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Abstract

The dual-phase xenon time projection chamber (TPC) is a powerful tool for direct-detection experiments
searching for WIMP dark matter, other dark matter models, and neutrinoless double-beta decay. Suc-
cessful operation of such a TPC is critically dependent on the ability to hold high electric fields in the
bulk liquid, across the liquid surface, and in the gas. Careful design and construction of the electrodes
used to establish these fields is therefore required. We present the design and production of the LUX-
ZEPLIN (LZ) experiment’s high-voltage electrodes, a set of four woven mesh wire grids. Grid design
drivers are discussed, with emphasis placed on design of the electron extraction region. We follow this
with a description of the grid production process and a discussion of steps taken to validate the LZ grids
prior to integration into the TPC.

Keywords: Xenon, TPC, HV, Electrode, Noble Liquid

1 Introduction

The LUX-ZEPLIN (LZ) experiment is a low-
background rare event search detector located
4850 feet below the surface at the Sanford Under-
ground Research Facility (SURF) in Lead, South
Dakota, USA [2]. Its primary goal is to search for
scatters of WIMP dark matter [3] on xenon nu-
clei. However, it will also conduct other rare event
searches, including those for coherent neutrino-
nucleus scatters (CEνNS) of solar 8B neutrinos
and supernova neutrinos on Xe [4], axion-like par-
ticle (ALP) interactions, and neutrinoless double
beta (0νββ) decay from 136Xe [5]. The variety
of rare physics searches requires LZ to detect and

∗Corresponding authors: rlinehan@stanford.edu and
mannino2@wisc.edu

reconstruct interactions across a wide range of re-
coil energies, from a few keV for scatters of dark
matter candidates with masses of approximately
1 GeV/c2, to 2.458 MeV for 0νββ decay from
136Xe.

LZ’s inner detector is a dual-phase xenon time
projection chamber (TPC) with a 7 tonne active
(5.6 tonne fiducial) target mass. Energy deposi-
tions in the bulk liquid xenon (LXe) create two
light signals detected by arrays of photomultiplier
tubes (PMTs) at the top and bottom of the TPC.
An example of a simulated event containing these
two signals is shown in Figure 1. The first signal
(S1) is a prompt, sharply-peaked flash of scintil-
lation light observed within approximately 100 ns
of an interaction. The second signal (S2) is cre-
ated once free electrons from ionization following
the initial interaction drift upwards through the
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Figure 1: A waveform of a sample low-energy scatter event simulated in the LZ detector geometry[1]. This waveform is
produced by summing the light signals observed in every photomultiplier tube (PMT). The S1 (green) and S2 (blue) pulses
are separated by 700 µs, which together with the electron drift velocity in LXe indicates the depth of the interaction in the
detector.

bulk xenon. This drift is accomplished by an elec-
tric field created between a cathode electrode grid
and gate electrode grid, which straddle the bulk
of the liquid xenon (Figure 2). Upon reaching the
liquid surface, these electrons are extracted into
a thin gas-phase xenon region. There, they pro-
duce electroluminescence light in a strong electric
field created between the gate grid (below) and an
anode grid above. The width of the S2 pulse is
partially determined by the time that each elec-
tron spends drifting in the gas, and is partially
determined by the vertical spatial extent of the
electron cloud when it reaches the surface. For
single electrons (SEs), the pulse width is expected
to be approximately 1 µs. The position of the in-
teraction in the plane perpendicular to the TPC
axis (the xy plane) can be reconstructed to within
about 0.5 cm1 using the pattern of detected elec-
troluminescence (S2) photons in the top PMT ar-
ray. The time difference between the S1 and S2
can be as large as 800 µs, and can be used to
find the depth of the interaction below the liquid
surface. By combining xy and depth information,
three-dimensional event position reconstruction is
achievable. This allows discrimination of poten-
tial dark matter interactions, which should occur
uniformly throughout the detector, from periph-
eral interactions caused by radioactivity in the cav-
ern walls, in the detector materials, and on detec-
tor component surfaces. An instrumented “xenon
skin” region just outside of the TPC but within
the inner cryostat vessel (ICV) provides additional
shielding from such radiation, and enhances the
ability to reject multiply-scattering gamma-rays
from ambient radioactivity.

1This estimate varies with S2 size, and is quoted for the
WIMP search S2 threshold size.

LZ critically depends on its electrode grids to
create strong, uniform electric fields for drifting
free electrons and creating the S2 light. These
grids span the 1.456 m diameter of the TPC, and
in doing so promote drift and extraction field uni-
formity. However, this full xy coverage comes at a
cost – the grids partially obscure S1 and S2 light,
and may also create field-induced and radiogenic
backgrounds that are challenging to reject (Section
3.1). To ensure that the grids could successfully
create strong enough drift and extraction fields
without substantially reducing WIMP search sen-
sitivity in these ways, a dedicated grid design and
production program was conducted between 2014
and 2019.

In Section 2 of this paper we motivate and dis-
cuss the design of the LZ high-voltage electrodes.
We also describe the design of the extraction re-
gion, which is responsible for the creation of the
S2 signal. We note however that this work does
not cover the design of the complex cathode HV
connection, described in Ref [2]. In Section 3, we
discuss the environment and process used in elec-
trode fabrication. We finish with Section 4, where
we discuss the steps taken to validate the grids and
extraction region ahead of installation in the TPC.

2 Grid and Extraction Region De-

sign

2.1 Drivers of Electric Field Design

Optimal performance of a dual-phase xenon
TPC requires electric fields that are strong enough
to remove free electrons from an interaction site,
drift them through the liquid, extract them into
the gas, and create the electroluminescence signal.
At the same time, it is important to maximize field
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Figure 2: The HV electrode configuration for the LZ TPC, shown next to a photograph of the fully assembled TPC. In
the diagrams, light purple implies gaseous xenon, and dark purple implies liquid xenon. The electroluminescence field
(10 kV/cm) is located between the liquid surface and the anode, and the extraction field (5 kV/cm) is located in between
the gate and the liquid surface. The locations and sizes of the wires in the diagram are not to scale.

uniformity and minimize stray fields that could in-
duce electrical breakdown.

Efficient discrimination between nuclear recoils
and electron recoils using a charge-to-light ratio
favors maintaining a drift field between 240 and
290 V/cm [6]. Lower drift fields reduce discrimina-
tion between the two types of recoils. Lower fields
also decrease the electron drift velocity, which falls
off more quickly with decreasing field below about
100 V/cm [7]. This increases the average time be-
tween an S1 and an S2, resulting in an undesirable
increase in the rate at which uncorrelated interac-
tions pile up into a single drift window. A lower
drift velocity also increases the time td over which
an electron cloud will drift, resulting in a diffusion-
induced S2 pulse width increase that goes as

√
td.

