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ABSTRACT: Next-generation dual-phase time projection chambers (TPCs) for rare event searches will
require large-scale, high-precision electrodes. To meet the stringent requirements for mechanical
stability and high-voltage performance of such an experiment, we have developed a scanning setup
for comprehensive electrode quality assurance called GRANITE: Granular Robotic Assay for Novel
Integrated TPC Electrodes. GRANITE is built around a gantry robot on top of a 2.5m X 1.8 m
granite table, equipped with a suite of non-contact metrology devices.

We demonstrate the setup’s capabilities in two key areas: first, using laser scanners, we characterize
wire tension, and in an independent measurement wire deflection due to gravity and electrostatic
forces is determined. The setup achieves a precision of 20 um for the relative measurement of
only electrostatic displacement. Furthermore, GRANITE can measure gravitational sag down
to 200 pm in an absolute measurement; this precision improves to 50 pm when applying model-
based corrections for systematic effects. The performance achieved exceeds the needs for the
characterisation of the electrode sagging in future experiments, which typically aims to ensure a
maximal sag on the order of 500 pm.

Second, we use GRANITE'’s high resolution camera to image every wire of the cathode grid of
the XENONIT experiment. Subsets of these images are then hand sorted and used to train an
autoencoder, to reliably classify wire images as either pristine wires or images containing severe
anomalous features. These anomalies appear e.g. as staining and may be potential defects. The
interpretation of the classification results is complicated by the fact that most wire segments are
not spotless, but show a varying amount of anomalous features. Follow-up studies are needed to
identify the exact nature of such features on wires and if they cause effects (e.g. field emission)
which would prohibit the deployment of the corresponding wire as part of an electrode in a future
dual-phase TPC.
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1 Introduction

Liquid xenon (LXe) filled dual-phase time projection chambers (TPCs) have provided the most
stringent limits on weakly interacting massive particle (WIMP) dark matter (DM) [1-3] for WIMP
masses =5GeV/ ¢ to date. These detectors are the result of ambitious research and development
programmes increasing their size and decreasing their intrinsic background rates. Xenon filled
dual-phase TPCs have the ability to discriminate between nuclear recoils (NR, e.g. caused by
a WIMP), and electron recoils (ER, e.g. caused by y-radiation of trace ambient radioactivity).
This feature is key to the excellent background reduction of these detectors. Planning for the next
generation of xenon filled DM observatory has begun; it will cover a rich science programme of
low-background and rare-event searches, e.g. searches for Ov8 decays of 13Xe. Some of these
science channels will rely on the detection of events with very little energy deposited inside the
detector, e.g. coherent elastic neutrino nucleus scattering (CEvNS). First indications of this process
have been seen by current experiments [4, 5] and a future observatory is expected to discover it.
The XLZD collaboration is proposing a dual-phase TPC with approximately 3 m diameter
and height [6], where its design has been informed by the preceding detectors, in particular by
the XENONNT [7] and LZ [8] experiments. These TPCs — and PandaX-4T [9] — have electrodes
with 1 m to 1.5 m diameter, therefore XLZD aims at a scale more than doubling the current TPCs’
dimensions. The main electrodes are cathode, gate electrode, and anode. The gate electrode and
the anode sandwich the liquid-gas interface, whilst the cathode is located on the lower end of the
TPC. An interaction of a particle will produce primary scintillation light (S1) and electrons, which



move in the electric field (“drift field”) between gate and cathode towards the top of the detector. A
high electric field between gate and anode accelerates these electrons, so they have enough energy
to cross the liquid-gas interface. There they produce electroluminescence light in the xenon gas —
the S2 signal. S1 and S2 signals are both read out with arrays of light sensors at the top and bottom
of the TPC.

Particles interacting either via ER or NR deposit a different fraction of their energy in primary
scintillation light (S1) as well as primary ionisations (S2). The magnitude of the drift field
determines the amount of primary ionisations that recombines once more and thus contribute to the
S1 signal. In LXe optimal NR vs ER discrimination is achieved for a drift field on the order of a
very few 100 Vcm™! [10]. Thus, for 1 m of cathode-to-gate distance, a cathode voltages of at least
10kV is needed. Asperities or other defects on the electrode material may lead to field-emission of
electrons, in particular in the presence of high Ec. These electrons could mimic low energy signals
in the detector, contribute to the accidental coincident background, or — in the worst case scenario —
they could initiate breakdown between electrodes and render the detector unusable. Various values
can be found for the surface field at which electron emission occurs, e.g. ~1 X 10°Vem™! [11] or
~1 x 10* Vem™! [12], where the latter number has been observed in a dedicated dual-phase xenon
configuration, finding that the general surface treatment of the wire drives current emission, rather
than single protrusions. The Malter effect [13] causes electron emission from a cathodic surface,
such as the gate electrode or the cathode in a dual phase TPC, covered with a thin insulating layer,
e.g. certain oxides. Positive ions can accumulate on this layer and through their space-charge create
a localised electric field high enough to pull electrons from the conductor through the insulating
layer into the surrounding medium. This effect is of particular concern for gaseous detectors
[11, 14], and is discussed as a possible reason for electron emission in LXe filled detectors in the
preprint [15].

To construct a dual-phase TPC’s electrodes a careful inspection of the wires is needed. Wires
are unwound, cut, and mounted on a temporary frame. Then they are cleaned, e.g. in an ultrasonic
bath with alkaline soaps, rinsed, and passivated with a solution of a few percent of citric or nitric
acid to allow for an oxidation layer to build up [7, 16]. One motivation for the passivation processes
is to remove the existing oxidation layer from the wires and to form a new layer under controlled
conditions. Finally, the wires are stretched and mounted on a frame. A different order of these
steps is possible [16, 17]. The inspection of wires may happen by optical means, by testing the HV
performance, or a combination thereof.

Testing electrodes of the size needed for XLZD or another dual-phase TPC in a cryogneic
liquid is time-consuming. Therefore, such tests (as e.g. described in [18]) should be preceded by
tests conducted in air or a gas cheaper than xenon. For this reason, we have developed the setup
described in this paper. GRANITE, short for Granular Robotic Assay for Novel Integrated TPC
Electrodes, is capable of wire assessment via high-resolution images, as well as measuring wire
tension wire deflection with and without electric fields via laser distance sensors. It allows scans of
electrodes in excess of 2 m? area, while utilising methods that are transferable to larger setups.

