
caused by the formation of silver compounds with sulphide, chloride, and oxygen from
ambient air [200]. Although likely only a minor surface problem, the contaminated
screws were later replaced by gold-coated screws11 inside the cleanroom. Note that
these screws fix the cover of the electrode frame, which was used to cover sharp edges
from the etched mesh (see section 6.2), but are not responsible for the tension of the
mesh. Therefore, no change in mesh tension due to the replacement is expected, as
shown by the measurement described below.

Instead of using the FaroArm as shown in Figure 6.10, a laser setup was used to mea-
sure deflection before and after replacing the screws. The etched mesh was placed on
a metallic slab on an optical table, with the etched mesh on top of the electrode frame.
A laser distance measurement device12 with the repeatability of 70 µm was installed
on a rail system perpendicular to the central welded strip above the electrode. The
distances from the device to the top of the cathode mesh and to the table in the imme-
diate vicinity were measured. The difference, ∆y, along the rail system is shown in
Figure 6.11. Since the etched mesh should sag naturally under gravity, it was expected
that ∆y ≤20.3 mm (yellow dashed line), accounting for the thickness of the electrode
frame (20 mm) and the thickness of the etched mesh (0.3 mm). However, ∆y was also

11Manufactured by VOC - Vacuum Optimizing Components GmbH.
12WayCon laser (type LAR-70-5V).
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measured greater than 20.3 mm, with a maximum difference of 0.7 mm, meaning that
there is an unaccounted systematic error in the measurement. It may be due to uneven-
ness of the metallic slab, diffuse reflection from protective clothing placed beneath the
electrode, or vibration from the rail system.
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Figure 6.11: Deflection after the PANCAKE test, and before and after replacing the cover
screws. The y-axis ∆y is the distance from the table to the top of the mesh. The yellow-
dashed line indicates the expected maximum ∆y, or the position of the mesh if there is no
deflection or sagging.

From Figure 6.11, the sagging profile before the replacement was also the first mea-
surement after the electrode went through a complete cooling cycle in LXe in PAN-
CAKE. All data points were above the maximum expected values, meaning the sys-
tematic error of 0.7 mm was greater than the sagging under gravity, which was mea-
sured at 0.6 mm by the FaroArm before the PANCAKE test.

The sagging profile after the replacement was consistently lower than before. How-
ever, if taking the 0.7 mm systematic error into account, the significance of the obser-
vation is questionable. Therefore, we concluded that there was no significant change
in sagging following the replacement operation.

To improve future measurements, it should be performed directly on an optical table,
with typical unevenness of less than 0.1 mm, and the frame has to be carefully fixed
to the optical table. The precision of the longitudinal distance measurement should be
calibrated against an external reference as well.

6.6 Discussion and Outlook

The hexagonal etched mesh has a central welded strip 4 mm wide, which was shown
to have a moderate effect on field homogeneity and transparency. The cathode was
calculated to deflect downward by 1.1 mm during operation under the nominal field
configuration. Some sharp, protruding features were observed on the etched mesh,
which were repaired using laser welding. The repaired mesh underwent extensive HV
tests; the cathode can withstand a bulk field of 3.1 kV/cm at 95% survival probability
in GAr, which was extrapolated to 6.2 kV/cm between the cathode and the bottom
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screen in LXe. To further reduce the electrode backgrounds from the cathode, the
mesh underwent electropolishing and passivation treatments.

For the XLZD project, if a hexagonal mesh is chosen, the use of the welded strip is
foreseen, as current manufacturing limitations allow. While this strip makes the mesh
unsuitable for anode and gate electrodes, it remains a viable option for the cathode
and screening electrodes.

Although the etched mesh allows a quicker and more robust installation than parallel-
wire electrodes, its main disadvantages include unprofiled, uneven surfaces; abnormal
features; and difficulty in repair due to its relatively monolithic configuration. Never-
theless, this chapter has described and demonstrated a set of QA/QC procedures for
identifying and addressing these issues, making the etched mesh a feasible option for
constructing a reliable cathode in future TPC experiments.

Future R&D should further investigate the electrode background originating specifi-
cally from laser-welded joints, and seek to integrate all surveillance techniques using
a consistent, automated, and accurate coordinate system.
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Chapter 7
SiPM Characterisation in Liquid Xenon

SiPMs have grown in attention for their application in rare-event search experiments
in the past years, as proved by their use in the DarkSide-20k experiment1 [85, 201],
the NEXT experiment2 [68], the nEXO experiment [202, 203], the DUNE experiment
[204, 205] and the JUNO-TAO [206] among others. Despite the relatively higher dark
count rate (DCR) compared to its PMT counterpart, SiPMs offer a comparable gain
and additional benefits such as lower radioactivity level [207], robustness [208, 209],
and a lower operating potential[147]. While the baseline design for XLZD consists
only of PMTs [34], SiPMs remain an open option as photosensors owing to the ad-
vantages they provide, presented later in this chapter.

Local setups, like NUXE-3 at the University of California, San Diego, also made use
of SiPMs and serve as a test-bed for these photosensors. NUXE-3 is a single-phase
LXe detector for low-energy studies and an R&D effort for future dark matter and
neutrino experiments, first proposed in [210]. It aims at demonstrating the feasibility
and performance of single-phase TPCs, which avoid problems typical of dual-phase
TPCs such as the trapped electrons at the liquid-gas interface, total internal reflections,
and non-uniform extraction field due to the non-uniform gas gap [211]. Unlike the
design of the dual-phase TPC as introduced in section 2.1, the anode wire is along
the vertical central axis of the upright cylindrical TPC, the cathode grids are on the
side enclosing the LXe volume, and the concentric field shaping rings are on the top
and bottom sides of the TPC. For the photosensors, 96 Hamamatsu VUV4 (S13371)
SiPMs were installed behind the cathodes in an octagonal configuration.

This chapter presents the commissioning results with the NUXE-3 SiPM array and the
performances of the SiPMs in both GXe and LXe. Section 7.1 introduces the working
principle and properties of SiPMs. Section 7.2 describes the NUXE-3 detector and its
subsystems. Section 7.3 to Section 7.5 outlines the data-taking, analysis and results
for the gain calibrations and dataset with calibration sources.

1The DarkSide-20k experiment is using >260,000 FBK NUV-HD-cryo SiPM, 11.7×7.9 mm2 [85].
2The NEXT experiment is using 3,584 SiPM of Hamamatsu S13372-1350TE, 1.3×1.3 mm2
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7.1 Introduction to Silicon Photomultiplier

SiPM is a type of semiconductor device sensitive to single photons with a wide range
of applications [147]. The typical size of a SiPM is around O(1)mm2 [208]. It is a
pixelated device, typically featuring 100 to 10,000 pixels [212].

Each pixel, also named microcell, consists of an avalanche photodiode (APD) and
a quenching resistor, RQ, connected in series [212]. Each pixel is then connected
in parallel within a SiPM to the bias voltage Vbias, which is typically at 50 V. An
illustrative diagram and circuit diagram are shown in Figure 7.1.

...

Vbias

RQ
RQRQ metal contact

avalanche region
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p+

n+

SiO2

SiO2 metal contact

p+ substrate

(a) (b) (c)
light-sensitive region

Figure 7.1: Typical structure of a SiPM. The dashed line encloses a single pixel (or microcell).
(a) Top view of the SiPM pixels. (b) Side view of the SiPM pixels. (c) Simplified circuit
diagram of the SiPM. Figure adapted from [59, 212, 213].

The following will summarise the operation principle of a SiPM and the comparison to
PMT in terms of rare-event search experiments. A more complete overview of SiPM
can be found in [59, 147, 208, 212–216]

7.1.1 Operation Principle

The working principle of an APD is primarily based on the presence of a p-n junction
[212, 216]. Consider a p-n junction, where the p-region has a higher concentration
of holes in the valence band and the n-region has a higher concentration of electrons
in the conduction band. As the mobile charge carriers (the valence holes and the
conduction electrons) diffuse and recombine at the junction, a region with no mobile
charge carriers is formed, called the depletion layer. The p-side and the n-side of the
depletion layer are left with negative and positive ions, respectively. The ions create an
electric field in the depletion layer directing towards the p-region. When an incident
photon with an energy greater than the band gap energy is absorbed in the depletion
layer, an electron-hole pair is created due to photoelectric effect. The created electron
is called single photoelectron (SPE). Due to the presence of the electric field in the
depletion layer, the electron and hole do not recombine [212], but drift towards the n-
and p-region, respectively. This creates a current pulse in the circuit.

Suppose a reverse bias voltage, Vbias, is applied to the p-n junction, that is, connecting
the cathode to the p-region and the anode to the n-region. In this case, the depletion
region is further widened, and the electric field inside the depletion layer becomes
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stronger [216]. Therefore, the electric field inside the depletion region is tuned by
Vbias.

A schematic diagram of a typical p+-p-n junction of an APD and the corresponding
electric field is shown in Figure 7.2. Similar to the p-n junction, the incident photon
generates an electron-hole pair in the p-region. Since an electric field is also present
in the p-region, the electron drifts towards the depletion region.

Vbias

avalanche regionpp+ n

x

||E(x)||

Figure 7.2: Top: schematic diagram of an avalanche photodiode (APD). The incoming photo
(blue arrow) enters the p-region and creates an electron-hole pair as indicated by the filled
and hollowed circles, respectively. The electron drifts towards the n-side, while the hole drifts
towards the p-side. Bottom: corresponding electric field inside the APD. The field inside
the avalanche region is enhanced by the presence of the reversed bias voltage Vbias. Figure
adapted from[212].