These changes can make S2 pulse identification
and S1-S2 association more challenging, which can
reduce WIMP scatter detection efficiency. All of
these factors motivate maintaining a strong drift
electric field.

To produce useful electroluminescence sig-
nals, dual-phase xenon TPCs must maintain even
higher fields at the liquid/gas interface and in the
gas. Fields of at least 5 kV/cm just below the
liquid surface are required for >85% efficiency of
electron extraction from the liquid xenon into the
gas [8]. Achieving such a high extraction efficiency
has an added benefit of reducing backgrounds due
to delayed electron emission from the liquid sur-

face [9]. Once in the gas, the number of pho-
tons produced per unit distance traveled in xenon,
dNp/dx, can be parameterized by

dNp

dx
= αE − βP − γ, (1)

where E is the electric field, P is the pressure,
and α, β, and γ are empirical parameters given
in Ref. [10]. One can then see that the onset
of electroluminescence in saturated xenon vapor
at 1.8 bar(a) (the nominal detector pressure) oc-
curs at a field of 2.7 kV/cm. To ensure a suffi-
ciently large number of photons for reliable energy
and position resolution, the fields in this region
are typically held much higher, often around 6–
8 kV/cm [11, 12].

Maintaining drift and extraction field unifor-
mity is critical for dual-phase TPCs to function
properly. Drift field uniformity is key to accurately
reconstructing the event location and simplifies the
identification and rejection of events at the TPC
walls. Since these wall events are overwhelmingly
radiogenic in origin, this capability plays an im-
portant role in discriminating WIMP signals from
background. Field uniformity in the electron ex-
traction region is also beneficial, as nonuniformi-
ties introduce an xy dependence to the electrolu-
minescence yield and extraction efficiency. The
imperfect correction of these spatial effects leads
to degradation of the S2 (and therefore energy)
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Figure 3: A photograph of the anode grid, displaying the basic structure of an electrode grid. Note that the guard ring is
not included in this photo.

resolution. Maximizing energy resolution is criti-
cal for increasing sensitivity to (0νββ) decay [5].

While it is necessary to maintain strong and
uniform drift, extraction, and electroluminescence
fields, it is also ideal to minimize fields elsewhere
in the detector as much as possible. This reduces
sporadic, field-induced electron emission that can
mimic or substantially distort S2s from low-energy
scatters like CEνNS and low-mass WIMP recoils,
where S2s are made from only a few electrons [13].
This is particularly important to consider for the
grid wires, where the electric field strength can
reach 50 kV/cm or higher, and where emission
can vary significantly depending on microscopic
surface defects that are hard to eliminate or con-
trol [13, 14]. Minimization of stray fields also low-
ers the likelihood of electrical breakdown, in which
electronic current between electrodes increases in
an uncontrolled manner and risks damage to TPC
components.

2.2 The LZ High Voltage Grids

The LZ TPC uses four high-voltage (HV) elec-
trode grids to create the drift and extraction fields,
as shown in Figure 2. The gate, cathode, and
anode positions and operating voltages achieve a
nominal 0.3 kV/cm drift field between the cathode
and gate and an extraction field of 5 kV/cm in the
liquid (∼10 kV/cm in 1.8 bar(a) xenon gas) be-
tween the gate and anode. The bottom grid is re-
sponsible for shielding the bottom PMTs from the
strong (3.5 kV/cm), upward-pointing fields in the
region below the cathode. A similar shield grid po-
sitioned below the top PMT array was considered
but rejected. The field there is lower (1.0 kV/cm),
reducing the need for such a grid. Using such a
grid to lower the field at the top PMTs also would
enhance the field below this grid, which is unde-
sirable in the gas as it could enhance stray elec-
troluminescence signals. Moreover, implementing
such a grid in the gas phase would have added

additional complexity to the mechanical and HV
design of the above-anode region, making the cost
of adding a fifth grid outweigh the grid’s benefits.

Each grid is a mesh woven with thin stainless
steel (SS304) wire. This mesh is attached to a set
of rigid SS304 rings with a low-outgas epoxy de-
signed for cryogenic applications (Figure 3). The
radii of these rings were chosen to be as large
as possible while still maintaining sufficient dis-
tance between their high voltage surfaces and the
grounded ICV wall at a radius of 78.9 cm.

The grids will each deflect (‘sag’) due to elec-
trostatic pressure from the fields in the various
TPC regions. The anode and gate will deflect by
roughly a millimeter toward each other, and the
cathode and bottom will deflect toward each other
less. A desire to limit these deflections and the
resulting field nonuniformities motivated many of
the design decisions for the grids. This was partic-
ularly important for the extraction region, where
small, mm-scale grid deflections are non-negligible
compared to the 1.3 cm undeflected separation of
the gate and anode. In this region, such deflec-
tions change both the field strength in the gas and
the distance over which extracted electrons travel
to the anode, resulting in measurable changes to
the size and shape of S2 pulses.

2.3 HV Electrode Grid Design

The most critical decisions made in the design
of the HV electrodes were the selection of a woven
wire mesh, the method of attaching the mesh to
its rings, the design of the ring sets, the selection
of a wire material, the selection of a mesh density,
and the choice of a wire tension.

2.3.1 Selection of Woven Wire Mesh

Four potential electrode designs were consid-
ered for LZ: planes of parallel wires, crossed unwo-
ven planes of wires, etched grids, and woven wire
meshes [15].
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Electrostatic considerations generally favored
woven meshes for two reasons. First, studies of
S2 resolution strongly favored the use of a spa-
tially uniform structure for the anode plane, sim-
ilar to the wire mesh anode used in LUX [13].
Wire meshes and grids chemically etched from thin
foil [16] were found to be superior to simple par-
allel wire planes with regard to maximizing elec-
tric field uniformity. Crossed wire planes were also
disfavored here, as the planes would have deflected
away from each other once the grid was taken to
voltage, decreasing field uniformity. The second
reason why meshes were electrostatically desirable
was due to their smooth electrode surface. Etched
grids were thought to be somewhat less advanta-
geous due to the rectangular cross sectional shape
of the metal elements. Sharp corners left by the
etching process create higher fields on the elec-
trode surface than what would be present on round
wires, and are therefore less ideal for limiting elec-
tron emission.