The paper is structured as follows: In Section 2 the GRANITE setup is described. Section 3
shows example tension and sagging measurements using laser distance sensors, their results, and
discusses how these match the accuracy needed for the assay of future TPC electrodes. Then,
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Figure 1: (a) Schematic of the gantry setup on the 2.5x 1.8 m? granite table with coordinate system.
(b) Photo of the setup: In the foreground an acrylic glass box with a ~1.4 m diameter electrode can
be seen, whilst the arm with the metrology components described in the text is visible on the far, left
side of the table. (c) The different metrology components from left to right: Confocal microscope
(7) and — slightly higher — the high resolution (industrial) camera (if), the laser distance sensor (iif),
and the profile laser scanner (/).

we image the full XENONIT cathode grid [19] with the high-resolution camera of GRANITE. A
fraction of the resulting images are used to train an autoendocer for anomaly detection, classifying
images of wire segments either as pristine wire segments or such with visible features, which
may be defects. Finally, we conclude the full paper in Section 5 and give an outlook on additional
measurements, which may aid identifying the kinds of anomaly leading to problems inside a detector
as e.g. field emission of electrons from electrode wire surfaces.

2 The GRANITE setup

The GRANITE setup, shown in Figure 1, is built on a granite table, providing a smooth and level
surface of roughly 2.5 x 1.8 m?, as well as vibration damping due to its mass. A laminar flow unit
housing the granite table is used to keep the lab environment clean. The whole setup is located in a
temperature controlled lab at the PRISMA™* excellence cluster of the Johannes Gutenberg University
Mainz. Temperature, together with relative humidity, dew-point and atmospheric pressure are
recorded. A gantry robot is mounted on top of the table (“isel-system”), built from parts provided
by iselGermany, holding multiple optical measurement devices, visible in Figure 1c: (i) a confocal
microscope (NanoFocus usurf 350 HDR F, example image is shown in Fig. 2a), (ii) an industrial
camera [20] (Basler acA4600-7gc) with a telecentric lens [21] (field depth 1.5 mm, working distance
43.1 mm, example image Fig. 2b), (iii) a laser distance sensor [22] (optoNCDT 2300-20), and (iv) a
profile laser scanner [23] (scanCONTROL 3000). Each of these devices can be used for a different
measurement:

* 3D surface imaging of the wire with sub-micron precision (i)
* High quality pictures of the wire surface (ii)

» Sagging measurement of a single wire or multiple wires simultaneously, calibration measure-
ments of the table and gantry (iii), (iv)
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Figure 2: Illustration of the resolution of the (a) confocal microscope and a x50 lens, and (b)
the high resolution industrial camera. The region marked in blue shows the size of the confocal
microscope image. (c) Data obtained with the optoNCDT 2300-20 laser distance sensor when
measuring the distance of the sensor to the empty table. The sagging of the “gantry bridge” can be
seen as the valley at xjs~600 mm. Oscillations in zmeas as function of yjg are visible as well.

¢ Measurements of distance oscillations (iii)

The measurement devices can be moved with the gantry robot enabling scans of surfaces up to
an area of about 2.0 x 1.4m?2. Laser distance sensor and isel-system are identical to [24]. A
repeatability of +20 pum is quoted by the producer. The minimum step-size in direction of xjs; and
Yisel (Zisel) 18 5 um (2.5 pm).

A custom acrylic glass enclosure has been made which facilitates the inspection of the wire
electrodes under different electric fields in a controlled atmosphere (e.g. argon). Inside the enclosure
is an ultra-high polished stainless steel plate for grounding. Electrodes lie on top of acrylic glass
spacers. With this configuration, the electrodes can be examined at the desired electric fields. HV is
supplied from different CAEN power supply modules [25, 26]. Custom pyTHON software controls
the movement of the gantry robot, and the data acquisition of the camera and the laser distance
sensors, as well as the CAEN power supplies.

2.1 Gantry Features Visible in the Laser-Distance Measurements

Figure 2c shows a series of measurement points with the optoNCDT 2300-20 sensor over the full
area of the empty granite table. The table’s flatness after polishing was better than 14 pm [24] and
may have degraded subsequently. The figure shows a changing distance between laser sensor and



table surface as a function of position above the table, with a variation of more than 800 j1m between
the lowest and highest point. The sagging of the isel-system’s “gantry bridge” gives rise to the
valley at xijse; ~600 mm. The gantry is moved via ball screws. Each axis is supported and moved by
two such screws, which have zero clearance due to their pre-tension. Nevertheless, an oscillation
along the yjsej-axis of an amplitude less than 100 pm can be seen in Figure 2c. This is likely caused
by the way the axis are mounted to the table and/or the finite precision of the manufacturing of the
axis.

As reported in [24], there is a drift in time of the exact manifestation of the gantry features
(bridge sagging, oscillations) affecting the laser-to-table distance. The corresponding distance offset
depends on the exact xis|, Yise] coordinate and on the direction of movement to said coordinates. For
these reasons it is not viable to use a measurement as displayed in Figure 2c as a correction map for
future measurements. One can minimise the expected impact of these features on a measurement
by aligning an object under test in parallel to the yjs direction to not be affected by the bridge
sagging. However, the measurement will still show the oscillation along yjs. The highest precision
is reached when using relative measurements (e.g. of a wire grid with and without voltage applied),
as all position- and movement-dependent distance offsets due to the gantry cancel out, provided the
measurements are performed in short order. Therefore, our work presented in Section 3 relies on
relative measurements when possible.

In case of the scanCONTROL 3000 profile laser scanner, there is one more “feature” to take
care of. Figure 3a illustrates the way this laser scanner measures one-dimensional height profiles
Zlaser (Xlaser)- There are 2048 measurement points between —12.5mm < Xjpeer < 12.5mm. The
profile laser is mounted such that xj,s; is parallel to xijs;. Figure 3b shows a series of measured
laser scanner profiles of the granite table, whilst moving the profile laser scanner stepwise along
the gantry in xjs direction. The data in the figure indicates a tilt of the profile laser scanner
within the global x, z plane. This tilt can be described by a simple linear relation with varying
slope when moving along xis|, whilst the slope is constant when moving along yje direction. A
correction was derived by measuring and averaging over multiple measurements along yis for
constant xjsj. Figure 3c shows the data in Figure 3b after correction. The tilt correction is applied
to all measurements with the profile laser scanner.

Spikes and jitters visible in Figures 3b and 3c are due to the changing reflectiveness of the
granite table when the laser passes over grains of different colours. The height changes between the
six profiles within each of the two figures are due to the gantry bridge sagging.