When the field in the depletion region is high enough such that the energy of the
accelerated electron exceeds the band gap energy (∼1.15 eV for silicon at 175 K [217,
218]). The electron can ionise the atoms upon collision and create an avalanche of
electron-hole pairs, thus providing signal amplification [216]. Therefore, the depletion
region is also known as the avalanche region.

The additional charge induced by the SPE is defined as the gain. Figure 7.3 illustrates
the relationship between the bias voltage and the gain in the different modes of signal
amplification [59, 212]. At a low Vbias, the charge carriers are not energetic enough
to ionise more atoms, resulting in no signal gain. In the linear mode, the avalanche
starts to develop. However, the ionisation rate is lower than the extraction rate of the
charge carriers, i.e., the rate of the charge carriers being collected by the electrodes,
so the avalanche eventually stops. In this mode, the gain increases linearly with Vbias.
If Vbias continues to increase, the ionisation rate eventually surpasses the extraction
rate of electrons from the APD. Then, the avalanche becomes self-sustaining, creat-
ing an exponential amount of electrons. This phase is called the Geiger mode, and
the bias voltage separating the two modes is defined as the breakdown voltage, Vbd.
The difference between the bias voltage and the breakdown voltage is defined as the
overvoltage, ∆V = Vbias − Vbd.

Due to the avalanche in the APD, the current surges [216]. To protect the APD [59]
and allow subsequent measurements [216], a quenching resistor RQ is connected in
series to the APD to quench the current. A typical rating of RQ is 150 kΩ [212]. A
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log(M)
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Figure 7.3: Illustration of the relationship between the bias voltage and the gain of an
avalanche photodiode (APD). As the bias voltage Vbias increases, the APD switches into
different modes: the mode with no signal gain, the linear mode, and the Geiger mode. Figure
adapted from [212].

single pixel on SiPM is defined as an APD connected to a quenching resistor [212],
see also Figure 7.1(c).

The working principle of each pixel is as follows [59, 212]: before the avalanche, con-
sider the APD as being a capacitor, Cj , which is called the junction capacitance. The
capacitor is charged up and has the potential difference of Vbias. During the avalanche,
the APD becomes conducting and has a resistance with a typical value of O(100Ω)
[59, 208]. Therefore, as the current surges, the potential difference across RQ in-
creases, whereas that across Cj decreases. As the potential difference across Cj drops
below Vbd, the avalanche is ceased as previously explained. This results in a drop in
current back to the value before the avalanche, and Cj is recharged. The resulting
signal is a current pulse with the rise time of approximately 1 ns, and the recovery
time of O(10 ns). The maximum current is proportional to ∆V /RQ. A more detailed
explanation, including the circuit diagram, can be found in [59, 219].

From the above explanation, we can infer the following [212]: when a pixel (an APD
connected in series with the quenching resistor) absorbs 2 or more photons at the
same time, the resulting current signal always has the same amplitude and duration
as the signal induced by an SPE due to the presence of the quenching resistor. On
the other hand, if distinct pixels absorb photons simultaneously, the resulting pulse
is a superposition of the single-photon pulses, as the pixels are connected in parallel.
Therefore, multiple photoelectrons (PEs) correspond to the SPE from multiple pixels.
This property also implies a reduction in performance when the SiPMs are illuminated
with high photon flux or a localised photon source, as discussed in more detail in [59].
This can be improved by increasing the number of pixels per area [212], but it is also
not a major concern for low background experiments like XLZD and when using low
energy calibration sources.
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The gain M in the Geiger mode is formulated as [147, 212, 216]:

M =
Q

qe
=

Cj × (Vbias − Vbd)

qe
=

Cj ×∆V

qe
, (7.1)

where Q are the charges produced during the avalanche, qe is charge of an electron
and Cj is the junction capacitance. The typical gain in the Geiger mode is around
105-107 [147, 213]. The junction capacitance typically depends on surface area [216],
the built-in voltage of the p-n junction [212], and the depths of the depletion layer,
which are fixed by the architecture of the SiPM [213, 216]. Therefore, the overvoltage
∆V is the determining parameter affecting the gain [212]. Additionally, to achieve
a stable gain, an power supply with stable voltage output is required, for example an
ultralow-ripple power supply [216].

A subtlety in Equation 7.1 is the temperature dependence in Cj and Vbd [214, 215].
While Cj was found to have less temperature dependence, Vbd has a linear and sig-
nificant dependence on temperature [220]. This could be understood as follows: the
higher the temperature, the more the atoms within the crystal lattice vibrate, and the
lower the mean-free-path of the charge carriers [214]. Therefore, a higher applied
voltage is needed to accelerate the charge carriers beyond the band gap energy and
initiate the avalanche, resulting in a higher Vbd. In short, the higher the temperature,
the higher the Vbd, or the lower the gain at the same Vbias.

In situations where the temperature may vary, to reduce the temperature dependence
of the gain M , the change in Vbd should be compensated by a change in Vbias to
maintain the same ∆V . A biasing correction circuit or temperature-compensation
circuitry can be used to maintain a stable gain value [219]. Temperature also affects
other aspects of the performance of the SiPM, which are less relevant to this work and
nicely summarised in [214].

As a summary, when Vbias>Vbd, the avalanche induced from an SPE in a APD is self-
sustaining and achieves the signal gain of 105-107. The avalanche is subsequently
quenched by the quenching resistor RQ, and then the pixel is ready to capture the next
signal again. The final output signal from the SiPM is the superposition of the SPE
signal from pixels where an avalanche happened [212]. The stability of the gain can be
maintained given a stable overvoltage ∆V , even when the temperature varies [215].

7.1.2 SiPM vs PMT

As previously mentioned, SiPM is considered an alternative to the traditional PMT
for a rare-event search experiment. The following will compare different factors dis-
cussed in [208], but in the context of a rare-event search experiment. This section is
complementary to the summary in [221, Section 3.6].

The factors that are comparable between SiPM and PMT are the gain, the jitter, and
the detection efficiency. Both photo detectors have a gain of 105–107. Jitter, as refer-
ring to the uncertainty in the arrival time, is generally comparable between the two
types, around O(100 ps)3 [208]. The detection efficiency of a PMT is known as the

3Specifically, the jitter for the VUV4 SiPM was measured at 24 ps with square pulses [222]. That
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QE, which is the probability of the photon being absorbed in the active region of the
photocathode. That for a SiPM is the PDE, which is the product of the quantum effi-
ciency, geometrical fill factor, and the probability of initiating an avalanche. The two
values are comparable between PMT and SiPM.

On the other hand, SiPM and PMT perform differently for the following factors:

• Dark count rate: Dark counts are uncorrelated thermal noise. The dark count
rate of SiPM was found to be O(10−80) times higher than the PMT counterpart
at LXe temperature [207, 223]. The higher the dark count rate, the higher the
accidental coincidence rate in the detector, which becomes a non-negligible con-
tribution to the background in high-sensitivity experiments. For future detectors
with even more photodetectors, this becomes a critical problem when consid-
ering SiPM [59]. However, with the recent development of a new SiPM re-
ported in [224], the dark count rate was further suppressed down to only 3.5-6.9
times that of its PMT counterpart. Specifically, the dark count rate recorded for
the SiPM (MPPC-VUV-LDC-050UM-SPL) at 162 K is 0.035–0.069 Hz/mm2

[224], while that for PMT (R11410-21) at 173 K is 0.009 Hz/mm2 [86]. This
demonstrated that SiPM can still be a strong candidate for photodetection in
future dark matter experiments.

• Operating voltage: The operating voltage of SiPM is ∼50 V, while that for
PMT is ∼1500 V [224], making SiPM easier and safer to operate. The low
operating voltage can be attributed to the narrow band gap and the avalanche
effect within a micrometer-scale semiconductor, as opposed to the voltage di-
vider design of a PMT. Another factor to consider is the performance under an
external field around the photosensors. Electrode screens are usually placed in
front of the PMT array to protect them from the high field of the electrodes [35,
109, 118]. On the other hand, a study showed that a strong external field (up
to 30 kV/cm) perpendicular to the SiPM does not significantly alter the perfor-
mance of their SiPM samples [225]. A bulk field at or higher than 30 kV/cm
is not anticipated for the XLZD, given the cathode potential is ∼−70 kV in the
baseline design [34], and ∼ +10 kV for the anode. Therefore, if the SiPM ar-
ray is used, the protective electrode screens is not needed. This is beneficial
for increasing light collection efficiency, reducing material background, and re-
ducing the risk of failure. Note that the author of [225] suggests doing further
testing to confirm the result in long-term stability under HV. Futhermore, the
measurement was not performed in a high-sensitivity low-background experi-
ment, so the result might not be a direct indication of their performances in that
environment.

• Robustness: As a delicate instrument, PMT is prone to failure in a large-scale
LXe experiment during years of operation [226, Chapter 5]. One of the causes
is the leakage of xenon into the vacuum tube of PMTs [118], which is not a
problem for SiPM. On the other hand, SiPM is also known for its mechanical
stability and sturdiness, thanks to the semiconductor nature [208].

for the R11410-21 PMT for XENONnT was measured at 9 ns, which is larger than other types of PMTs
[84].
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• Area Coverage: SiPM is more compact and pixelated compare to PMT. There-
fore, SiPM offers a better spatial resolution, which might be beneficial for the
x-y position reconstruction of an event [59]. However, due to the compact nature
of a solid-state sensor, the photosensor itself and the entire sensor array are more
challenging to scale up in area coverage compared to PMT. This increases the
cost and the burden on readout electronics [219]. A possible solution is to bun-
dle the tiles together to reduce the number of readout cables and feedthroughs
[201, 219, 227].