Mechanically, woven meshes were also the su-
perior design choice at LZ’s 1.5 meter scale. Grid
tension needed to be sufficiently strong and uni-
form to prevent excessive electrostatic deflection.
Parallel wires strung only along one axis can, if
tensioned sufficiently, introduce a substantial non-
uniform load in the supporting ring. In such a
scenario, rigid, high mass rings must be used to
limit out-of-roundness. However, this increases
the radiogenic background from the rings. It also
increases the probability that the rings will ob-
scure secondary scatters of gamma-rays and neu-
trons with insensitive “dead” mass, mass that
displaces sensitive xenon where these interactions
would otherwise occur. A design with unwoven
crossed wire planes oriented at right angles to each
other reduces the nonuniform load in the sup-
porting ring, but also dangerously encourages a
3D saddle-like ring deformation. Moreover, if the
common strategy of individually securing wires to

Figure 4: Top: a photo of the epoxy connection between
the cathode wires and base ring, taken just after glue de-
position. Bottom: a photo of the cathode wires secured
to the glue and base ring, taken after glue curing and grid
cutdown.

the ring is used in either a crossed or parallel plane
design, tensioning all wires uniformly is challeng-
ing. This task must be done iteratively, as chang-
ing an individual wire’s tension can also change
the tension in the others if the supporting rings
are not sufficiently rigid [11]. Use of sophisticated
wire-winding machines for tensioning, as was done
for the ZEPLIN-III cathode [17], was possible but
was deemed cumbersome at this scale for a circu-
lar ring. As a result, the parallel and crossed wire
plane designs were disfavored. In contrast, wo-
ven meshes and etched grids provide a more prac-
tical means for achieving uniform and isotropic
tension in the electrode. However, these designs
initially proved difficult to scale to a 1.5 meter
diameter electrode. Fine commercial meshes at
this scale were unavailable. In addition, smaller
commercially-available test meshes tensioned at
the 1 meter scale tore at tensions far below those
desired for use in LZ, and did not allow for conve-
nient setting and assessment of tension throughout
the grid. To overcome these obstacles, the decision
was made to produce a mesh using a custom-built
loom. In this way, each wire could be brought to
a predefined tension of 2.45 N before being wo-
ven into the grid, ensuring that uniform tension
was applied across the electrode at all times dur-
ing and after the construction process. The woven
wire mesh design was deemed suitable for all four
of the LZ grids, and as a result all four grids were
constructed on this loom.

2.3.2 Mesh-Ring Attachment Method

The grid mesh-to-ring connections needed to
be resistant to outgassing and cryogenically ro-
bust. Within these constraints, a connection with
a smaller radial footprint was advantageous, be-
cause it would reduce the dead mass within the
grid rings, and would help limit fields between the
ring and the ICV wall. Lastly, the method of im-
plementing the connection needed to be simple and
resistant to human error. The last two constraints
discouraged the use of individual wire-ring connec-
tions. Due to the woven mesh structure, such in-
dividual attachment points could substantially in-
crease the size and design complexity of the rings.
In the final design, a low-outgassing cryogenic
epoxy from MasterBond (part no. EP29LPSP)
was used to secure the wires in a single, contin-
uous glue “joint” between a lower (base) and up-
per (glue) ring (Figure 4). Plastic (PMMA) spacer
beads were added between the rings to prevent the
glue ring from putting a direct load on the wires.2

2During development, wires broke under the glue ring
prior to the introduction of the spacer beads. This was
thought to be due to nonuniform load on the wire crosses
introduced by tiny imperfections in the ring flatness.
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Figure 5: A cross sectional view of the components of the
cathode ring set, showing glue and base rings of equal thick-
ness. The image shown does not represent all ring sets,
but all ring sets have the basic three-ring form shown here.
Cross sections of the gate and anode ring sets showing their
large base rings and thin glue rings can be seen in Figures
6 and 9.

These beads were 212–250 µm (250–300 µm) in di-
ameter for the gate and bottom (anode and cath-
ode) grids, with sizes based on the selected wire di-
ameter for each grid (see Section 2.3.5). The shear
strength of the EP29LPSP epoxy was large enough
that even for the narrowest glue surface, the wire
tension required to break the glue joint was about
30 N, approximately ten times higher than the wire
tensions considered for use with the grids.3 As a
result, this epoxy connection simplified the ring
design and safely permitted ring widths below 1
cm. While these advantages came at the cost of
developing an automated glue dispensing system
for reproducible application of epoxy (Section 3.2),
they were significant enough to motivate selection
of the epoxy connection in the final electrode de-
sign.

2.3.3 Ring Set Design

The grid ring sets were designed in part to
accommodate the selected mesh-ring attachment
procedure. Each was built out of three rings: a
“base” ring, a “glue” ring, and a “guard” ring, as
shown in Figure 5. A small trough (the “moat”)
was included on the inside of the base ring to cap-
ture any excess glue attempting to flow inward to-
ward the grid. The guard rings were designed to
create field-free regions for any small wire ends
protruding outward from between the glue and
base rings. Without this design, fields on these
ends could extend well into the range of MV/cm,
leading to electrical breakdown or electron field
emission.

Each ring set had unique design features ac-
cording to the grid’s role in the detector. The

3This safety factor may have been lowered somewhat
given the grids’ non-standard cure schedule (described in
Section 3.3.5), but it is not expected to vanish completely.

bottom and cathode grids were generally kept as
light as possible to reduce their radioactive foot-
print and dead mass. The cathode ring’s OD was
kept as small as possible to maximize the distance
from the ring to the grounded ICV wall and thus
minimize the field in between. Because the cath-
ode and bottom rings were fairly light, the plane of
the wire mesh was designed to be near the vertical
center of the ring set to minimize the wire ten-
sion’s tendency to twist the rings around the axis
perpendicular to the ring cross section. This led to
glue and base rings of nearly equal height. In con-
trast, large, high-rigidity base rings were needed
to provide mechanical support for the extraction
region. This rigidity easily resisted torsional forces
of the wires, allowing the glue and guard rings to
be made very thin. The glue rings for the anode
and gate therefore served more as a well-defined
equipotential and buffer between xenon and epoxy
than a structural addition to the grid. This de-
sign with minimally thin glue rings was also nec-
essary to minimize the field between the anode
and gate ring surfaces. Keeping this field low was
critical to suppressing gate ring field emission and
any spurious “S2-like” signals that it could create.
SS304 was chosen as the material for all rings, as
it was relatively simple to machine (compared to
titanium, for example) but didn’t compromise on
strength.

2.3.4 Wire Material

The wire material was selected by weighing the
optical, thermal, electrical, tensile, and radiogenic
properties of the candidate materials. Table 1
compares many of these properties for several dif-
ferent materials.