3 Measurements of Wire Tension and Sag

3.1 Requirements on Electrode Sagging Measurements

In addition to the drift field, with its impact on NR vs ER discrimination (Sec. 1), there is also
the “extraction field” between gate electrode and the LXe-GXe interface. The field is created by
the potential difference between gate electrode and anode. To detect low-energy processes, e.g. a
low-energy nuclear recoil induced by a WIMP or CEvNS by solar neutrinos, it is crucial to operate
the TPC with a high extraction efficiency (€.x). Current experiments have achieved €.« values from
~50 % to ~80 % [27]. An extraction field E.y in excess of 6kV cm™! in liquid xenon yields 100 %o
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Figure 3: (a) A graphic from the data-sheet [23] of the scanCONTROL 3000 profile laser scanner
overlaid with the measurement coordinate system used in this paper. (b) Six height profiles above
the flat table surface measured by the laser scanner (yise; = 0 mm). Colours are used to distinguish
the measurements at different xjs) positions. The profile laser scanner’s tilt is visible from the left
to right in every profile. (c) The same data as in (b), but with the tilt correction applied. The height
differences between the profiles are due to the sagging of the gantry bridge, which changes the
distance to the granite table for different xjs positions.

extraction efficiency [28]. A potential difference between gate and anode of 7kV is required to
achieve this for 8 mm anode-to-gate-distance, a liquid level location at 4 mm above the gate, and
taking the dielectric constant of LXe as 1.96 [29]. The corresponding electric field in the xenon
vapour is 11.6kV cm™!. In order to achieve the desired electric field, the electrode deflection due
to the electrostatic attraction between gate and anode, as well as due to the buoyancy reduced
gravitational sag have to be well understood and stay in pre-defined limits. The electrostatic
attraction between gate and anode results in a reduction of the inter-electrode distance and an
increase of the electric field strength. The wire tensioning forces have to be sufficient to avoid large
deflections, thereby avoiding feedback which further reduces the distance and leads to unwanted
field non-uniformity. Starting from the forces acting on a line-element of a wire one can derive a
formula estimating the wire sagging (without buoyancy):

2
Zmin = Zmin,G * Zmin,E = _8v§/_1r;0 (fG + fE (Uwire)) (3.1
JG = Pwire " 7T - r\%vire g and  fg (Uyire) = /lq (Uwire) - E (Uyire) (3.2)

Here fg and fg are the gravitational and electrostatic force per unit length of wire. Furthermore,
Fwires lwire» and pyire are the wire radius, length, and density, g is the gravitational constant, Ty
the tensioning force, and A4 the charge density per unit length. For a wire with potential Uyire
suspended in parallel above a plane at zero potential in distance d, one can find

2
fom 20 i (3.3)

d- (arccosh (ﬁ))z




quantity ‘ value uncertainty

lwire (length) 880 mm 1 mm
d (distance: wire-plane) | 30.5 - 31.75mm | ~0.6 mm
Pwire (density) 7970kgm3 30kgm™3
I'wire (radius) 108 pm 1 pm

Table 1: Properties of the wires used for the sagging measurements and their uncertainties. The
density value (pywire) Was obtained from the suppliers web page [32] for stainless steel 316. As no
uncertainty was given we take half the difference between the different types of stainless steel 316
offered by that supplier. The distances d and their uncertainty are only approximates for all wires —
the exact value is directly measured for each wire.

Figure 4: (a) The frame on which wires for the sagging measurement are stretched and fixed; the
distance over which the wires hang free is 880 mm. (b) Detailed image of how wires are fixed with
screws, before being passivated with Kapton tape. (The images do not show specific wires used
during the measurement, as wires were changed during the course of the work presented here.)

This expression does not correspond to the electric field configuration in a TPC, but is the case
for the setup in this study (Sec. 3.3). These equations are valid for the limit of negligible elastic
deformation due to the wire deflection and the case where the increase of fg as a result of the
electrostatic deflection is small (i.e. no feedback) [14, 30, 31]. We can use Eqn. (3.1) to estimate the
sagging of an anode wire of a TPC with similar size to XENONnNT or LZ by choosing lyi. = 1.5m,
Fwire = 100 pm, pywire = 8030kg m~3 (stainless steel), d = 4mm, Ty = 10N and Uyie = SkV. The
maximal sag at the centre of the wire is then 670 pm (Zmin,c = 140 um, Zmin g = 530 pm). In case
of XENONNT, E. takes values between 2.9kV and 3.7kV [7], and the corresponding distance
variation is in excess of 0.5 mm. A setup to assay electrodes for future dual-phase TPCs should
therefore provide a precision better than 100 nm to cover the relevant sagging range. Tests with such
a setup could thus green-light an electrode for the next series of tests, e.g. in a LXe environment.
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Figure 5: Illustration of the wire tension measurement. From left to right: Distance measurement
by the optoNCDT 2300-20 laser distance sensor, zoom into the first panel highlighting the oscillation
of the wire, FFT of the data in the first panel where the harmonic frequencies found by our algorithm
are marked, zoom into the second panel focusing at the fundamental frequency.

3.2 Wire Stretching and Tension Measurement

Parallel wires in an electric field (O (1kV cm‘l)) are used to qualify the setup’s ability to measure
electrode sagging, as the small deflection due to electrostatic attraction enables the qualification
of the setup at the edge of its sensitivity. The expected sagging for a simple wire geometry can
be calculated straightforwardly, providing a clear validation for the measurement. Four wires were
stretched on a rectangular frame aiming at tensioning forces (7p) of 2N, SN, 8 N, and 10N. The
frame has a height of 25 mm, measured to where the wires are ultimately attached, and is placed
on a circular acrylic glass spacer of 5 mm height. Figure 4a shows the frame in the test box with
the polished stainless steel plate, whilst the wires’ fixation is displayed in Figure 4b. Each wire was
anchored with a screw on one side of the frame and then stretched using a tension spring balance,
keeping the direction of the tension close to the wire’s final location. Then, the other end of the wire
was fixed with a second screw. The distance d between ground plane and wires is measured with
the profile laser scanner, albeit at a different zjs; than used for the sagging measurement. Ranges
for d are quoted in Table 1. Given the magnitude of d, the relative uncertainty (6d)/d stays small.

The target tensions are listed in Table 2. The wires were aligned parallel to the yj direction
of the isel-system, achieving a maximal xjs offset between 0.5 mm and 1.5 mm over their full
length. To determine the wire tension, we excited oscillations in the wires by striking a tuning fork
(100 Hz) and placing it onto a corner of the frame. Following a common technique (c¢f. [30, 31]),
we calculate the wire tension (7p) from the measured fundamental frequency (f):

To =4+ pwire - 2+ Awire * f (3.4)

where Ayire 1S the wire cross-section [14]. The wire parameters were provided by the supplier [32]
(c¢f. Tab. 1). Their quoted accuracy on “dimensional” quantities is slightly worse than 1 jum, thus
we set 0rwire = 2 um. The same kind of wire has been used in [33]. To measure f, the optoNCDT
2300-20 laser distance sensor was placed close to the centre of each wire and sampled the change
in distance between laser and wire at 1.5 kHz. The first and second panels of Figure 5 show such
a 10 s long oscillation measurement and a 0.4 s zoom. Several measurements were performed per
wire. The total measurement duration is about 30s per wire, including moving the sensor to a
known location on the wire, the manual excitation, and the measurement itself. The scipy [34]



wire nb. | target Ty ﬁ + 6ﬁ To £ 6Ty | Zmin,G £ OZmin.G | Zmin £ OZmin
(N) (Hz) (N) (nm) (nm)
1 10 107.25+0.06 | 104 +0.4 -27+1 42+ 4
2 8 108.66 £ 0.03 | 10.7 £ 0.4 261 41+ 4
3 5 79.72 £0.02 | 5.8+0.2 —-48+3 =76+ 7
4 2 61.22+0.03 | 3.4=+0.1 -82+4 —-129 + 11