• SPE resolution: The SPE resolution of SiPM is better than that of PMT, which
is beneficial for photon counting for low-energy search [147] and for the neutri-
noless double-beta decay search. It was found that although a bundled readout
can reduce the number of electronics, the SPE resolution increases, albeit still
lower than that of PMT [147].

• Signal noise (afterpulse): Both types of photosensors have afterpulse, which
is the delayed signal induced by the actual signal, though with different origins
[59]. In the case of PMT, the initial PEs might ionise some residual gas particles
in the vacuum tube; then the positively charged ions will induce more PEs at the
photocathode [84]. In the case of SiPM, some electrons might be trapped inside
the band gap during the avalanche process due to the presence of impurities
[59]. The trapped electrons will later induce either a signal that is indistinguish-
able from an actual signal, or a smaller signal in the tail of the primary signal,
depending on the time of release [59]. In either case, after-pulsing increases
dead time and accidental coincidence. From [59], the afterpulse of the SiPM by
Hamamatsu that is sensitive to the xenon scintillation light (Hamamatsu VUV4)
was measured at around 5−20%. The afterpulse rate of a specialised model can
be suppressed to < 1% probability [208, 216].

• Signal noise (crosstalk): SiPMs have an additional noise contribution called
crosstalk, which is the correlated signal induced by neighbouring pixels. The
crosstalk signals have different causes and time scale, but typically at O(10)ns
[202, 213]. Although it has been reduced due to recent developments, it is
unlikely to reach zero, as individual pixels cannot be fully optically isolated
[208].

• Radioactivity: The radioactivity of unoptimised SiPMs has shown lower levels
compared to that of PMTs that have undergone dedicated low-radioactivity op-
timisation [91, 207, 228]. SiPMs might have the potential to have even better
radiopurity [207], which is critical for a high-sensitivity low-background exper-
iment.

In addition, SiPM is insensitive to magnetic fields but can be damaged by high neutron
radiation, while PMT is the opposite [147, 208, 229, 230]. However, these are less
of an issue for experiments such as XLZD, where magnetic field and strong neutron
sources are absent. The work from [230] suggested that the SiPM may withstand a
neutron flux up to 6 × 1012 n/cm2.
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7.1.3 Hamamatsu VUV4 S13371

For the photosensor, the NUXE-3 detector is equipped with 96 Hamamatsu VUV4
SiPM tiles (model S13371-6050CQ-02) [231]. This model is a preconfigured array of
2 × 2 SiPM units with ceramic package and quartz window, which can be read out
independently or in combinations (see Figure 7.5 top right) [59]. Note that the casing
is not hermetically sealed to allow LXe to enter [231]. Each SiPM unit has an area
of 5.95×5.85 mm2, 13,923 pixels, and 50 µm pitch resulting in a fill factor of 60% for
the tile [222, 231].

The VUV4 SiPMs were first designed for the MEG-II experiment [232]. Other exper-
iments also tested this model extensively, including the nEXO experiment [202, 203,
233], the LoLX experiment [222], and Prof. Baudis’ group [147, 207, 209, 221].

The PDE at 175 nm in vacuum conditions was measured at 24% by Hamamatse Pho-
tonics K.K. [231] and at 20.5 ± 1.1% measured by nEXO collaboration [202]. This
is lower than the QE of on average 35% of the PMTs (Hamamatsu R11410) used
in XENON1T and XENONnT [228]. With a lower detection efficiency, the detec-
tor detects fewer light signals, thereby increasing the detection threshold for energy
deposition. Nevertheless, as mentioned, the radiopurity of this SiPM model is compar-
atively lower than the PMT counterpart [207]. This would reduce the detection dead
time of the detector, and thus increase the exposure and sensitivity for rare signals.

7.2 The NUXE-3 Detector

The NUXE-3 detector, which is the successor of the Liquid Xenon Proportional Scin-
tillation Counter [211], can house ∼10 kg of LXe and utilises 96 Hamamatsu VUV4
S13371 SiPM tiles as the photosensors, as shown in Figure 7.4 [234]. The array of
SiPMs is arranged around an octagonal cylinder. The detector also consists of three
electrodes and four field shaping rings to provide an axially symmetric (i.e., from the
center of the cylindrical detector out to the walls) drift field and multiplication field for
3D event reconstruction. The cathode is right in front of the SiPM array and defines
the active volume of the detector. However, the electrodes were not used in this test
campaign, as they were not required for the gain calibration or determining the LCE
in this detector. A PTFE case encloses the detector volume to increase the reflectivity,
but it is not hermetic. The following will introduce each subsystem in more detail.

The entire detector is contained within a vacuum-sealed inner vessel with feedthroughs
for voltage biasing and signal readout. A turbo pump, either a turbo pump from Pfeif-
fer Vacuum (model HiCube) or the TPS-compact pump from Apilent Technologies,
was used to provide vacuum insulation between the inner and outer vessels. Note that
the insulation layer at the bottom of the cryostat is thinner due to the HV feedthroughs
for the electrodes.

The cooling power was provided by the cryocooler from Sumitomo Cryogenics (model
CH-100LT). The cold-head temperature was regulated by a PID temperature controller
from Lakeshore (model 336), which received input from a temperature sensor located
near the cold-head. The controller regulated the power of the resistive heaters, which
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Figure 7.4: CAD drawing of the NUXE-3 detector. Left: the NUXE-3 detector with the
inner cryostat. Right: cut-out of the NUXE-3 detector, showing the interior with the silicon
photomultiplier (SiPM) array.

surrounded the cold-head, to stabilise the temperature around the setpoint. After fill-
ing, the pressure changes according to the set temperature for the saturated xenon
fluid system inside the closed gas system. The temperature reading was stable with
O(0.1)K fluctuation, while the pressure sensor was not sensitive enough to register any
fluctuation. The amount of xenon inside the detector was estimated with the weight
cells of the xenon storage bottles.

As briefly mentioned in subsection 7.1.2, to reduce the amount of electronics and
cabling, experiments usually bundle the SiPM array together, i.e., combining several
channels into a single channel [201, 219, 227]. Possible bundling methods include
connecting in parallel, in series, or a hybrid form [219]. With the parallel connection,
the input capacitance increases with the number of SiPM and therefore reduces the
time response, and the noise level also increases [219, 227]. This potentially reduces
the signal discrimination capability and increases the energy threshold. In addition,
the connection in parallel should ideally be accompanied with a biasing correction
circuit, as explained in subsection 7.1.1, in case the intrinsic breakdown voltage of
the connected SiPM is inhomogeneous [219]. Otherwise, the SPE resolution can be
worsened due to the different response from the SiPM combined into a single output.
On the other hand, while a series connection can avoid these issues, the connection
introduces time differences between the connected SiPM [227]. In the hybrid mode,
2 or more SiPM connected in series are connected in parallel [219], as demonstrated
in [235].

In the NUXE-3 detector, custom-made baseboards bundle every 4 SiPM tiles in paral-
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lel to readout as a single SiPM channel. Therefore, there are in total 24 SiPM channels,
corresponding to the total of 96 S13371 SiPM tiles, and corresponding to a total of
384 SiPM units. To further reduce the amount of electronics and cabling, each base-
board accommodates 3 SiPM channels, arranged vertically but electronically sepa-
rated. Therefore, there are in total 8 baseboards, each with 3 SiPM signal outputs, as
illustrated in the lower part of Figure 7.5. The baseboards also distribute the Vbias to
the 3 channels on the board in parallel, but without the biasing correction circuit. The
8 baseboards form the octagonal cylinder surrounding the active volume behind the
cathode electrode inside the NUXE-3 detector.

The output signal of each SiPM channel from the baseboards is then connected to
the preamplifier board, which is designed and provided by the nEXO collaboration.
The preamplifier boards amplify the output signals and also distribute Vbias to the
baseboards. Note that in some cases, the baseboard and the preamplifier board were
combined into a single circuit board [147, 209]; they are separate boards in the NUXE-
3 experiment, each with a different number of connection channels.

There are in total 5 preamplifier boards to provide signal amplification and distribute
the bias voltages, as shown in Figure 7.4 (left). Each preamplifier board receives
signals from 4-5 SiPM channels, while distributing the Vbias to 1-2 baseboards. Note
that the connections for an SiPM channel to the Vbias and signal amplification might
be on different preamplifier boards. The connections of the SiPM channels to the
respective Vbias and signal amplification on the preamplifier boards are summarised in
Figure 7.5.

Each preamplifier board consists of operational amplifiers which require +5 and −5V
input voltage. They were either powered by a KEYSIGHT E3630A Triple Output DC
Power Supply, which outputs a fixed ratio between the voltage source, or two GW In-
stek GPS-1850D power supplies with a common ground. The five Vbias to the pream-
plifier boards were initially provided by CAEN SY4527LC and CAEN A7038STN
32 Channels 1 kV/100 µA power supply board before a power failure. It was then
changed to a combination of four channels from CAEN DT5533N and one channel
from CAEN N1471 power supplies.

To read out the signal from the 24 channels, we used two CAEN V1725 analog-to-
digital converter (ADC) boards, each of which has 16 channels, with a sampling rate
of 250 MS/s, 14-bit, and 2 Vpp range [236]. They are subsequently referred to as ADC
board-0 and board-1. All connections from the detector to power supplies and the
ADC board are summarised in Figure 7.6.