Optical raytracing simulations demonstrated
that within the highly reflective TPC, the grid
wire parameters are important in determining the
overall light collection efficiency (LCE) [25]. This
fact favors smaller wire diameter or larger pitch.
However, the wires must also be tensioned to limit
electrostatic deflection, which favors a thicker wire
or smaller pitch. To limit deflection without de-
creasing the LCE, one can select a stronger wire
material. Stainless steel 304’s (SS304) high yield
(YTS) and ultimate (UTS) tensile strengths best
accomplished this balance. Moreover, even though
the reflectivity of SS304 for the VUV luminescence
of xenon near 175 nm varies depending on the sur-
face finish, it is expected to be higher than that
of other common wire materials or coatings, such
as copper or gold [21] [22]. While aluminum has
a higher reflectivity at these wavelengths, its ten-
sile strengths are significantly lower than those of
SS304, making it challenging to limit electrostatic
deflection without degrading LCE.

Thermal, radiogenic, and electrical considera-
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Table 1: Properties of materials considered for grid wire. Coefficients of thermal expansion (CTEs) shown in this table
are taken from Refs. [18] and [19]. UTS and YTS values are taken from Refs. [20], and are not available for all wire
material choices. VUV optical reflectivity values are taken from Refs. [21] and [22], [23], and [24]. Those including “<”
are upper bounds, reflecting the fact that oxidized surfaces or those with an imperfect finish will have a lower reflectivity.
The tungsten (W) YTS is left blank because the value quoted by California Fine Wire for various work-hardening levels of
tungsten is not well-measured.

Wire Material UTS
(psi)

0.2% YTS
(psi)

CTE
(µm/(m·K))

Work
Function
(eV)

VUV Optical
Reflectivity (%)

SS304 360,000 280,000 17.3 4.3 <57
SS302 300,000 280,000 17.2 4.3 <57
SS316L 245,000 230,000 16.0 4.3 <57
BeCu Alloy 25 150,000 125,000 17.8 4.65 20
W (Au) 600,000 – 4.5 5.1 23
Al 5056 63,000 59,000 22.5 4.28 <90

tions also motivated the final selection of SS304
wires. SS304 wires matched the coefficient of ther-
mal expansion (CTE) of the grid rings, which were
also SS304. As a result, no change in wire tension
would be expected after cooling the TPC to liq-
uid xenon temperature. Simulation studies also
showed a slight preference for SS304 over BeCu
wires due to the much lower rate of (α, n) interac-
tions within the wires. Though its electrical per-
formance and work function were not as promising
as those of BeCu and gold-coated tungsten wires,
there was a comparatively broader level of experi-
ence with its use in low-background xenon TPCs.
This familiarity in part made this material selec-
tion tolerable from the electrostatic performance
perspective. SS316L was also known to have high
corrosion resistance and showed additional robust-
ness to electron emission over SS304 [14], but this
fact had not been fully recognized by the time the
final wire had been procured. In the final design, a
“hardened” form of SS304 with the highest possi-
ble UTS was purchased from California Fine Wire
in Grover Beach, CA, for use in the LZ grids.

2.3.5 Mesh Density

The selection of each grid’s mesh density in-
volved a balancing of optical performance against
electrostatic performance. For a given bulk field
between grids, a larger pitch or smaller wire diam-
eter requires more field lines to be concentrated
on an individual wire’s surface, raising the surface
field and increasing the risk of electron emission.
However, optical transparency also increases with
a larger pitch or smaller diameter, which increases
light collection.

More formally, a square grid with pitch s, wire
diameter d, and a wire reflectivity of 0% has an
opacity to normally incident light given by

2sd− d2

s2
' 2d

s
, d� s. (2)

For wire diameters that are small relative to the

pitch, the opacity scales as d/s.
In contrast, the wire surface electric field scales

as s/d. A simple estimate of the average wire field
can be found by approximating a woven grid with
pitch s as a single plane of parallel wires with pitch
s/2. Applying Gauss’s Law to a wire “cell” gives

〈Es〉 =
s

2πd
[Ez,+ − Ez,−], (3)

where Ez,+ and Ez,− are the z -components of the
bulk fields above and below the grid, respectively.4

A mesh density was selected for LZ by maxi-
mizing the optical transparency of the grid while
keeping low enough surface fields to limit electron
emission. Motivating limits on surface fields from
a theoretical standpoint was challenging. Histor-
ically, electron emission was thought to be pri-
marily due to Fowler-Nordheim (F-N) tunneling
induced by electric field enhancements around as-
perities on the wires [13, 26, 27]. This model would
lead in practice to a sharp, monotonic rise in elec-
tron emission over a narrow range of wire surface
fields. However, for SS304 in liquid xenon, the
sharp rise is theoretically predicted to begin at ca-
thodic surface fields on the order of 10 MV/cm.
These surface fields are much higher than those at
which electron emission rates have spiked in past
detectors, even after making generous assumptions
about the geometry of any possible field-enhancing
asperities on those wires. Moreover, recent stud-
ies have cast doubt onto traditional F-N tunneling
as the primary mechanism for the field-induced
electron emission seen in liquid xenon detectors,
instead suggesting that emission is primarily de-
pendent on the state of corrosion products on the

4The logic behind this approximation is that a crossed
wire grid with pitch s and a parallel wire plane with pitch
s/2 have the same area of metal on which electric field
lines can terminate. This implies that for a given bulk field
strength, the density of field lines at the wire surface will
be similar. For more details on deviations from this model,
see the caption to Table 2.
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Table 2: Average values of the (undeflected) grid wire surface fields, per Equation 3. Due to the nonuniform charge
distribution around a cylindrical wire in a parallel plane, the maximum surface field is actually between 5% and 8% higher
than the average value from Equation 3 for LZ’s grids. The woven-mesh design adds an additional variation to the wire
surface charge density. For the gate, the maximum wire surface field is 30% higher than the quoted average field. For the
anode, the maximum is 40% higher. In both cases, the maximum field occurs at the farthest point from the mesh wire
crossings, on the side of the wire facing the liquid surface.

Grid Pitch
(mm)

Wire Diameter
(µm)

Average Surface
Field (kV/cm)

Cathodic? Optical Transparency
(Normal Incidence)

Anode 2.5 100 43.9 No 92%
Gate 5 75 49.9 Yes 97%

Cathode 5 100 30.6 Yes 96%
Bottom 5 75 34.0 No 97%

surface of the wire [14]. In light of this uncer-
tainty, an upper limit on cathodic surface fields
in LZ was set by surveying the maximum surface
fields achieved in stable operation of recent liq-
uid xenon detectors using stainless steel wire [25].
Those detectors were able to run at surface fields
between 40 and 60 kV/cm. As a result, the max-
imum allowable cathodic surface field imposed for
LZ was set to 50 kV/cm.5 This criterion helped
constrain the mesh density for the cathode and
gate grids to the values shown in Table 2.