Table 2: Weighted mean (fn % 6 fn) of the measured fundamental frequencies of all wires as well
as the wire tension (7Ty = 07p) calculated from Eqn. (3.4) using the frequencies in this table and
the values in Table 1. The uncertainty 67y is dominated by the uncertainty on the wire properties.
Zmin,G * 0Zmin,G and Zmin + 0Zmin are the expected sagging amplitude due to gravity and the total
sagging (including gravitation and electric fields for Uy = 6000 V), respectively. These values
are calculated using Equations (3.1), (3.2) and (3.3), and the information in Table 1.
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Figure 6: A profile measured by the laser scanner of (a) a rod of the frame on which the wires are
mounted, and (b) of one of the wires.

implementation of a discrete one-dimensional fast Fourier transform (FFT) is applied to the data.
Then a custom algorithm identifies f;, as well as the subsequent harmonics (Fig. 5, third and fourth
panel). The final result for f;, is the mean of all identified harmonics, divided by their order number
(e.g. divided by 2 for the second harmonic). The uncertainty d f;, is taken as the standard deviation
divided by the number of harmonics identified in the measurement. As a last step, the weighted
mean [35] (fy) of the ten fi, 6 fi value pairs per wire and its uncertainty (6 f,) are calculated using
(6f1)~2 as weight.

The wire tension Ty is determined by using f}, + ¢ fy,, the wire properties listed in Table 1, and
Eqn. (3.4). Gaussian error propagation is used to calculate the uncertainty 67y. Table 2 summarises
the weighted mean of the measured frequencies and the calculated tension for every wire. The
measured Ty scatter around the desired tension, cf. target Ty in Table 2. During initial tests, the
experience was made that some tension is lost when fixing the wires with the screws. Compensating
for this effect resulted for most cases in slightly larger 7y. The range of tensions is sufficiently broad
to quantify the performance of our setup.

3.3 Sagging Measurement

Sagging measurements are “elevation profiles” of the height of the wire vs. a coordinate parallel to
the wire. For this set-up, the latter coordinate is yjs|, due to the almost parallel alignment of the



wires with the yjs direction of better than 0.1 °. The height of the wire (Zwire) is extracted from
wire profiles measured in few-mm intervals perpendicular to the wire direction. For 1 mm steps
in between measurement positions, it takes less than 45 minutes to scan along 1 m of yjs. Given
the ~2.5 cm width of the scanCONTROL 3000 laser-profile in xjsj, profiles of several wires can be
included in the same recording. For the measurement, the corrections discussed in Section 2.1 are
applied, and isel-system movement steps are kept the same. The same procedure is used to perform
measurements of the frame’s three rods (see the horizontal bars in Fig. 4a). Different settings of the
profile laser scanner were chosen for the measurement of the wires (exposure time: 2 ms, line rate:
250 Hz) and the frame rods (exposure time: 0.2 ms, line rate: 250 Hz). A longer exposure time
is needed to resolve the wires properly, whilst the shorter time chosen for the rod-profiles reduces
glare effects.

The rod-profiles serve as a reference measurement of the gantry induced distance offset,
recorded close in time to the wire sagging measurement. This data is also used to monitor that the
frame did not tip due to the electrostatic attraction between grounded plane and the frame when
HV is applied. Figure 6a shows an example profile of a frame rod, with a circle fitted to the data.
Such a circle is fitted to all rod profiles. Profiles where the fit failed (~17 %) are excluded. Most
failed fits correspond to rod-profiles with still present glare effects, distorting the expected circular
shape. The average rod radius (rf(;g“) of all fits passing the cuts is 12.45(3) mm, using the standard
deviation as uncertainty. The expected rod radius is 12.5 mm.

The example wire profile in Figure 6b shows how the laser scanner struggles to measure clear
wire profiles with their 216 pm diameter. Profiles of wires may seem erroneously broadened as a
result of the wires’ curvature, especially at the edges in xjaser direction [36]. The expected wire
geometry informs conservative quality cuts on the measured profiles, where 76.8 % of profiles pass

the cuts. Profiles excluded are predominantly located at the very end of the wires, where reflections
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where oo is the standard deviation and ngsler
aser

measured by the laser scanner. The uncertainty of the x position of the wire is defined analogously,

height of the wire is defined to be zyi. = median ( ) in the profile’s position. The uncertainty of

the number of data points in the respective profile

corr
laser

more stable against occasional outliers than e.g. the mean or the maximal 7,5, value.

whilst the position is defined as xyie = median (x ) + Xisel. The median and its uncertainty are

Absolute Sagging Measurement

This section details the necessary corrections of the raw elevation profiles, so that the absolute
sagging can be estimated, using the wires with the highest and lowest tension. These corrections
rely for the most part on the wire data itself. Plotting the zyire data vs yise] shows the raw elevation
profile of a wire (Fig. 7a and Fig. 7d). When looking at the figures, there is first a ~0.8 mm height
difference between the raw elevation profiles’ beginning and end, because the ground plane is higher
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Figure 7: First row: Wire at position mean (xyir) = 639 mm, tensioned with 7y = 10.4(4) N. (a)
Raw elevation profile along the wire as measured, (b) the same data after subtracting the tilt of
the frame (Cp; correction), and (c) the Cp; corrected data after subtracting the oscillations (Cgiy
correction). The last plot also displays the expected sagging curve for only the gravitational force
as well as the gravitational force and the electrostatic force combined. The black solid line is a
fit to the Uyire = 0V data, whilst the grey dashed line shows the same fit but subtracted with the
expected gravitational sagging. Second row: Wire at position mean (Xyie) = 669 mm, tensioned
with Tp = 3.4(1) N. The plots (d), (e), and (f) are analogues to the plots right above them.

on one side — most likely due to the glue layer fixing the plane to the floor of the acrylic box being
thicker there. The resulting angle is less than 0.06 ° for all wires. This tilt is subtracted using a first
order polynomial (P1) from the zyi values (Cp; correction, Fig. 7b and Fig. 7e). The parameters
of the P1 have been determined by measuring the height wire frame on both ends of each wire, and
then interpolating between these points.