Since the noise level for individual channels varies, the trigger threshold was pre-
determined before data taking. 3000 events were taken for each channel, where the
standard deviation (σ) of the baseline was measured. Then, the threshold was set at
multiples of σ, ranging from 3 to 10, away from the baseline.
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Figure 7.5: Illustration of the SiPM readout arrangements. The lower part of the image shows
the 8 baseboards, unwrapped from the cylindrical configuration in the detector (see Figure 7.4
right). Each baseboard contains 3 SiPM channels, and each channel contains 4 SiPM tiles. A
numerical identifier is marked on each SiPM channel. Each baseboard has 3 signal outputs for
the 3 channels, and a Vbias input. Therefore, there are in total 24 signal outputs and 8 Vbias

input connections from all the baseboards. They are distributed to 5 preamplifier boards. Note
that the Vbias and the signal output from the baseboard may connect to different preamplifier
boards. An example of the preamplifier board is shown on the top-left side, together with
the schematic connections to the baseboards. Each preamplifier board receives signals from
4-5 SiPM channels, while distributing the Vbias to 1-2 baseboards. Shaded boxes show the
corresponding preamplifier board connected to each SiPM channel: each color indicates the
preamplifier board as shown in the legend, the outline corresponds to the Vbias connection, and
the shade corresponds to the signal output connection. The top-right side shows the image of
the VUV4 SiPM tile [231] used in NUXE-3.

7.3 Datasets and Operations

There were in total 3 runs in this measurement campaign, 2 in which the detector was
filled with GXe only, and 1 in which the detector was fully filled with LXe. They are
subsequently named GXe-1, GXe-2, and LXe-1. Between the runs, the detector was
warmed back up to room temperature.

During the GXe runs, the detector was filled with ∼300 g GXe and the controllor set-
point was set to {167, 169, 171, 173, 175}K. Note that the temperature on the pream-
plifier board or next to the SiPM array was not measured, but is likely to be higher
than the mentioned set values due to the heat dissipation on the readout electronics.
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Figure 7.6: Schematic diagram of the setup. The circulation and purification system is omitted
for simplicity. The blue lines indicate the piping for GXe or LXe inlet. The green boxes
indicate the PT100 temperature sensor. The arrows indicate the signal output connection.
Solid lines without arrows indicate connections in general.

The temperature range in this measurement was narrower compared to other existing
measurements. This is because the insulation layer at the bottom of the cryostat is
thinner due to the HV feedthroughs, reducing the insulation power. At these temper-
atures, part of the GXe was liquified and formed a buffer to isolate the heat from the
bottom of the cryostat. This allowed the system to reach an equilibrium state before
any data-taking began.

During LXe run, the detector was filled with ∼10 kg LXe at 175 K. The liquid level
was estimated by the difference in the weight of the xenon bottles, as well as the
light signal measured by the SiPM photosensors. It was observed that when the liquid
was not fully covering all SiPM, the bottom SiPM channels observed more light as
expected. From the CAD model of the detector, it is estimated that after filling the
xenon, the liquid surface barely touched the lowest preamplifier board, as shown in
Figure 7.4 (left), meaning that all the SiPMs were covered by LXe.

After filling, the xenon gas was circulated by a pump through the MonoTorr Heated
Getter Purifiers by SAES Pure Gas [237]. The flow meter regulated the flow rate at
around setpoint, which will be discussed in section 7.5. The cooling power of the
cryogenic system compensated for the heat loss during circulation and transfer.

For the data-taking, we used the self-triggering mode with the Waveform Recording
firmware. Appendix E explains the details of the self-triggering scheme. In particular,
with the configuration of 24 SiPM output signal channels and two v1725 boards, it



Chapter 7. SiPM Characterisation in Liquid Xenon 159

is not possible to achieve channel-level coincidence. Therefore, in this study, no co-
incidence was configured for the data-taking. The clock was synchronised across the
boards, with a time delay of around 0.04 s. This enables offline software trigger and
channel-level coincidence across the boards.

With the Waveform Recording firmware, the ADC board records the waveforms of all
enabled channels within a fixed acquisition window upon receiving a trigger. This
firmware simplifies the processing when utilising NumPy array slicing to analyze
waveforms across all channels. On the other hand, while the Dynamic Acquisition
Window firmware may offer improved analysis efficiency when performing pulse-
level analysis, the firmware can result in excessive dead time at high data rates or with
a high-activity source for energy calibrations.

Each dataset, in binary format, contains metadata of the detection configuration and
information for data selection and cuts, including the operating temperature, the ap-
plied Vbias, run tag, data-taking mode, triggering threshold for each channel, the ADC
board used, and other relevant configurations. Each dataset contains only one entry
for the operating temperature and Vbias, as the five Vbias inputs were set at the same
value.

There are two data-taking modes: single-channel mode, where only a single channel
was enabled for the ADC boards, and all-channels mode, where all channels were
enabled. The single-channel mode was used for single-channel triggering, which is
presumably desirable for the gain calibration, especially for noisier channels. It was
later found that, due to the high dark count rate, the all-channels data-taking mode
also allows for the identification of SPE pulses and subsequently the gain calibration,
as explained later.

7.4 Characterisation of the SiPM Array and the Readout

This section presents the results of the gain calibration and an observation on the noise
level. The dark count rate, which is highly temperature-dependent, was not measured
due to limitations. In order to measure the dark count rate at low temperature, noble
gases cannot be used due to the intrinsic scintillation light. In addition, the detector
could not reach thermal equilibrium during the time of the operation for other com-
mon inert gases like N2. Similarly, the cross-talk probability was not measured, as it
requires the dark count measurement.

Data was taken at different bias voltages and different temperatures. The temperature
variation was narrow and did not account for heat dissipation from the electronics, as
mentioned in section 7.3. The temperature T was set at {167, 169, 171, 173, 175}K.
The bias voltage Vbias was set at {−46,−47,−48,−49,−50,−51,−52}V. The data
at Vbias at −46 V was excluded from the calibration as the SPE positions were easily
misidentified.
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7.4.1 Gain Calibration

The gain calibration was performed for each channel in all datasets separately. The
standard procedure of determining the gain is by looking at the integral voltage distri-
bution, known as the finger plot, as shown in Figure 7.7. The finger plot was obtained
by integrating the area of each waveform above baseline within a time window around
the trigger. The peak at around zero is the noise pedestal, the first peak above zero
corresponds to the signal from SPEs, and the subsequent peaks correspond to multiple
PEs.
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Figure 7.7: Example for determining the SPE location for all SiPM channels from one of the
datasets. The numbers on each subplot indicate the SiPM channel, consistent with the relative
position as shown in Figure 7.5. The blue histogram shows the integral area of all events in a
dataset. The yellow and the red lines indicate the Gaussian fits for multiple PEs, while yellow
and red represent a good fit and a bad fit, respectively. The green vertical line indicates the
final determined SPE position and the corresponding error.

As explained in subsection 7.1.1, the additional peaks or “fingers” correspond to mul-
tiple SPE, and consecutive peaks are separated by one SPE. Therefore, to robustly
determine the SPE position in our measurement, multiple peaks with a rough initial
guess were fitted with a Gaussian function G(µ, σ), where µ is the mean and σ is
the standard deviation. The fits were classified as either a good or a bad fit with an
arbitrary choice of the fitting error of µ > 0.03. The average distance between consec-
utive well-fitted peaks was determined as the SPE position. The error of the SPE is the
standard error. The SPE resolution is defined as σSPE/µSPE of the SPE peak [238]. If
the number of well-fitted peaks is less than 3 or without consecutive well-fitted peaks,
the algorithm checks if the highest well-fitted peak is around the rough initial guess
position, accompanied by the uncertainty of σ, such as the plot for SiPM channel 1,
18, 19, and 22 in Figure 7.7.

The SPE position of each channel at each Vbias across all the runs, that is, both in GXe
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and LXe, is shown in Figure 7.8. We can observe the expected strong dependence
of SPE position on the applied Vbias. The error bar represents the standard deviation
across all included datasets for each channel and Vbias, accounting for variations in
temperature and the different power supply used during maintenance. On average,
the percentage error on the SPE position per channel per bias voltage is 7.4% and
a maximum of 13.6%. These non-negligible systematic errors will contribute to the
uncertainty of the energy reconstruction if only the average SPE position is used.
Therefore, one should perform the gain calibration regularly to reduce the systematic
variations.
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Figure 7.8: SPE position for all the channels at different bias voltages. The x-axis indicates
the SiPM channel, consistent with the numbering in Figure 7.5. Each color represents a bias
voltage Vbias. The error bar represents the standard deviation across all datasets for each
channel and Vbias.

The variation of the SPE position across channels is significant. At |Vbias| =47 V, the
percentage difference between the highest and the lowest SPE position across channels
is 52.5%, gradually reduced to 25.0% as |Vbias| increases to 52 V. Nevertheless, this
does not affect the energy or signal reconstruction as the calibration should always be
performed independently between channels.

The majority of the SPE resolution was measured to be less than 20% for the gain
greater than 1 × 106 and has a negative correlation with the gain. The result of the SPE
resolution is consistent with the values reported in [147], where they also bundled the
SiPM units in a group of four. However, without the LED and external trigger, the
SPE peak is less prominent and induces a significant fitting uncertainty to the σ of
the Gaussian function. Therefore, the result is noisier compared to the mentioned
measurement, making it difficult to draw a more quantitative conclusion.

The gain M is obtained by the following formula:

M =
SPE [V s]

Rimp [Ω]× qe [C]
, (7.2)

where SPE is the SPE position, Rimp is the input impedance, which is 50Ω, and qe is
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the charge of an electron. Note that the measured gain here is the gain from a single
SiPM channel combined with the gain from the preamplifier.