While optical transparency was an important
factor in selecting the anode and bottom mesh
densities, these mesh densities were also chosen to
achieve field uniformity in the extraction and re-
verse field regions. In particular, S2 resolution is
sensitive to both the extraction region field unifor-
mity and the anode wire surface fields (see section
2.4.2 for further discussion). To boost field uni-
formity, the anode pitch was selected to be finer
than the other grids, and its wire diameter was
selected to be relatively wide, though the selec-
tions were constrained by a desire to prevent ex-
cessive degradation of optical transparency. These
selections also kept the anode and bottom aver-
age surface fields below 50 kV/cm. Even though
these grids are not cathodic and are therefore not
prone to electron emission, keeping surface fields
sufficiently low reduces the risk of anode-initiated
breakdown, improving the general high voltage
performance of the TPC [28].

2.3.6 Wire Tension

The mesh wire tension was motivated primar-
ily by the desire to limit the combined electrostatic
deflection of the gate and anode to 2.0 mm. While
it is not practical to limit deflection to the extent
that S2 variation across the TPC is negligible, a
2.0 mm combined limit ensures that the ultimate

5In LZ, this limit is achieved for a no-deflection sce-
nario, but is exceeded when the gate and anode deflect
toward each other. However, the possibility of additional
wire treatments for reducing electron emission (Section 3.4)
justified the decision to accept this excess.

variation in S2 is modest, and can be corrected in
analysis. This limit corresponds to a maximum
of 15% decrease in the width of the extraction re-
gion, 11% increase in the gate wire surface fields,
and a 5% increase in the number of photons pro-
duced per extracted electron at the center of the
detector. Combining this effect with radial depen-
dence of the LCE results in a nonuniform single
electron (SE) pulse area that varies by 27% from
the edge to the center of the TPC. Analytical and
numerical modeling of wire deflections motivated
2.45 N as the design tension for all grid wires. This
model treated the grid as a single plane of par-
allel wires as in Section 2.3.5 and used the net
force on a wire from the fields above and below
the grid to estimate the profile of that wire in
equilibrium. This model was also expanded to in-
clude the feedback effect of deflection causing ad-
ditional field enhancement (and further deflection)
for the gate-anode system. The 2.45 N tension is
expected to limit the combined gate-anode deflec-
tion to 1.4 mm while simultaneously keeping the
wires a safety factor of more than 3 from their ex-
pected yield tensions.

2.4 Electron Extraction Region De-

sign

Tightly coupled to the design of the grids is
the design of the electron extraction region (Fig-
ure 6). In our nomenclature, the “extraction re-
gion” (ER) is defined as the gate grid, anode grid,
and the structures in between. In this section, we
discuss both this region and that between the an-
ode and the top PMT array. Collectively, these
regions are responsible for creating an optimal S2
signal, providing mechanical strength to the TPC,
optically isolating the TPC from the xenon skin,
and setting the liquid level.

2.4.1 Mechanical Design

The extraction region was designed to be me-
chanically very rigid, so that the gate-anode grid
distance would not be affected by potential non-
uniform loads during handling, after ER integra-
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Figure 6: A cross-section of the extraction region showing
its place in the TPC.

tion into the TPC, or during detector cooling.
This was accomplished through two aspects of the
design. First, the gate and anode grid rings were
designed with large cross sectional areas, ensuring
that they would not distort much during handling
or cooling. The second design choice involved the
coupling between the rings. The gate and anode
are separated by a set of 48 polyether ether ke-
tone (PEEK) standoffs 13.6 mm tall (Figure 6).
They are aligned relative to each other by a set of
48 PEEK dowel pins (not visible in Figure 6) that
pass through the standoffs. The two grids are held
together by 48 PEEK bolts, also passing through
the standoffs. This coupling tightly constrains the
two rings to each other, limiting changes to the
extraction region as a whole when cooling.

Unlike most other pieces in and around the
ER, the PEEK pieces connecting the anode to the
PMT array were designed to retain some level of
flexibility. This was done to provide a robust cou-
pling that would not fail due to differential thermal
contraction between the titanium structure hous-
ing the PMT array and the SS304 anode.

2.4.2 S2 Design

Three requirements on the S2 response drove
much of the design of the extraction region. First,
the electroluminescence response needed to be ro-
bust enough to permit the detection of single elec-
trons (SEs) with a high signal-to-noise ratio. Sec-
ond, efficient (> 85%) electron extraction from the
liquid was required, leading to a minimum field of
∼10 kV/cm just above the liquid surface. Third,
a large SE pulse area at the edge of the detec-
tor was required to maintain good xy reconstruc-
tion and rejection of small-S2 backgrounds near
the walls, among which are decays of Rn daugh-
ters plated out onto those walls [30] and electron

emission processes whose intensity correlates with
the local event rate [9]. This requirement moti-
vated a lower limit of about 40 photons detected
(phd) for the area of peripheral SEs. An upper
limit to the SE area was imposed by requiring a
linear response for the PMT in the top array with
the most electroluminescence light from a 83mKr
internal calibration source event. A final anode-
gate gap of 1.3 cm, liquid-gate gap of 0.5 cm, and
gate/anode voltages of -5.75/+5.75 kV/cm largely
satisfied these requirements.

As described in Section 2.3.6, the SE size is
expected to vary from center to edge of the de-
tector. Assuming zero deflection at the nominal
anode-gate ∆V , the electroluminescence yield is
approximately 870-920 photons per electron, and
is 5% higher at the center, where the grids deflect.
Accounting also for the varying LCE, the expected
SE area is 98 phd at the TPC center and 76 phd
at the TPC edge. Even considering the lower SE
area around the walls, these areas are large enough
to enable robust position reconstruction in low-
energy WIMP search analyses, where events with
as few as 5 electrons may be considered.6

Maximizing S2 resolution for a 0νββ decay
search drove other aspects of the ER design. An
overall energy resolution of <2% at 2.458 MeV
was established as a requirement for LZ. The goal

6These large areas may give slight PMT saturation for
83mKr decays, especially in the center of the TPC where
the LCE is larger. However this saturation is currently
anticipated to remain at the few percent level.