The result after Cp; correction reveals various features introduced by the gantry axis and the way
how they are mounted to the table. A correction of the sinusoidal oscillations has been developed
using elevation profiles of the wire frame’s rods along yis;. The rod data was taken at the same
Zisel position and using the same yjs| steps/positions as for the measurements of the wires, albeit
being located at a different x5 location. The tilt of the frame rod is first subtracted, similar to
the Cp; correction of the wire elevation profiles. Next, a pre-fit of the sinusoidal component is
performed on the corrected rod elevation profile. The result is used to subtract the oscillations from
the data. After this step, the resulting elevation profile is fitted with a 10 order polynomial (P10)
using the numpy.polynomial package. Then the previously subtracted sinusoidal is added again
and the fitted P10 is subtracted from that data. A reapplied sinusoidal fit yields oscillations which
repeat every 100.2(1) mm, with an amplitude of 9.5(1) um, and a phase offset of 0.01(3) mm. The
oscillations remain the same when moving the gantry in Xjs Or Zjsel, provided the same movement
steps over the exact same yjg| positions are performed. Thus, these parameters are used to subtract
the isel-system induced oscillations from the wires’ elevation profiles (Cs, correction).
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Figure 8: Corrected elevation profiles of four different wires with varying tension, as indicated
above each plot. The legend in (d) applies to all plots. The corrections (Cp;, Csin and Cpjo) are
explained in the text. The wires in (a) and (d) are the same ones as displayed in the first and
second row, respectively, of Figure 7. The lower panel in every plot shows the residuals between the
Uyire = 0V (6000 V) data and the calculated gravitational (gravitational and electrostatic) sagging.

The elevation profiles after Cp; and Cij, subtraction are shown in Figure 7c and Figure 7f
for the Tp = 10.4(4) N and Tp = 3.4(1) N wire, respectively. The difference between the Uyire =
6000V data points and Uyie = 0V data points is clearly visible. Overlaid is a calculation of the
expected sagging for the gravitational force only (fg (Uywire) = 0) as well as for the gravitational and
electrostatic force:

. 2 2

Zwire (Visel, Uwire) = % : %O(UWHC) : ((yisel - ylsllellﬂ) - ZZ) (3.5)
The sagging of wires can either be described by a catenary or parabolic equation, but the latter is
preferred for tensioned wires [14]. The formula uses the parameters introduced in Eqn. (3.2) and
Eqn. (3.3), as well as the parameter yfshellﬁ = 1360.1 mm, which accounts for the shift of the centre
of the parabola. The general shape difference between the expected and measured curves is due
to not yet corrected gantry artifacts. For their removal we can neither use a measurement of the
frame rods nor stainless steel ground plane, as their flatness can well be worse than 50 pm. One of
the four stretched wires could be used as a calibration, if its sagging is taken into account, which

makes the measurement model dependent. To do so, a fully corrected elevation profile is fitted with
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Figure 9: Measurement of electrostatic sagging as explained in the text. A fit of Eqn. (3.6) to the
data is shown for all wires, together with the calculation of the expected sagging. The legend in (b)
applies to all four plots.

a P10 (black solid line in Fig. 7c). This curve describes gantry effects as well as the deflection
due to gravity, where the latter can be removed by adding the corresponding calculated sagging
curve. Subtracting this curve (dashed line in Fig. 7c) from a wire’s elevation profiles should yield
the parabola expected for a sagging wire. In Figure 8, the curve is subtracted from all elevation
profiles (Cpyg correction). For reference, the expected sagging for the 0V (calculated gravitational
sag in the figure) and the 6000 V (calculated grav. + elec. sag in the figure) applied HV is plotted
as well. Both match in case of the Ty = 10.4(4) N wire (Fig. 8a), which is the basis of the Cpg
correction.

The residuals between the measured sagging for Uyire = 0V and the calculated gravitational
sagging show a slight decreasing (Fig. 8b and Fig. 8c) or increasing (Fig. 8d) slope along the wire
direction. The residuals between the calculated sagging due to gravitational and electrostatic forces
and the Uyje = 6000V data follow the same trend. It is worth to note that after all corrections
are applied, there is often an up to ~25 um height difference at the beginning or end of the wire,
with respect to the expected zwire = O0mm, ¢f. Figures 7e, 7f. Based on the residuals between the
data after corrections and the predicted sagging by the calculation, we estimate the precision of the
corrected and model dependent absolute sagging measurement to be better than 50 um. Without
the use of the model, the precision is better than 200 um. Both are sufficient for the characterisation
of electrodes intended for future TPCs.
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Sagging Induced by Electrostatic Forces

The combination of all corrections (Cpy, Csin, Cp10) 1S based on subtracting a single value at each
position along a wire. When subtracting two measurements of a wire in a given yjg| position — one
reference measurement (z{}‘;’ifre) at Uyire = 0V and one at Uyie # 0V — the features induced by the
gantry (cf. above and in Sec. 2.1) drop out. For that reason, a measurement of only the electrostatic
sagging is not affected by the isel-system features. The plots in Figure 9 show the difference of
the Uyire = 6000V and Uyie = 0V measurements for all four wires. The square root of the sum
of the squared uncertainties is used as the uncertainty of the subtracted values. The parabolic
expression introduced in Eqn. (3.5) allows a factorisation between gravitational and electrostatic

sagging, therefore we can fit the electrostatic sagging as:

- \2 2

Zwire (Visel» Uwire) — Z{,Sifre (Vise1, 0 V) = po - ((lwzue) - (Yisel - yisilellft) ) (3.6)
The only fit parameter is pg and represents Zmin E lzi_, encoding the maximal sagging for a given
wire at the voltage Uy as written out in Eqn. (?iel). The fit result is shown as well in the
various panels of Figure 9 together with the calculated electrostatic sagging. The calculation and its
uncertainty overestimate the sagging by 5 pm to 10 pm, but the calculation assumes an ideal electric
field of a wire above a grounded plane. However, in the discussed measurements the electric fields
are reduced by edge effects from the frame. The first row of Figure 9 also illustrates that deflections
due to the electric field smaller than 20 pm can be measured. This is well below the requirement
for a sagging measurement defined at the beginning of this section.

4 Optical Analysis of the XENONI1T Cathode

Having established the performance of GRANITE when measuring wire tension and sagging for well
known test wires, we move now to the assay of a full electrode, the cathode of the XENONIT dual-
phase TPC [19]. Optical inspection complements the mechanical characterisation, as it allows to
identify local defects, which may impact the performance of the electrode inside the detector. When
the experiment was upgraded to become XENONNT, the XENONI1T cathode became available and
it served as first major use-case for GRANITE'’s assay-by-imaging capabilities.

This electrode is a grid with 124 parallel wires (7.5 mm pitch) and a total diameter of 95 cm. The
wires are gold plated stainless-steel with a diameter of 216 pm. From the operation of XENONIT,
regions with an elevated rate of single electron (SE) emission were already known before the optical
inspection. Scanning the cathode is thus motivated by the possibility to correlate damages observed
during the inspection with regions of enhanced SE emission inside the detector.