From Equation 7.1, to correlate the gain M and the overvoltage ∆V , the breakdown
voltage Vbd has to be determined. One way to determine Vbd is the following [213]:
extrapolate the linear relation between M and Vbias down to M= 0. The interception
on Vbias at M= 0 is the Vbd. Then ∆V = Vbias − Vbd. As mentioned, since each
dataset contains only one Vbias, all datasets were grouped approximately every 10
days to contain different values of Vbias for the fit. Only the groups with more than 3
different Vbias values were fitted with the linear function to determine Vbd, as shown in
the example of Figure 7.9.
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Figure 7.9: Example of determination of the breakdown voltage Vbd. The data points shown
are from several datasets, spanning approximately 10 days. The data points were fitted with a
linear function, with the parameter annotated in the legend. The breakdown voltage Vbd was
given by the x-interception of the linear function.

Figure 7.10 shows the gain vs ∆V from all the runs at different temperatures and with
different power supplies. Note that the gain in this plot was divided by the gain from
the preamplifier, which is around 33 [239], therefore showing approximately the gain
of the SiPMs. Results from other experiments were also shown in comparison.

From Equation 7.1, the junction capacitance Cj can be obtained by the slope in Fig-
ure 7.10 multiplied by the charge of an electron. The variation across SiPM channels
and at various temperatures is shown in Figure 7.11. The result aligns with the existing
literature, as shown in the same plot. The lower subplot shows the standard deviation
of the channel divided by the mean value. The overall variation of Cj for all the runs
is within 4.1% for an individual channel. The same plot for breakdown voltage Vbd is
shown in Figure 7.12, with the overall variation of each channel less than 1.0%.

7.4.2 Noise Level

Ideally, with the mentioned procedure, the gain calibration can be performed for all
the datasets. However, occasionally, the noise level increased substantially throughout
the runs, limiting the analysis pipeline’s capability to identify the SPE position for all
the datasets.

While the noise occasionally fluctuated as some cables were reconnected between the
power supplies, hinting at a connection issue, there were also occasions where the
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Figure 7.10: SiPM gain against overvoltage at different temperatures for all the calibration
runs and the science run. The results from [202] is labelled as nEXO2022. The result from
[240] is labelled as Peres2023. The legend also annotates the (reported) temperature of the
measurements.

95

100

105

110

C
j [

fF
]

nEXO2022 167 K 169 K 171 K 173 K 175 K

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Channel

2

4

N
or

m
al

iz
ed

 
 [%

]

Figure 7.11: Upper plot: junction capacitance Cj across all the SiPM channels at different
temperatures. The results from [202] (dashed line) are shown for comparison. The gray band
corresponds to the error reported. Lower plot: the standard deviation of the channel divided
by the mean value.

noise level fluctuated without any manipulation or handling. The exact cause of the
fluctuation of the noise level was inconclusive due to limited statistics or information.

Apart from the fluctuation of the noise level, Figure 7.13 shows the averaged noise
level for all the datasets for each channel. The noise for each dataset was obtained
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Figure 7.12: Upper plot: breakdown voltage Vbd across all the SiPM channels at different
temperatures. The results from [202] (dashed line) are shown for comparison. The gray band
corresponds to the error reported. Lower plot: the standard deviation of the channel divided
by the mean value.

by the standard deviation of the raw waveform around the baseline before the trig-
gering. The channels are arranged according to their relative physical location on the
baseboard, as shown in Figure 7.5. From the figure, the lower the layer of the SiPM
channels, the relatively higher the noise level. This suggests that the noise is partly
due to electronic noise from the baseboard, where the circuit path is longer.
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Figure 7.13: Average standard deviations around baseline for each SiPM channel. The num-
bers on each subplot indicate the SiPM channel, consistent with the relative position as shown
in Figure 7.5. Both the numbers on the tile plot and the color bar indicate the value for each
SiPM channel.

As mentioned in section 7.2, the trigger threshold was therefore pre-determined indi-
vidually for each channel before data taking. 3000 events were taken for each channel,
where the standard deviation (σ) of the baseline was measured. Then, the threshold
was set at multiples of σ, ranging from 3 to 10, away from the baseline.
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7.5 Pulse-level Analysis

As described in section 7.3, we configured a board-based global trigger without coinci-
dence and utilised the Waveform Recording firmware for data acquisition. Therefore,
a dedicated offline pulse-finding algorithm was implemented to identify and process
the pulses in each waveform. This analysis is subsequently called the pulse-level anal-
ysis, which enabled studies for afterpulsing and event selection with coincidence, and
more.

A pulse finding algorithm was implemented to identify pulses and determine the basic
parameters such as the pulse start time, the pulse area, the pulse height, and the pulse
width. The following summarises the procedure:

1. Smooth the waveform using a rolling average window.

2. Identify pairs of samples where the ADC counts exceed the pulse-finding thresh-
old as the start and end point of the pulse candidates. The difference between
the two samples in each pair defines the naive width of the pulse candidate.

3. Discard pulse candidates whose naive width is smaller than the minimum al-
lowed width.

4. Note that the start and end samples are currently defined with respect to the
pulse-finding threshold, not the baseline. Shift the start and end positions to the
baseline (i.e., the first sample above baseline) to form updated pulse candidate
pairs.

5. Merge any overlapping pulse candidates.

6. Calculate all pulse parameters.

After trials, the parameters of the rolling average window, pulse-finding threshold, and
the minimum allowed width were set at 6 samples, 3 root mean square of the baseline,
and 18 samples, respectively. With these settings, an example of a processed wave-
form is shown in Figure 7.14, where the pulses above the thresholds were correctly
identified, and the respective pulse area was listed in the figure.

As a cross-check, the area spectrum with the pulse area within a dataset was compared
to the integral window area of each channel (i.e. Figure 7.7). While they are in good
agreement, the pulse-level analysis is far more computationally expensive.

From the same example in Figure 7.14, we can also see the signal undershooting below
the baseline after the main pulse, which is an undesired electronic artifact that would
induce a downward bias of the obtained pulse area. The larger the pulse, the more the
signal undershoots. In addition, we can observe that there are small pulses following
the main pulse. These smaller pulses are probably caused by afterpulsing originating
from the same event.
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Figure 7.14: Example waveform with the identified pulses and the respective areas. The blue
solid line is the waveform with a low-pass filter applied and baseline subtracted. The dashed-
dotted line, which is the baseline, is therefore at 0 V. The dashed line indicates the threshold
of pulse finding at 3σ away from the baseline. The found pulses are shaded with colors, and
their respective areas above the baseline are listed in the legend.

All the results shown in the following were taken where the SiPMs were all covered
by LXe at 175 K with around 0.1 K uncertainty from the sensor readout. The LXe
was purified continuously by the circulation system. Figure 7.15 shows the example
distribution of the pulse area and the pulse start time within a recording window for
a single dataset. The trigger was set at 1 µs of the 4 µs recording window, where the
majority and the large area pulses (main pulses) were located. The position of SPE
slightly reduces after around 2.25 s. Although the exact cause is unclear, it is worth
for future investigation.

Another observation is that a large population of pulses was identified after the main
pulse, in contrast to the insignificant distribution of pulses located before the trig-
ger time. This strongly suggests that the smaller pulses after the trigger time were
correlated with the main pulses. Typical timescales of delayed cross-talk are around
O(10)ns [202, 213]. Therefore, the main contribution to these correlated pulses should
be due to afterpulses.

The time difference between the first pulse and the subsequent pulses was determined
for each event in a dataset. This histogram of the time difference is shown in Fig-
ure 7.16, where the main pulse is at 0.0 µs and an exponential decay can be observed
between the time 1.0 and 2.5 µs. The distribution before 1.0 µs was diminished due to
the presence of the main pulse.

The same procedure was repeated for 52 datasets, partly with injected tritium and
purification circulation, at different bias voltages between −47 and −51 V with 613,449
events in total. The triggering position is all at 1 µs and in LXe. On average, the decay
time scale is 4.2 ± 0.7µs, where the standard deviations give the error for all the
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Figure 7.15: Pulse area against the pulse start time within the recording time window, stacked
for all channels. Both the color-axis and the y-axis are in log scale for better visualisation. The
single photoelectron (SPE) position is at y = 1.
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Figure 7.16: Histogram of the time difference between the pulse start time (Timepeak, i) and
the start time of the first pulse (Timefirst peak) in the recording window for a single dataset with
18,499 processed events. After around 1 us, the rate of pulses reduced exponentially, with a
decay time constant of 4.85 ± 0.13µs. The reported error was from the fitting error. The fit
was performed on 1,073,153 identified pulses.

datasets. Therefore, the recording time window after the trigger should be longer than
4 µs for a more accurate energy reconstruction.

In addition, as shown in Figure 7.17, the decay time of these correlated pulses posi-
tively correlates with the date of measurement and the absolute bias voltage Vbias in
the span of 10 days. The power supplies for the preamplifier were changed in between,
but this does not affect the result. This correlation might be reasoned by the follow-
ing: as more electrons were produced, more electrons were cumulatively trapped in
the impurities in the depletion layer of the APD, and therefore, more were released
upon a main pulse. A longer-term study should be performed in the future to verify
this behaviour.
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Figure 7.17: Afterpulse dependence on date and bias voltage. The hollowed points are data
with injected tritiated methane and a purification circulation. Left: the decay time against the
date of measurement. Right, decay time against the absolute bias voltage Vbias.

An additional undesired electronic artifact identified was the distorted waveforms due
to saturation, which were prominent in the tests with LXe and irrelevant for the gain
calibrations. Figure 7.18 shows the superimposed waveforms. On the left, the wave-
forms saturated at around 1.25 V, while the ADC board readout range was configured
at −0.2 to 1.8 V. On the right shows the waveforms when the readout range was pur-
posefully configured such that most events saturated the ADC board. The waveform
shapes are noticeably different from each other, suggesting a different cause of the
issue. It was postulated that the distortion was due to the saturation of the operational
amplifiers on the preamplifier boards [234].
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Figure 7.18: Superimposed waveforms at different DC offset, data-taking in LXe. The corre-
sponding DC ranges are listed in the figures. The baseline of the waveforms was subtracted,
which was ∼120 mV. Left: the ADC board was not saturated. The saturation was presumably
on the operational amplifier in the preamplifier boards. Right: the ADC board was saturated.
Since the baseline was subtrated, therefore the saturation was not exactly at 1 V. From these
figures, we can see the different waveform shapes between saturations on different electronic
components.