Figure 7: Emission times of electroluminescence photons
from two electron tracks simulated with the Garfield++
package [29]. In this simulation, the AvalancheMC method
outfitted with LXe drift parameters was used to transport
each electron from 5 mm below the gate (T=0 ns) to the
liquid surface, and the AvalancheMicroscopic method was
used to drift the electrons to the anode in gas. These illus-
trate the difference between tracks that curl over the an-
ode wires (red) and those that reach the wires from below
(blue).
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energy resolution was set at 1%, which has been
achieved by a recently retired dual-phase xenon
TPC [12]. This resolution can be degraded by
the grids in two ways. In the first, smearing oc-
curs due to fluctuations in the gain process present
when Townsend avalanches occur in the vicinity
of the wires. These fluctuations are larger for a
smaller wire diameter and a larger grid pitch. To
limit degradation of S2 resolution from this effect,
the anode was made a woven mesh with a tight,
2.5 mm pitch and a relatively large, 100 µm wire
diameter [13]. This selection maximizes field uni-
formity and results in essentially no multiplication
near the anode wire surfaces. The second mecha-
nism of S2 smearing is driven by electrons follow-
ing drift paths to variable locations on the anode
wires. Due to their longer tracks, drift paths for
electrons that overshoot the anode before return-
ing to the top of the mesh generate fewer photons
per Equation 1 than those ending on the bottom.
This drift path variability can also affect the SE
pulse shape in a way that may make it difficult to
properly reconstruct the full pulse area. While all
SEs have a spike at late times due to the electron
entering a high-field region near the wire surface,

Figure 8: Difference in photon yield between the aligned
(top left) and anti-aligned (top right) anode-gate system.
The plots are generated by simulating 10,000 electrons uni-
formly in space 5 mm below the gate wires, and using the
Garfield++ software to generate electroluminescence from
these electrons above the liquid surface [29].

drift paths terminating near the top of the anode
wire introduce a large gap between the bulk of the
SE and this late spike (Figure 7).

The degree of alignment between the anode
and gate grid cells (Figure 8) determines the likeli-
hood that electrons will curl around the anode. To
assess the frequency with which this above-anode
curling occurs, a custom addition to the Garfield++

electron drift package was made to propagate elec-
trons using a set of field-dependent drift velocities
and diffusion constants for liquid xenon based on
work in Ref [31].7 Together with the COMSOL
Multiphysics electrostatics package, this permit-
ted computational studies of drift and diffusion
within complex ER geometries including both gas
and liquid. Results from these studies show that a
perfect alignment between the two grids discour-
ages such paths and gives a tighter SE spread than
perfect anti-alignment. For larger S2s, the spread
in S2 size varies as a function of depth for a given
ER alignment, being much larger for events oc-
curring close to the gate than for those close to
the cathode. For 2.458 MeV 136Xe 0νββ decays,
the perfectly aligned (anti-aligned) extraction re-
gion gives a depth-averaged spread in generated S2
photons of 0.02% (0.1%). To limit the S2 spread,
the extraction region grids were designed to be
aligned, rather than anti-aligned. Section 4 de-
tails how successfully alignment was accomplished
during production.

2.4.3 Peripheral Electric Field Design

The extraction region was also designed to min-
imize the likelihood of sporadic electron emission
and breakdown from the rings to each other or
to the grounded ICV wall. An anticipated weak

7Code for adapting this technique to other phases or
noble liquids can be found as part of the NEST package [32].

Figure 9: A COMSOL Multiphysics axisymmetric 2D sim-
ulation of the electric fields in the extraction region and
surrounding area. Numerical field values for a few key high
field regions are computed and displayed.
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Figure 10: A photograph of the HV cable connection for
LZ’s anode grid.

point was the interface between the PEEK spac-
ers and a given grid ring (Figures 9 and 11), where
a triple junction point between metal, PEEK, and
xenon could substantially enhance electric fields
by a factor of 2–3. To reduce the likelihood of
electrical breakdown from this effect, the PEEK
spacers were not placed directly between the gate
and anode glue rings, where the field was highest.
They were instead moved radially outward into re-
gions of lower field between the rings. The glue
rings were designed with a special rounded profile
to maximize radii of curvature and minimize the
fields on the ring corners.

A design and testing campaign was performed
to optimize the gate and anode HV cables and
cable-ring connection. This was done to miti-
gate the risk of breakdown along the cables or
between the cables and other components of the
detector. The final cables each had an Ag-plated
Cu-clad steel central conductor separated from an
Ag-plated Cu ground braid by PTFE. Fluorinated
ethylene propylene (FEP) composed the jacket.
The central conductor of the anode cable was in-
serted into a stainless steel “barn” attached to
the anode ring (Figure 10). Resistive heat shrink
added to the end of the cable provided a well-
defined field grading down to the ground braid and
reduced breakdown hazards from sharp wire ends
on the braid. The same design was used for the
gate connection, though its barn had a slightly
different geometry because of the tight space in
the skin region. Due to these space constraints, a

Figure 11: The labyrinth structure in the PEEK spacers
separating the gate and anode. This photo also notes the
points where PEEK spacers met the grid ring to create
a triple junction point, enhancing fields. While only the
interface of the spacer and the gate ring is pointed out
for visual clarity, the interface between the spacer and the
anode ring also caused field enhancement.

PEEK cable router was used to constrain the path
of the gate HV cable to minimize the likelihood of
breakdown.

2.4.4 Optical Design

The extraction region was designed to optically
decouple the xenon skin region from the TPC. If
stray S1 light in the skin region is allowed to reach
TPC PMTs, it may pile up with an uncorrelated
S2 and mimic a low-energy WIMP scatter. To
discourage this, the PEEK spacers separating the
gate and anode are designed such that adjacent
spacers create an S-shaped “labyrinth” between
them (Figure 11). This removes any direct line-
of-sight from the outside to the inside of the TPC,
reducing the likelihood of light transfer between
the two regions. Dark Kapton light baffles located
above the anode grid (Figure 6) prevent S1 light
ingress from the gaseous xenon regions outside of
the TPC. They also reduce inward reflections of
S2s near the TPC walls, which substantially im-
proves the quality of the position reconstruction
for peripheral interactions, and hence reduces the
leakage of wall backgrounds into the TPC’s fidu-
cial volume.8

2.4.5 Liquid level

Precise control over the SE size requires good
definition of the position of the liquid xenon sur-
face relative to the extraction region. During nor-
mal operation, liquid xenon enters both the TPC
and side skin region at the base of the ICV. In the
TPC, this liquid rises, then migrates outward near
the liquid level through the open PEEK spacer
labyrinth. Liquid from both the skin and TPC
spills over a set of three weirs (Figure 6) evenly

8Though not shown in Figure 6, a second set of vertical
Kapton baffles was added around the OD of the anode dur-
ing ER construction to further reduce the chances of light
leaks between the skin and TPC.
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spaced around the TPC. It is then carried out of
the ICV into the external circulation path. In this
way, the weirs set the liquid level in the detec-
tor. These weirs rest on the gate ring, and were
machined from PEEK to prevent excessive electric
fields on their edges. The labyrinth was designed
to have a minimal impedance to flow, so that the
liquid height in the TPC is the same as that at the
weirs. A set of six equally-spaced capacitive pre-
cision level sensors are attached to special PEEK
spacers and are able to monitor the liquid level
in the detector to a precision of 20 µm. Together
with the weirs, these level sensors are used to en-
sure that the liquid level stays parallel to the (un-
deflected) planes of the gate and anode grids.