4.1 Measurement Procedure

For the assay, the cathode is placed on PTFE spacers on top of the granite table. Then, the Basler
acA4600-7gc camera equipped with the TC23016 telecentric lens is moved across the wire grid in
the manner illustrated in Figure 10a. Images are recorded along every wire. The lens projects non-
equidistant objects as same-sized objects onto the image plane. Wires appear in images thus as flat
objects, aiding defect recognition algorithms latter on. Multiple lighting configurations were tested
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Figure 10: (a) Illustration of the automated scanning procedure of the XENONIT cathode: The
scan starts at the outer most wire in the bottom left quadrant. Every wire is scanned beginning at
its centre, moving in both directions as indicated with the red arrow. Then, the isel-system moves
the camera along the longer red arrow by one wire pitch to scan the next wire. The colour-bar
encodes the zjs position for the respective wire, normalized to its average zjse; over the full wire.
This height for recording each image is determined by the autofocus algorithm explained in [37],
and shows sagging together with the isel-system induced height offset. The red diamond marks the
location of the HV connection within the experiment. (b) Different wire defects found on the grid.

and dark field illumination was found optimal for defect detection. At least three images are taken
at each position along each wire to establish the best focus. To do so, a passive autofocus algorithm
has been developed for GRANITE, moving the gantry in zjs to change the camera height when a
wire is out of focus. Figure 10a illustrates the height differences throughout the scan, which are
caused by the wire sagging and the gantry features discussed in Section 2.1 and Section 3. Further
details on the selection of the telecentric lens as well as on the workings of e.g. the autofocus can
be found in [37].

Throughout the fully automatised XENONI1T cathode scan, 8 400 images (75 GB in total) were
written to disk over a scan duration of 60 hours. Given the dark field illumination a perfectly smooth
surface would appear as dark in a camera image. Deformations or contaminations become visible
as they reflect light onto the camera sensor. Therefore, the greater part of the wires in Figure 10b
appear as black. Several features are revealed as bright spots or larger areas of discolourations.
Other features visible are salt remnants of the cleaning procedure (middle wire image), as well as
large-scale defects (right wire image).

4.2 TImage Classification with an Autodencoder

In order for a quantitative analysis of defects or other “atypical” regions on the wires of the
XENONIT cathode grid these regions need to be identified. Searching all images by eye is not
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feasible, therefore an autoencoder was used. An autoencoder is an unsupervised machine learning
algorithm, which has been historically employed for data compression, but is now widely relied on
to detect anomalies in input data [38]. The autoencoder classification distinguishes “least-concern”
(i.e. predominately dark) from “greatest-concern” (i.e. many bright features visible) images of
wire segments. This is done by teaching a convolutional neural network (CNN) with least-concern
image data to encode and reconstruct the given sample image. The difference between the input
image and the encoded-and-decoded image is measured by the mean square error (MSE), which is
a common loss function for this application. It measures the average squared difference between
each pixel value in the original input image and the decoded output image.

The autoencoder uses an under-complete architecture using 2D convolutional layers with
(8,4,4,8,3) filter employing 7x7 kernels and max-pooling layers (encoding side) or upsampling
layers (decoding side) in between. Hand scanned image data deemed least-concern from wires 70
to 125 — about 2000 images — have been selected as training data and is fed to the CNN. Doing so,
10 % of this data are held back for validation after each training epoch. Before feeding images into
the CNN, they are resized to 536 x 400 pixel, the colour channels are rescaled to values between
0 and 1, the image is randomly rotated by an angle between 0° and 45 °, and Gaussian noise is
applied with a standard deviation of 0.3. These steps are necessary to avoid over-fitting due to the
small training set. The output is evaluated against the input using the previously mentioned MSE.
The total number of trainable parameters is 6299, which is still in the same order of magnitude as
the available training set.

During training, all images from wires 63 to 69 are used to calibrate the loss value for the final
classification of wire segment images. Again, the images are hand scanned and group into least-
concern, greatest-concern, and everything in-between — depending on the abundance of possible
anomalies in these images. When feeding this data through the autoencoder, it is apparent that the
average loss value between the three classes separates after few epochs, and that least-concern and
greatest-concern exhibit the smallest and largest loss values (Fig. 11a). The latter fact, together
with the clear separation of the two “extreme cases” in Figure 11b, confirms that our classification
approach is sensible. Figure 11c shows furthermore, that a robust anomaly classification between
clean (least-concern) and problematic wire segments (greatest-concern) can be achieved with a loss
threshold of 77, = 7.4x 10~*. However, there is a large fraction of images fitting in neither category
clearly. This in-between population has a large tail towards higher loss values (Fig. 11d and Fig. 11c).
To select a clean sample of the greatest-concern class, a loss threshold of 74 .. = 1.5 X 1073 is
deemed necessary. For loss values > 7, ., almost exclusively greatest-concern segments remain. A
third threshold of 77 = 1.0x 1073 is defined. Loss values above that, select almost no wire segments
form the least-concern class and about 50 % of greatest-concern images, with approximate 10 %o
contamination from the in-between category.

4.3 XENONIT Cathode Grid Anomaly Discussion

Finally, the trained autoencoder is fed with the full set of images of the XENONIT cathode grid.
The obtained loss values (Fig. 12) are shown as a two-dimensional histogram, using a polar binning
based on the XENONIT voxelization during the experiment’s 3’Ar analysis [39]. The figure with
all its subplots demonstrates that segments with high and low loss values are evenly distributed over
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Figure 11: (a) Average loss value for least-concern and greatest-concern images of wire segments,
and such images, which fit neither classification well (in-between), after each training epoch using
unseen samples. The clear separation after a couple of epochs already indicates the validity of the
approach — least-concern samples should in general have a lower loss value than images showing
some anomaly. (b) Loss value distribution for passing previously hand selected calibration images
through the trained autoencoder. False-positive-rate and true-positive-rate as well as their difference
as function of the evaluation loss for running the classification on (c) least-concern and greatest-
concern images as well as (d) in-between and greatest-concern images. The different black lines in
(b), (¢), (d) are thresholds, to select between the different classes: losses smaller than 77 .. (greater
than 7, ) select predominately least-concern (greatest-concern) wire segments, with only little
contamination by segments in the greatest-concern (greatest-concern and in-between) category.
Loss values larger than the 77 threshold select ~50 % of greatest-concern images, with ~10 %
contamination from the in-between category.
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Figure 12: Binned loss maps based on feeding images within the inner 44 cm radius of the
XENONIT cathode grid through the autoencoder and comparing the result to the input data. Each
bin contains information of approximately 200 wire segments. The colour scale encode what
fraction of wire segments within the bin fall into the loss-threshold range indicated above the colour
bar. The following classes occur in the corresponding ranges: (a) 90 % least-concern segments,
50 % in-between segments, 30 % greatest-concern segments; (b) the same fraction of in-between
and greatest-concern segments, with little contamination from least-concern segments; (c) no
least-concern segments, more greatest-concern than in-between segments; (d) exclusively greatest-
concern segments. Percent values given are only approximate and are based on the calibration data
set. Bins with no wire segment images matching the conditions on their loss values are not filled.
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the whole cathode. The bins on edges of the gird appear as exceptions to that statement, despite
including only on all wire images within a inner, 44 cm radius, disk. However, at these edges the
light conditions can be different, due to shade from the cathode’s frame. Therefore it can not be
concluded that the wire quality is significantly worse in these regions.