For a low bias voltage at −47 V, most of the pulses start saturating at a pulse height of
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1.25 V with the pulse area between 300 to 600 PE, as shown in Figure 7.19. Assum-
ing a gamma ray source of 662 keV and with no electric field around, the electronic
recoil interaction in LXe emits around 43,700 photons [241]. From an optical simula-
tion [234], the LCE was estimated at around 80%, meaning on average 1460 photons
reaching each SiPM. As mentioned, the PDE of this SiPM model was measured to be
20.5± 1.1% [202], resulting in around 300 PE. This is right at the border where most
of the SiPM channels saturate, referring to Figure 7.19. Therefore, with such a source,
the saturation has to be corrected for a more accurate energy reconstruction.

Figure 7.19: Pulse height against pulse area across all the channels at the bias voltage of
−47 V. The numbers on each subplot indicate the SiPM channel, consistent with the relative
position as shown in Figure 7.5. Most signal start to saturate at around 1.25 V.

From Figure 7.19, we also observe that each SiPM channels have a slightly different
response for the saturation. For example, the pulses from Channel 1 and 16 reach
saturation a higher pulse area compare to the rest of the channels, meaning they have
relatively broader pulses for large pulses. The difference in pulse shapes does not
match the connection to the preamplifier board summarised in Figure 7.5. Therefore,
the difference in pulse shapes should be caused by the intrinsic difference in each
SiPM channel.

7.6 Discussion

The recorded dependence of the gain of SiPM on temperature is not linear as reported
by other experiments [59, 147, 221]. Several factors might be contributing. First, the
power supplies for the SiPM array and the preamplifier were switched between the
experiment, which might induce unknown systematic errors in the result. To perform
a correction on the supply voltage, the output from the power supply was probed by
a multimeter for the actual Vbias. However, the result was still non-linear. Another
contribution is the uncertainty of the temperature measurement. In this work, the
stated temperatures corresponded to the setpoint of the temperature controller, where
the sensor was close to the cold-head, not to the actual temperature of the SiPM ar-
ray. Due to the heat generated by the system’s electronics, and the temperature around
the cold-head might be a few degrees lower, the proper operating temperature at the
sensor boards was likely higher than the reported temperatures. To mitigate this ef-
fect, a temperature sensor can be placed close to the SiPM baseboards, allowing for



170

direct measurement of the local temperature. Additionally, from [202, Table 3], the
difference in the breakdown voltage Vbd due to the 8 K temperature difference is 0.4 V,
which is comparable to the recorded errors.

The gain calibration procedure used in this study demonstrated that it is possible to
perform calibration without the use of an LED light source. This is advantageous in
situations where LED coupling is impractical or when minimising hardware complex-
ity is desirable. Nevertheless, the inclusion of an LED could yield more robust results,
as it can externally trigger the ADC board and result in a prominent finger plot. An
LED-based calibration would also reduce statistical uncertainties and allow for more
efficient data processing.

The radioactive sources 137Cs and 57Co, which emit monoenergetic gammas, were
placed separately in the vicinity of the detector for energy calibration. However, the
energy spectrum could not be correctly reconstructed due to the reason mentioned
in the previous section, especially the signal distortion due to saturation. Without a
correction, the reconstructed energy would be largely underestimated for events near
the saturation limit. Additionally, the data acquisition time window of 4 µs is insuf-
ficient to capture the long afterpulsing tail from high-energy events. Extending the
recording window would ensure complete signal integration, thereby improving both
the accuracy of the energy calibration at higher energies.

Finally, tritiated methane was also injected into the detector volume and subsequently
removed by the getter and the circulation system. The event rate was checked, where
the rate was gradually reduced when the circulation system was turned on with a flow
rate of 1.3 SLPM. However, after some time, the event rate surged and then steadily
increased. The time of the surge was in close coincidence with the time when the flow
rate was manually set to a higher flow rate. The cause is unclear as this work was
written.

7.7 Conclusion and Outlook

Due to several advantages offered by SiPM, such as robustness, better SPE resolu-
tion, and low operating potential, it has gained attention in the field of rare-event
search experiments. One of a local R&D project, the NUXE-3 detector at University
of California San Diego, utilises an array of 96 Hamamatsu VUV4 SiPMs (model
S13371-6050CQ-02) to explore the potential of a novel TPC design.

From this work, all SiPMs in the NUXE-3 detector were successfully commissioned
and operated with the gain consistent with literature values. The normalised standard
deviation of the breakdown voltage and junction capacitance for each channel for all
the runs is within 1.0% and 4.1%, respectively.

From this commissioning campaign, possible improvements or caveats were identified
for further data-taking and analysis, which could be mitigated by additional work on
the analysis level or the hardware level. In particular, it was found that the signal was
saturating the readout system even at low bias voltage and with low energy source.
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This hinders the energy reconstruction for calibrations. In addition, the afterpulsing
rate showed a dependence on the operation time and bias voltage. More in-depth and
longer measurement campaigns should be performed to confirm this behaviour as well
as to determine the optimal record time window.

For future upgrades, an LED calibration source can be installed for a more efficient
SiPM calibration as well as a temperature sensor next to the SiPM array for more
accurate temperature measurements. A different preamplifier board can also be tested
to see if the waveform distortion at the reported range persists. Such a test would
eliminate the possibility that the SiPM was the saturating component. The future
design of the baseboard should also minimise the difference in path length between
the readout channels to equalise the noise level in each channel.
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Chapter 8
Conclusion and Outlook

Despite abundant cosmological and astrophysical evidence for dark matter, its fun-
damental nature remains unknown. In case dark matter is a particle, which is well
motivated, one of the most promising candidates is weakly interactive massive parti-
cles (WIMPs). The XENONnT detector, a dual-phase time projection chamber (TPC)
with an active mass of 5.9 tonnes, is one of the world’s most sensitive direct dark mat-
ter detection experiments, at the time of writing, dedicated to detecting WIMPs. The
search for dark matter will continue with next-generation experiments, such as the
XLZD project, which aims to extend the sensitivity of liquid xenon detectors further.

Dual-phase xenon TPC with liquid xenon targets have led the search for WIMPs.
Xenon is chosen for both physical and technological reasons, offering high sensitivity
to WIMP interactions due to its large atomic mass and to neutrinoless double beta de-
cay (0νββ). Its favourable detector properties include a high scintillation yield, strong
self-shielding, and low intrinsic background, enabling high event rates and efficient
signal collection. In a dual-phase TPC, both scintillation and ionisation signals are
measured, named S1 and S2 signals respectively, allowing position reconstruction and
discrimination between electronic recoil (ER) and nuclear recoil (NR) interactions.

Throughout this work, the critical role of the electrostatic field configuration and the
electrodes has been emphasised. Electrodes are essential for the operation of a dual-
phase TPC on multiple levels. Most importantly, they establish fields in the detectors,
enabling the production of the S2 signal, which is crucial for effective ER/NR dis-
crimination and position reconstruction. The homogeneity of the drift and extraction
field is critical for achieving a uniform detector response and reducing signal loss.

The XENONnT experiment experienced performance issues related to its electrodes,
namely the introduction of perpendicular wires to mitigate electrode sagging and the
occurrence of a short circuits between the cathode and the bottom screen. The former
introduced a strong inhomogeneity in the extraction field, and the latter limited the
achievable drift field. To improve the detector performance, a new set of upgraded
electrodes was prepared. For the upgraded electrodes, parallel-wire electrodes, based
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on previous designs, are used for the anode and the gate, and a welded hexagonal
etched mesh for the cathode.

During this PhD project, I was directly involved in the realisation of robust upgrade
electrodes, primarily the anode and cathode. The work centres on ensuring the struc-
tural integrity and HV stability of the electrodes, as malfunctions in either could be
detrimental to the detector’s operation. This work also included detailed field simula-
tions to understand and quantify the resulting electrostatic field properties. Through-
out the study, particular attention was given to developing methods and design princi-
ples that can be scaled to future experiments at the XLZD scale.

As shown in Chapter 4, electrostatic field simulations were performed using three
complementary modelling approaches to evaluate the field uniformity in the TPC as
well as key electrode parameters such as surface fields and electrostatic forces. These
approaches consist of a full 3D simulation, a 2D axisymmetric model and local 3D
simulations. The full 3D simulation employed the boundary element method (BEM)
implemented in the KEMField module of the open-source software Kassiopeia, devel-
oped by the KATRIN collaboration. The 2D axisymmetric and local 3D simulations
were carried out using the finite element method (FEM) in the commercial software
COMSOL®.

Each modelling approach and software tool has distinct strengths and limitations.
When used together, they provide a complementary framework that allows cross-
verification of results, thereby increasing confidence in the correctness of the im-
plementations and reducing the risk of systematic effects associated with any single
model or simulation package.

Among the models, the full 3D BEM model was implemented and verified against the
well-validated 2D axisymmetric model developed in [19]. The full 3D model was then
used to study extended and intrinsically three-dimensional structures, including the
high-voltage feedthrough (HVFT), perpendicular wires, and the upgraded electrode
designs.