3 Grid Production

The grid production process itself needed to
be designed so that the final grid parameters met
technical requirements. In this section, we discuss
the requirements driving the design of the produc-
tion process. We then describe how the production
environment and process were developed to ensure
that the final grid parameters met requirements.
We then discuss a post-production treatment used
to enhance the gate grid’s resistance to electron
emission. We finish with a discussion of the han-
dling protocols used to prevent the grid param-
eters from deviating from their requirements be-
tween production and installation into the TPC
at SURF.

3.1 Grid Production Requirements

Design of the grid production process was
driven by a need for field uniformity, resilient HV
performance, and low radiogenic background.

To achieve a high degree of field uniformity,
the grid production process needed to enforce a
uniform wire pitch, uniform wire tension, and high
degree of precision in flatness and roundness of the
rings. These three general constraints were most
critical for the extraction region grids because de-
viations in pitch or tension, or slight non-planarity
could directly affect the production of S2 light and
limit S2 resolution.

To optimize the grids’ HV performance, every
part of the grid production campaign was tailored
to limit the introduction of debris and scratches on
the rings and wires. Dust and debris is known to
increase the likelihood of breakdown, in addition
to increasing rates of field electron emission [15].
Likewise, scratches added to the wires or rings can
increase local fields and nucleate electrical break-
down.

The effort to limit grid radiogenic backgrounds
was largely focused on minimizing exposure to

222Rn. Limiting the exposure of the finished grid
wires to plate-out of 222Rn daughters was criti-
cal for achieving low rates of 210Pb, 210Bi, and
210Po decays, among which are low-energy betas
and a 206Pb nuclear recoil. While many of these
grid events can be eliminated from a final WIMP-
search dataset by examining the S1-S2 time sepa-
ration, some are at sufficiently low energies (and
occurring in sufficiently strong electric fields) that
the S1 may be missed completely. These events
can be particularly problematic for ionization-only
(S2-only) searches and for accidental coincidence
backgrounds in a S1+S2 analysis, because their
S2s can occur near the radial center of the detec-
tor. If such an S2 piles up with an uncorrelated S1,
it may mimic a low-energy WIMP scatter in LZ’s
search region. It was also important to limit expo-
sure of the grid rings to 222Rn daughter plate-out,
primarily because alphas from the 210Po decay can
induce neutron emission from (α, n) interactions
in the PTFE surrounding the grid rings. This was
particularly important for the bottom and cathode
grids, whose rings are covered nearly hermetically
by PTFE (Figure 2). Concern over 222Rn emana-
tion from dust on the rings and wires led to the
establishment of rigorous cleaning standards for all
grid components as well.

3.2 The Grid Production Environment

and Tools

A custom platform was designed to repro-
ducibly construct grids satisfying technical re-
quirements. This platform was built within a class
100 cleanroom at the SLAC National Accelerator
Laboratory. The use of a cleanroom not only lim-
ited the amount of ambient dust and debris de-
posited on the grid, but was also advantageous
because HEPA airflow is known to reduce the like-
lihood of 222Rn daughter plateout on the grid wires
[30].

The instrument developed for creating the wo-
ven mesh was an 8’x10’ mechanical loom (Figure
12). Its design was similar to, and motivated by,
looms used in the weaving community through-
out history [33]. On this loom, a mesh was cre-
ated in two steps, shown in the top two diagrams
of Figure 13. In the first, all “warp” wires were
strung along the long axis of the loom, each pass-
ing through narrow slots in a pair of vertically
movable “heddles”. Then, adjacent warp wires
were vertically separated by actuating the heddles,
opening a space (the “shed”) through which an in-
dividual cross, or “weft” wire could be inserted.
The heddles were again actuated, locking this new
weft wire against the warp wires and opening a
shed for the next weft wire. This process contin-
ued until all weft wires were woven into the mesh.
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Figure 12: A photo of the grid weaving loom and xy motion stage. Included are lines indicating the directions of warp
(red) and weft (blue) wires along the two axes of the loom. The green line indicates the location of the “newest” weft wire
being woven in relative to the loom’s moveable carriage, behind it.

The additional requirements of consistent ten-
sioning, spacing, and handling of the wires mo-
tivated some deviations from the canonical loom
design. To achieve uniform wire tension, a 0.25 kg
weight constructed from thin stainless steel plate
was affixed to the end of each wire and hung un-
der gravity. The relative standard deviation in
the weights (and therefore wire tension) was 1.5%.
Each wire end was secured to a plate using an
“envelope button” method, where it was captured
between two pieces of silicone rubber and wound
multiple times around a brass grommet embedded
in the plate until friction prevented it from slip-
ping.

To produce a mesh with uniform pitch, a set
of white Delrin plastic “pitching bars”, visible in
Figure 12, were fabricated with v-shaped notches.
These notches constrained the wire ends at a pitch
of 4.97±0.01 mm, with additional slots halfway be-
tween them for the 2.5 mm pitch anode grid. A few
inches of extra notches were added to the ends of
the pitching bars. This was done so that the mesh
could be made larger than necessary, then trimmed
to exclude from the final grid any nonuniformity
due to mesh edge effects. Maximizing pitch unifor-
mity also required precise alignment of the loom
frame and components, which was done through
a combination of laser level squares and rigid,
custom-machined low-tolerance aluminum braces.
Semi-automating the weft insertion process also
ensured weft pitch consistency to within 150 µm in
the mesh. This jitter is larger than that introduced

by the pitching bars, and is due to subtle forces
on the wires that were challenging to model and
control (see Section 3.3.3). The semi-automation
also helped minimize the time spent during weav-
ing, resulting in a shorter dust and 222Rn exposure
than what would have been achieved with a fully
manual process.

To reduce the likelihood of scratching the
wires, the heddles were made from polycarbon-
ate. Delrin was chosen for the same reason for the
pitching bars; the smooth plastic prevented wire
blemish formation as wires were pulled back and
forth across the loom during the warp stringing.