The main result is thus, that the wires of this cathode grid are full of anomalous spots. This fact
makes a direct correlation with the observed SE emission in XENONI1T not feasible. Furthermore,
the gate electrode is at least as likely to have contributed to the SE emission inside the experiment
as the cathode. By optical inspection alone, and given the anomaly rate, there is no possibility of
telling which of these anomalies may lead to SE emission in the detector or may affect detector
performance in a different way. A direct, table top, test of field emission in an electric field is
needed, if the nature of potential defects visible in images is to be better understood. After a first
proposal of such studies can be found in [37] and first work on the topic in [40].

5 Conclusions and Outlook

To analyse whether large-area electrodes meet the stringent requirements for employment in future
dual-phase TPCs, we have developed the GRANITE (Granular Robotic Assay for Novel Integrated
TPC Electrodes) setup, incorporating laser-distance sensors, a high resolution camera and a confo-
cal microscope into a moveable gantry robot mounted on top of a granite table. All measurements
can be fully automated using custom software.

First, we demonstrate the setup’s ability to perform high-precision mechanical characterization
of electrode wires. With the laser distance sensors the setup can measure sagging directly, and inde-
pendently measure the wire tension of parallel-wire electrodes. For the relative electrostatic sagging
measurements a precision of 20 pm is achieved. While absolute wire deflection measurements are
limited by gantry-induced systematics, gravitational sagging can still be measured to values as low
as 200 pm. With the aid of reference measurements and models 50 pm can be reached. Overall, the
measurement precision is sufficient to characterize electrodes for future detectors.

Second, GRANITE is used to perform an optical scan of all wires of the XENONI1T cathode
grid (95 cm diameter, 125 parallel wires). The images resulting from a 60h scan with a high
resolution camera are then fed into an autoencoder, which is trained to classify between images with
spotless wire segments and such exhibiting anomalies. After training, the autoencoder can reliably
sort wire images into these classes. A global analysis of the full grid reveals that most images
show some anomalies. Therefore, it is not possible to correlate features on the grid with known
XENONIT detector performance parameters as e.g. known locations of SE emission. However,
the test demonstrates the fully automated optical scan of a real electrode.

Work is ongoing to integrate laser-distance sensors as well as high resolution cameras into a
new set-up, based on a collaborative robot (“cobot”), which will have the reach to scan up to 3 m
diameter electrodes. This will allow for a mechanical characterisation as well as high-resolution
imaging of XLZD-sized meshes or grids.

Furthermore, the observed prevalence of anomalies stresses the need for a wire-by-wire study
of local field emission in combination with high resolution imaging. Such a study may shed light
on what kind of anomalies lead to problems in a future detector, for example by emitting SEs
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and contributing to the background in a corresponding experiment. We report on this work, using
GRANITE once more, in [41].

Acknowledgements

This work has been supported by the Cluster of Excellence ‘“Precision Physics, Fundamental
Interactions, and Structure of Matter” (PRISMA*™ EXC 2118/1) funded by the German Research
Foundation (DFG) within the German Excellence Strategy (Project ID 390831469). The authors
thank L. F. Deibert for her help during the data taking.

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

[14]

(15]

XENON CoLLABORATION collaboration, First Dark Matter Search with Nuclear Recoils from the
XENONnNT Experiment, Phys. Rev. Lett. 131 (2023) 041003.

LZ CoLLABORATION collaboration, Dark Matter Search Results from 4.2 Tonne—Years of Exposure of
the LUX-ZEPLIN (LZ) Experiment, Phys. Rev. Lett. 135 (2025) 011802.

PanpaX CoLLABORATION collaboration, Dark Matter Search Results from 1.54 Tonne - Year
Exposure of PandaX-4T, Phys. Rev. Lett. 134 (2025) 011805.

XENON CoLLABORATION collaboration, First Indication of Solar 8B Neutrinos via Coherent Elastic
Neutrino-Nucleus Scattering with XENONnT, Phys. Rev. Lett. 133 (2024) 191002.

PanpaX COLLABORATION collaboration, First Indication of Solar 8B Neutrinos through Coherent
Elastic Neutrino-Nucleus Scattering in PandaX-4T, Phys. Rev. Lett. 133 (2024) 191001.

XLZD collaboration, The XLZD Design Book: Towards the Next-Generation Liquid Xenon
Observatory for Dark Matter and Neutrino Physics, Eur. Phys. J. C 85 (2025) [2410.17137].

XENON collaboration, The XENONnT dark matter experiment, Eur. Phys. J. C 84 (2024) 784
[2402.10446].

D. Akerib, C. Akerlof, D. Akimov, A. Alquahtani, S. Alsum, T. Anderson et al., The LUX-ZEPLIN
(LZ) experiment, Nuclear Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment 953 (2020) 163047.

PanDAX-4T CoLLABORATION collaboration, Dark Matter Search Results from the PandaX-4T
Commissioning Run, Phys. Rev. Lett. 127 (2021) 261802.

M. Szydagis et al., A review of NEST models for liquid xenon and an exhaustive comparison with
other approaches, 2211.10726v1.

Y.P. Raizer, Gas discharge physics, vol. 2, Springer (1997).

A. Tomds, H. Aratijo, A. Bailey, A. Bayer, E. Chen, B. Lopez Paredes et al., Study and mitigation of
spurious electron emission from cathodic wires in noble liquid time projection chambers,
Astroparticle Physics 103 (2018) 49.

L. Malter, Thin film field emission, Phys. Rev. 50 (1936) 48.

L. Rolandi, W. Riegler and W. Blum, Particle Detection with Drift Chambers, Particle Acceleration
and Detection, Springer Berlin, Heidelberg (2008), 10.1007/978-3-540-76684-1.

J. Va'vra, Electron Emissions and Hot spots in Dual-Phase LXe TPCs, 2508.01023.

~20-—


https://doi.org/10.1103/PhysRevLett.131.041003
https://doi.org/10.1103/4dyc-z8zf
https://doi.org/10.1103/PhysRevLett.134.011805
https://doi.org/10.1103/PhysRevLett.133.191002
https://doi.org/10.1103/PhysRevLett.133.191001
https://doi.org/10.1140/epjc/s10052-025-14810-w
https://arxiv.org/abs/2410.17137
https://doi.org/10.1140/epjc/s10052-024-12982-5
https://arxiv.org/abs/2402.10446
https://doi.org/https://doi.org/10.1016/j.nima.2019.163047
https://doi.org/https://doi.org/10.1016/j.nima.2019.163047
https://doi.org/10.1103/PhysRevLett.127.261802
https://arxiv.org/abs/2211.10726v1
https://doi.org/https://doi.org/10.1016/j.astropartphys.2018.07.001
https://doi.org/10.1103/PhysRev.50.48
https://doi.org/10.1007/978-3-540-76684-1
https://arxiv.org/abs/2508.01023

[16]

[17]

(18]

(19]

(20]
(21]
(22]
(23]
[24]

[25]
[26]

(27]

(28]

[29]

(30]

(31]

(32]
(33]

(34]

R. Linehan, R. Mannino, A. Fan, C. Ignarra, S. Luitz, K. Skarpaas et al., Design and production of the
high voltage electrode grids and electron extraction region for the LZ dual-phase xenon time
projection chamber, Nuclear Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment 1031 (2022) 165955.