Concerning the upgrade electrodes, the key conclusion from the simulations is that
firstly, the central welded strip of the new cathode introduces the expected local field
non-uniformity, but this distortion does not extend into the region of interest of the
TPC. Secondly, the surface field of the hexagonal mesh was also estimated to remain
below the empirical breakdown threshold of 50 kV/cm in liquid xenon [121]. In addi-
tion, electrostatic forces acting on the electrodes were quantified and provided inputs
to the electrode deflection studies. Last but not least, the removal of the top and bot-
tom screens was found not to substantially affect the bulk field and the electrostatic
force.

Looking ahead to future-generation experiments, such as XLZD, a similar multi-tiered
field simulation approach can be adopted, combining models of varying accuracy and
computational efficiency. Furthermore, additional tools, such as the BEM module in
COMSOL, may be explored to further enhance simulation capabilities and the versa-
tility of the model.
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With the simulation framework being set up, the next step was to realise the upgrade
electrodes. Since the electrode system is a central component of the detector, it must
be highly robust, exhibiting minimal mechanical deflection and limited field leakage
to provide a homogeneous electric field. At the same time, its contributions to the
radioactive background and its impact on light collection must be minimised. These
competing requirements impose stringent constraints and pose challenges for elec-
trode design and fabrication, particularly for next-generation experiments with larger
electrodes. Methods are needed to quantify the reliability and robustness of these
electrodes and reduce the risk of failure during year-long operation at cryogenic tem-
peratures.

In addition, there are specific requirements for each electrode. For the anode, the grid
deflection requirement is the most stringent among all electrodes, as it significantly
affects the S2 response. Similarly, the alignment between the anode and the gate
electrodes also affects the width of the S2 signal. Both the gate and the cathode are
cathodic electrodes, which can induce electrode backgrounds and trigger electrical
breakdown. Therefore, their surface field and smoothness are also important quantities
of interest for the electrode fabrication.

In general, parallel-wire grids have a more well-defined surface field and are easier
to scale up. However, they have a higher risk of structural failure and greater grid
deformation. In contrast, the hexagonal etched mesh likely has a more difficult-to-
profile surface field; the grid itself is more complex to scale up; and it is difficult to
repair in the event of imperfections identified after fabrication. However, they have a
lower risk of structural failure and grid deformation.

Concerning the parallel-wire anode, as presented in Chapter 5, a series of simula-
tions and experimental tests were carried out to ensure a reliable electrode design with
adequate safety margins. A new installation method was developed, which reduces
the complexity of assembling the parallel-wire electrode while maintaining reliability.
During this campaign, evidence was also found that cryogenic cold shocking of the
electrode frame may effectively relieve residual mechanical stress. If left unmitigated,
this stress would significantly reduce the wire tension after cool-down and increase
grid deflection, as observed in the XENONnT electrodes prior to the upgrade.

For XLZD with electrodes of 2.6−3m diameter, if a parallel-wire design is considered,
there are additional challenges or further R&D needed, such as the design for a mosaic
frame or a more robust and efficient method to fix the wire onto the frame than the
use of copper pins. In addition, the material strength of the wires limits the maximum
axial tension that can be applied, which in turn determines the electrode deflection
for a given field configuration. Since electrode deflection is particularly critical for
anodes, a simplified calculation was performed to estimate feasible wire diameters for
next-generation electrodes. This study accounts for the limited axial tension, electro-
static forces, feedback effects, and optical shadowing. It was found that wires with
a diameter of 0.2 mm, as used for the XENONnT anode, are no longer feasible for
an XLZD-scale anode. Thicker wires, for example with a diameter of 0.4 mm, should
therefore be considered, at the cost of a modest reduction in light collection efficiency.
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Chapter 6 presents the quality assurance and quality control for the electropolished
hexagonal etched mesh. A significant drawback of the monolithic etched-mesh elec-
trode was that it could not be repaired if abnormal features were detected, and such
features on cathodic electrodes tend to contribute to electron-emission backgrounds.
Sharp and protruding features were also sought and identified on the fabricated etched
mesh using dedicated methods. Nevertheless, the technique of laser welding was used
to repair these features. The repaired mesh subsequently underwent extensive HV
tests. It was concluded that the cathode can withstand a bulk field of 3.1 kV/cm at
95% survival probability in GAr, which was extrapolated to 6.2 kV/cm between the
cathode and the bottom screen in LXe, without causing breakdowns, thus principally
allowing to reach drift fiels of ∼ 200V/cm.

For the XENON-LUX-ZEPLIN-DARWIN (XLZD) project, if a hexagonal mesh is
chosen for the electrode design, the use of a composite mesh seems to be applicable,
as this is compatible with current manufacturing capabilities. While the presence of
a welded strip makes such a mesh unsuitable for anode and gate electrodes due to
the resulting strong field inhomogeneities, it remains a viable option for the cathode.
As for the anode, a mosaic frame design will likely be required to accommodate the
larger detector size. Future R&D should further investigate electrode-related back-
grounds. In addition, a dedicated testing facility should integrate optical inspection
and high-voltage testing using a consistent, automated, and accurate coordinate sys-
tem to ensure reliable quality assurance of large-scale electrodes.

As a final remark on electrode options for the XLZD project, there is currently no
clear preference between parallel-wire and hexagonal-mesh designs. Neither electrode
design decisively outperforms the other at the projected three-metre scale. Significant
R&D would be required for either approach to address their respective limitations and
challenges before a reliable electrode with a diameter of approximately 3 m can be
realised.

Besides electrodes, Photosensors are also a primary component of the experiments,
as they collect light from the scintillation and ionisation signals. As a consequence,
I also contributed to testing photosensors in LXe in the context for future-generation
experiments.

While photomultipliers (PMTs) have traditionally been used in xenon TPCs, sili-
con photomultipliers (SiPMs) have attracted attention due to their robustness, better
single-photon resolution, and low operating voltage. As part of a local R&D effort,
the NUXE-3 detector at the University of California, San Diego, employs an array of
96 Hamamatsu VUV4 SiPMs to explore the feasibility of a novel TPC design.

As shown in chapter 7, all SiPMs in the NUXE-3 detector were successfully commis-
sioned and operated within this thesis, with gains consistent with literature values. The
normalised standard deviations of the breakdown voltage and junction capacitance for
each channel across all runs are 1.0% and 4.1%, respectively.

During commissioning, it was observed that the signal saturated the readout system
even at low bias voltages and with low-energy sources, limiting accurate energy recon-
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struction during calibration. Additionally, the afterpulsing rate showed dependence on
both operating time and bias voltage. Longer and more detailed measurement cam-
paigns are needed to confirm this behavior and identify the optimal recording time
window. For future upgrades, a redesigned preamplifier board may be required to
mitigate signal saturation if the SiPM is not the limiting factor. The baseboard de-
sign should also minimise differences in readout path lengths to equalise noise levels
across all channels.

In closing, the search for dark matter remains a dynamic and rapidly advancing field.
Although dedicated experiments have probed a large fraction of the parameter space
without having found dark matter particles, substantial regions remain unexplored.
Looking further ahead, the XLZD project brings together the XENON, LZ, and DAR-
WIN collaborations to pursue a next-generation liquid xenon observatory for dark
matter and neutrino physics, aiming to achieve sensitivities that no single collabora-
tion can attain. The presented work focused on the design, optimisation, construction
and quality control of electrodes of different type, being one of the essential R&D
steps needed for the ambitious goal of the next-generation dual-phase xenon TPC ex-
periments, the XLZD project, to reach the irreducible background from the neutrino
fog.
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Appendix A
Mesh Refinements for the Field Shaping
Rings

As mentioned, in general, the element aspect ratio should not be too large to ensure
accurate results and efficient computation. However, given the geometry of the field-
shaping rings (implements as toroidal wires in KEMField) with a diameter O(10−4m)
and length O(1m), the aspect ratio O(1) would easily correspond to O(106) or more
mesh elements just for a single wire. To effectively reduce the computational time
and maximise the accuracy, various sizes of the discretisation elements were tried. I
identified that a sensitive quantity for quantifying discretisation error in KEMField is
the field inside the wire, which should be zero.

To refine the discretisation, the number of discretisation elements in the axial and
toroidal directions was varied. The results are shown in Figure A.1. The figure shows
that the field began to flatten as the axial number of elements exceeded 10.

Figure A.1: Mesh refinement study of the field shaping rings.
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The computational times of these simulations are shown in Figure A.2. The compu-
tation time increases linearly with the number of elements, as expected. It also shows
that for the aspect ratio greater than 100, the computational time per element increases.
For aspect ratios below 100, the dependence of computational time per element on as-
pect ratio is small, possibly indicating that other limiting factors are overriding the
aspect ratio of the field-shaping rings (note that there are also other components in the
simulation). Therefore, the toroidal number of elements was set to 200, such that the
aspect ratio was less than 100. Subsequently, for computing the XENONnT field map,
I have been using 10 elements around the ring and 200 elements along the ring.
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Figure A.2: Computational time of simulations with different discretisations of the rings.

The comparison of the field strength across the field shaping rings between KEMField
and COMSOL is shown in Figure A.3. The figure shows that, with the refined mesh,
the error in the overall field is reduced relative to the COMSOL 2D simulation. The
figure also shows a nonzero field in the wires in KEMField, whereas it was set to zero
in the COMSOL 2D simulation.
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Figure A.3: Field strength across the field shaping rings. Left: from the simulation before
refinement. Right: from simulation with refined discretisation elements.