K. Stifter and LZ collaboration, Development and performance of high voltage electrodes for the LZ
experiment, Journal of Physics: Conference Series 1468 (2020) 012016.

A. Brown, H. Fischer, R. Glade-Beucke, J. Grigat, F. Kuger, S. Lindemann et al., PANCAKE: a
large-diameter cryogenic test platform with a flat floor for next generation multi-tonne liquid xenon
detectors, Journal of Instrumentation 19 (2024) P05018.

XENON collaboration, The XENONIT Dark Matter Experiment, Eur. Phys. J. C 77 (2017) 881
[1708.07051].

BASLER, “Baseler ACE: acA4600-7gc.”

OPTO ENGINEERING, “Telecentric Lens TC23016.”
ue MICRO-EPSILON, “optoNCDT 2300.”

pe MICRO-EPSILON, “scanCONTROL 3000.”

P. Bernhard, A. Brogna, S. Caiazza, A. Diidder, P. Giilker, C. Kahra et al., Construction of large-area
micro-pattern gaseous detectors, in 2016 IEEE Nuclear Science Symposium, Medical Imaging
Conference and Room-Temperature Semiconductor Detector Workshop (NSS/MIC/RTSD), pp. 1-4
(2016), DOL.

CAEN, “4 Ch Reversible 8 kV/3 mA (8 W) NIM HV Power Supply Module (USB).”

CAEN, “4 Ch Reversible 5.5 kV/300 pA Desktop HV Power Supply Module
(USB/Ethernet/T.screen).”

A. Kopec, Design Challenges for a Future Liquid Xenon Observatory, Journal of Advanced
Instrumentation in Science 2024 (2024) .

J. Xu, S. Pereverzev, B. Lenardo, J. Kingston, D. Naim, A. Bernstein et al., Electron extraction
efficiency study for dual-phase xenon dark matter experiments, Phys. Rev. D 99 (2019) 103024.

W.E. Schmidt, The basic properties of liquid xenon as related to its application in radiation detectors,
in International Workshop on Technique and Application of Xenon Detectors, pp. 1-16, 12, 2001.

S. Sudou, N. Khalatyan, Y. Kurihara, T. Abe, K. Fujii, A. Sugiyama et al., Measurements and
calculations of gravitational and electrostatic wire sags for a 4.6 meter long drift chamber, Nuclear
Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment 383 (1996) 391.

A. Baldini, H. Benmansour, G. Cavoto, F. Cei, M. Chiappini, G. Chiarello et al., The measuring
systems of the wire tension for the MEG II Drift Chamber by means of the resonant frequency
technique, Nuclear Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment 1045 (2023) 167534.

California Fine Wire, “Stainless steel wire.”

A. Elykov et al., Development & Characterization of Electrodes for large-scale Xenon Time
Projection Chambers, Submitted to JINST (2025) [2511.16408].

The SciPy community, “SciPy: Fundamental algorithms for scientific computing in Python.”

21—


https://doi.org/https://doi.org/10.1016/j.nima.2021.165955
https://doi.org/https://doi.org/10.1016/j.nima.2021.165955
https://doi.org/10.1088/1742-6596/1468/1/012016
https://doi.org/10.1140/epjc/s10052-017-5326-3
https://arxiv.org/abs/1708.07051
https://doi.org/10.1109/NSSMIC.2016.8069756
https://doi.org/https://doi.org/10.31526/jais.2024.480
https://doi.org/https://doi.org/10.31526/jais.2024.480
https://doi.org/10.1103/PhysRevD.99.103024
https://doi.org/https://doi.org/10.1016/S0168-9002(96)00818-2
https://doi.org/https://doi.org/10.1016/S0168-9002(96)00818-2
https://doi.org/https://doi.org/10.1016/S0168-9002(96)00818-2
https://doi.org/https://doi.org/10.1016/j.nima.2022.167534
https://doi.org/https://doi.org/10.1016/j.nima.2022.167534
https://arxiv.org/abs/2511.16408

(35]

(36]

[37]

(38]

(39]

(40]

[41]

Weighted arithmetic mean, in The Concise Encyclopedia of Statistics, (New York, NY), pp. 565-566,
Springer New York (2008), DOI.

X. Hua, D. Ding, Y. Miao, J. Lin and F. Xu, Analysis and compensation of object surface inclination
error based on line laser sensor, in 2024 China Automation Congress (CAC), pp. 4264-4269, 2024,
DOI.

D. Wenz, Commissioning of the world’s first water Cherenkov neutron veto and first WIMP dark
matter search results of the XENONnT experiment, Ph.D. thesis, Johannes Gutenberg-Universitét
Mainz, 2023. 10.25358/openscience-9654.

V. Belis, P. Odagiu and T.K. Aarrestad, Machine learning for anomaly detection in particle physics,
Reviews in Physics 12 (2024) 100091.

XENON collaboration, Low-energy calibration of XENONIT with an internal 3 Ar source, Eur. Phys.
J. C 83(2023) 542 [2211.14191].

S.A. Mitra, Corona discharge as a tool for identifying thin wire surface irregularities, bachelor’s
thesis, Johannes Gutenberg-Universitit Mainz, 2023.

S. Mitra, A. Deisting, J. Lommler, U. Oberlack, F. Piermaier, Q. Weitzel et al., GRANITE:
High-Resolution Imaging and Electrical Qualification of Large-Area TPC Electrodes, Submitted to
JINST (2025) [2511.11401].

22 _


https://doi.org/10.1007/978-0-387-32833-1_421
https://doi.org/10.1109/CAC63892.2024.10865538
https://doi.org/https://doi.org/10.1016/j.revip.2024.100091
https://doi.org/10.1140/epjc/s10052-023-11512-z
https://doi.org/10.1140/epjc/s10052-023-11512-z
https://arxiv.org/abs/2211.14191
https://arxiv.org/abs/2511.11401

	Introduction
	The GRANITE setup
	Gantry Features Visible in the Laser-Distance Measurements

	Measurements of Wire Tension and Sag
	Requirements on Electrode Sagging Measurements
	Wire Stretching and Tension Measurement
	Sagging Measurement

	Optical Analysis of the XENON1T Cathode
	Measurement Procedure
	Image Classification with an Autodencoder
	XENON1T Cathode Grid Anomaly Discussion

	Conclusions and Outlook