Appendix B
Settings for the Krylov Solvers

Given the mirror symmetry of the detector, the x and y components of the electric field
at x = y = 0 should be zero. However, initially it was found that Ex/y ̸= 0 from the
KEMField field map, but at max around 0.14 V/cm. This is infinitely big compared
to the expectation, which is 0 V/cm. Hence, I increased the accuracy of the field map
by changing the FFTM parameters in KEMField. For future reference, the parameters
are as follows:

FFTM parameters in KEMField Fast Accurate
degree 7 12

zero mask 0 3
Computational time (res = 5 mm) 332 s 2.97 hr

Table B.1: Two settings for the field solver.

where degree means the maximum degree of the multipole and local expansions,
and zero mask defines the number of the neighbouring cubes where multipole ex-
pansion is not valid [144]. The values were chosen as they were recommended and
written in the documentation. With the increase in accuracy, the computational time is
longer by ∼32 times. However, the computation time was also not affordable in this
specific case.

The increase in accuracy is manifested in the following. For the line at the centre along
the z direction (i.e. x = y = 0), the electric field components with the two settings in
Table B.1 are shown in Figure B.1.

There are still negligible but noticeable residuals at the top and bottom, i.e. very
close to the cathode and top screen. So a comparison was also made between direct
field calculation and the accurate FFTM. The direct calculation did not improve the
accuracy much. Hence, the effect is likely due to the discretisation error from these
electrodes. We decided to live with this for the moment, and the accurate FFTM
will be used, since the FFTM reduce the computational time by 5 times with similar
accuracy. Other Krylov solver parameters are shown in Table B.2.
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Figure B.1: Field at x = y = 0 with the two settings of the field solver.

Table B.2: Solver configuration and numerical parameters used in the KEMField simulation.

Parameter Value
Krylov Solver
Krylov type GMRES
Tolerance 1× 10−6

Maximum iterations 1000
Iterations between restarts 50
Fast Multipole Method Parameters
Top-level divisions 4
Tree-level divisions 2
Polynomial degree 7
Zeromask size 1
Maximum tree depth 8
Verbosity 3
Use region estimation true
Region expansion factor 1.1
Use caching true
Preconditioner Parameters
Preconditioner type implicit krylov
Tolerance 0.1
Maximum iterations 30
Iterations between restarts 50
Polynomial degree 2



Appendix C
Copper Pin Simulation

Copper pins with different shapes were used for the upgrade anode electrode, with
the drawing shown in Figure C.1. While it was expected that the absence of a head
would also reduce the electrostatic field around the pin, a 3D local field simulation
was performed to confirm the effect of the pins on the field. The following describes
techniques for setting boundary conditions, defining the region of interest, improving
meshing for efficiency and accuracy, and verifying the results.

The simulation tools were introduced in chapter 4. To recap, the local 3D simulation
was performed using COMSOL Multiphysics® [142] to solve the electrostatic equa-
tions using the FEM. The boundary conditions (BCs) of the simulation domain was
either taken from the global 2D axial symmetric model described in subsection 4.3.1 or
from symmetry planes. The latter BCs are commonly used to truncate the simulation
domain, enabling more efficient and accurate localised simulations while preserving
the global field configurations.

Figure C.2 shows the simulation geometry and the BCs. The anode pins in question
are highlighted in pink in the figure. Two types of pins were simulated, namely “H−”
and “H−”. Since the electric field inside conductors is zero, all conductors except the
anode pins are excluded from the simulation domain to reduce computational cost: the
anode electrode on top, the gate electrode at the bottom, and the gate pins. Between the
gate and the anode electrode frames, a PTFE block was installed to obstruct the line of
sight between the frames, thereby reducing the risk of breakdown. The gate electrode
was submerged in liquid xenon (LXe). Wires for the electrodes were also added for
completeness, although they did not contribute significantly in this simulation.

The top and bottom boundaries were set to the interpolated function given by the 2D
simulation mentioned in subsection 4.3.1. The front side was set to a symmetry BC,
as it is sufficiently far away from the region of interest, that is, around the copper pins.
The back side was grounded as it is the position of the bell, which regulates the liquid
level in XENONnT [35]. The two sides were set to periodic BC for the infinite array
of wires and the electrode frame to reduce computational time when using the actual
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Figure C.1: Different types of pins used for the anode electrode. All dimensions are in mm.
Pins labeled “H” have a head, while those labeled “N” do not. The clipping parts of the pin,
which exerted most of the force to fix the wire in place, were approximately 9 mm in length
and had a conical shape. The “++”, “+” and “-” signs indicate the maximum diameter of
clipping part of the pin to be 2.5, 2.2 and 2.1 mm respectively. The remaining part of the
pin, which had a thinner diameter, was the extension that held the pin in place just before the
insertion process.

bell (V = 0 V)

anode 

(V = 6.5 kV)

gate (V = -1 kV)

periodic BC

symmetry BC PTFE

LXe

GXe

functional BC

functional BC

Front

Back Pin H- Pin N-

Wire

Figure C.2: Geometry and boundary conditions (BCs) of the simulation. The rectangular
boxes label the BC. The ellipses label the material. The inset on the top-right-hand side shows
the geometry of the pins used in the simulation. The inset on the bottom-right-hand side shows
the geometry of the simplified wire.

geometry.

Figure C.3 shows the region of interest and the discretisations in the region. Other re-



Chapter C. Copper Pin Simulation 185

gions were adaptively discretised accordingly. For more simulation details, including
the verification with the 2D model and the discretisation.

Figure C.3: Discretisation of the region of interest

Results

Figure C.4 shows the resulting field lines in the case with the “H−” pin. The field
between the anode frame and the polytetrafluoroethylene (PTFE) block is higher than
other regions due to the difference in dielectric constant between PTFE and gaseous
xenon (GXe). With the PTFE block, there were no field lines connecting the anode
and gate frame. The maximum field in the region of interest is on the anode wire.
However, the field on the wire is locally high but non-hazardous. The field right
below the copper pin is also below the EL threshold for GXe, which is 25 kV/cm.

Figure C.5 shows the difference in Enorm between the result with and without the head
on the xz-plane. The field above the copper pin head was around 4 kV/cm higher than
the case with “H−” pin. Therefore, solely from the electrostatic point of view, “H−”
pin is more favorable.

From the results, the edge of the wire groove and the wires exhibited the highest field.
Figure C.6 shows a sample of the field profile across the grooves. In other words,
the edge of the groove is the limiting factor of achieving a low electrostatic field in
this design, but not the pins. Nevertheless, the actual value is likely to be lower than
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Figure C.4: Field lines in the case of the “H−” pin.

the value in the simulation due to the additional rounding from polishing. The exact
values of the field highly depend on the precise geometry, which is unobtainable.
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Figure C.5: Difference of Enorm (“H−” - “H−”) on the xz-plane.
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Figure C.6: Field profile across the groove in the yz-plane.



Appendix D
List of Features on the Cathode

The coordinates of the identified features, with an error of ± 1 cm, are shown in Fig-
ure D.1.

Figure D.1: Locations of all the identified defects.

The final status of all the identified features is shown in Figure D.2. The label on top
of each figure shows the (x, y) coordinates, which side of the cathode, and the repaired
method, if any. The (x, y) coordinates are consistent with Figure D.1. The top side
refers to the side of the cathode facing the drift region, and the bottom side refers to
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the side facing the bottom PMT array. Images of the features were mainly captured
by a hand-held microscope1, apart from extended features.

Figure D.2: List of all identified features. The label on top of each figure shows the (x, y)
coordinates, which side of the cathode, and the repaired method, if any.

1Brand: KEYENCE. Model: VHX-7000 digital microscope. Mobile camera: VHX- Z20R.



Appendix E
Self Triggering Mode of v1725 DAQ
Board

The schematic diagram of the self-triggering scheme of v1725 is shown in E.1. Each
channel, equipped with a digital discriminator, generates trigger signals when the digi-
tised input signal surpasses the threshold. The threshold can be configured individu-
ally for each channel. The trigger signals are processed in adjacent pairs (i.e. channel
0 and channel 1 are paired, and so on), referred to as ”groups”, to generate trigger re-
quests to the motherboard. Possible processing operations are ”AND”, ”OR”, ”ONLY
0”, or ”ONLY 1”. In this experiment, the ”OR” operation was used, also illustrated in
E.1. Then, the trigger requests from all groups, which at most 8 groups for 16 enabled
channels, are ORed to form a board common trigger, distributed back to all channels
for event acquisition.

In case coincidence is enabled by configuring the majority level > 0, the coincidence
is formed on the group level, but not on the channel level, within a specified time
window. For example, when the majority level = 1, at least two trigger requests
in coincidence within the time window are required to trigger the event acquisition.
Consider the trigger signals shaded in green in E.1, these signals are in coincidence
on channel level, but not in group level. To have channel-level coincidence, only half
of the v1725 board (i.e., 8 channels) can be enabled.
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CH0 threshold
CH0 input signal

CH0 trigger signal

CH1 threshold
CH1 input signal

CH1 trigger signal

CH2 threshold
CH2 input signal

CH2 trigger signal

CH3 threshold
CH3 input signal

CH3 trigger signal

Group 0
trigger request (OR)

Group 1
trigger request (OR)

common trigger
(no coincidence: 
majority level = 0)

common trigger
(majority level = 1)

coincidence
time window

Group 0
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Figure E.1: Schematic diagram of the self-triggering mode of v1725 DAQ board. Channel
4-15 is omitted without loss of generality. Blue solid lines represent the input signal, red solid
lines represent the triggering threshold set for individual channels, black solid lines represent
the logic signal, and vertical dashed lines serve as visual guides. Group 0 logic signals are
shaded in red, and those of Group 1 are shaded in yellow or green. Similarly, Group 2-7
are omitted in this diagram. In this particular example, the trigger requests from each group
are formed by the OR operation between channels within the group. Arrows mark the final
common triggers. Figure inspired by [236].
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