A computer-controlled xy motion stage was in-
stalled above the main loom body to increase re-
producibility in the rest of the grid production pro-
cess. The “head” of the motion stage accommo-
dated various tools, enabling a variety of different
tasks:

1. With a diamond-tipped engraver installed, it
provided a reproducible way to score the grid
ring surfaces facing the glue joint in prepa-
ration for gluing.

2. With a 3 megapixel Edmund Optics camera
(part EO-3112C) and 55 mm telecentric lens,
it enabled precision alignment of the ring and
wires just before gluing.

3. With a syringe equipped, it enabled precise
dispensing of glue at a pre-programmed rate
and height above the mesh.

4. For the gate and anode grids, it assisted in
suspending the glue ring above the grid just
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Figure 13: A chronology of the steps used to produce a
grid, omitting the wire and ring production/preparation.
Each image is a top-down diagram of the loom during a
particular stage of production. The heddles are located
within the moveable carriage, which is represented as the
long horizontal bar.

after the glue was laid down.

5. It permitted camera-based inspection (both
manual and automated) of the grid for de-
fects and debris.

3.3 Production of a Grid

The five sequential elements of the grid pro-
duction process were:

1. Wire production and preparation

2. Ring production and preparation

3. Mesh fabrication

Figure 14: A 400× magnification SEM image of a cross
in a small test mesh woven with LZ wire. Longitudinal
striations, presumably from imperfections in the drawing
die, can be observed.

4. Mesh-ring alignment

5. Grid gluing and cutdown

Figure 13 illustrates the last three steps for visual
clarity.

3.3.1 Wire Production and Preparation

The SS304 grid wire was produced at Califor-
nia Fine Wire and delivered on a set of 10,000-
foot spools. At the vendor, the wire was drawn
using a dedicated die, ultrasonically cleaned, and
inspected at 10x magnification for blemishes prior
to spooling. This process was performed within
about 8 hours, and the wire was bagged upon
completion to limit dust and 222Rn exposure. At
SLAC, higher-magnification optical and SEM in-
spection of wire samples showed that the most
common wire blemishes were longitudinal grooves
with sub-micron widths, thought to be from micro-
scopic defects in the dies used for drawing (Figure
14). Repeated SEM inspections also revealed a
wide variety in the appearance of the wire surface,
though few samples showed asperities with obvious
potential for substantial field enhancement. Simi-
lar inspection of wire on a production level would
have been useful in building a broader intuition
about wire asperities and the quality of the wire
surface. However, the logistics and scope of such
comprehensive inspection were not conducive to
limiting 222Rn exposure or to minimizing risk of
creating defects through handling. For this rea-
son, LZ production wire was taken off the spools
only during the weaving process.

3.3.2 Ring Production and Preparation

The cathode and bottom ring sets were ma-
chined at the Lawrence Berkeley National Labora-
tory (LBL) machine shop, and the gate and anode
ring sets were produced at Silicon Valley Precision

14



in Livermore, CA. Grid rings were first inspected
for deviations from flatness. This was particularly
important for the gate and anode, whose glue sur-
faces were required to be flat to 200 µm to maxi-
mize uniformity in the S2 response.

All grid rings were then electropolished at Ad-
vanced Electropolishing in Milpitas, CA. The elec-
tropolishing solution used was 65% H3PO4, 25%
H2SO4, and 10% deionized (DI) water. The rings
were held at +9V relative to the tank walls for
6 minutes. This process was useful not only for
its ability to level sharp points which could nucle-
ate electrical breakdown in the TPC, but also for
its ability to remove embedded 222Rn daughters,
which may be located as far as 100 nm into the sur-
face of the steel [34]. By removing a few microns of
steel from the ring surfaces, electropolishing effec-
tively eliminated (α, n) backgrounds generated by
any 222Rn plateout that occurred since the rings
were machined [34]. The rings were also cleaned
at Astro Pak, Corp., a precision cleaning company
in Los Angeles, CA, to remove any dust, debris, or
contamination acquired during or after electropol-
ishing.

Finally, to increase the surface area for epoxy,
a diamond-tip engraver attached to the loom’s xy
stage was used to cut a hatch pattern into each
surface facing a glue joint. This hatch also wicked
the epoxy away from the radial boundaries of the
glue joint, allowing better control over glue distri-
bution prior to adding the glue ring.

3.3.3 Mesh Production

One challenge facing the mesh production was
the trade off between rigorously examining the
wires for defects and limiting the wires’ exposure
time to 222Rn and dust. Even though grid produc-
tion was done in a cleanroom where HEPA flow
may have reduced radon plateout, it still repre-
sented a non-negligible fraction of the open-air ex-
posure of the wires to 222Rn. As a result, a quick
visual inspection was performed on each wire to
ensure that it was free of kinks and macroscopic
blemishes, and to monitor the uniformity of the
weave as each wire was added. This inspection
generally added 10-20% to the insertion time for
each wire, giving a production time of three days
for an average 5 mm pitch mesh.

While producing the tighter, 2.5 mm pitch an-
ode grid, two additional obstacles were encoun-
tered, both related to distortions in the unifor-
mity of the weave. The first was a “bowing” of
new weft wires away from the existing mesh due
to contact with the warp wires defining the shed,
as shown in the blue lines in Figure 15. This was
eliminated by introducing a comb-like loom com-
ponent (the “reed”) to better enforce uniform weft
spacing. Warp wires passed through a set of reed

Figure 15: The two kinds of weave distortions observed
while producing a mesh. A grid ring is superposed for ref-
erence. The scale of distortion has been significantly ex-
aggerated for visual clarity. The red (warp) wires tapered
inward relative to their pitching bar positions. The blue
(weft) wires were pushed by the shed warp wires to create
an outward “bow” that became more prominent further
into the grid. Both kinds of distortion were more promi-
nent on the anode weave.

“teeth,” which held each new weft wire in a cor-
rect position as it was woven into the grid. The
second obstacle was a global inward taper of the
warp wires, as shown in the red lines in Figure
15. The most extreme taper was measured to be
a difference of 0.4 mm in a warp wire’s position
from the front to the back of the full square mesh
(1.0 mm from the front pitching bars to the back
of the mesh). This taper was a result of the warp
wires being pulled inward by friction from each
weft wire as it was woven into the grid, and there
was no simple way to fix this.

Similar to the alignment of the gate and an-
ode, jitter in wire pitch is expected to cause some
amount of S2 smearing, though the scale of smear-
ing has not been studied exhaustively. However,
for the purpose of informing the fabrication of fu-
ture large-scale electrodes, we find it worth noting
here which effects are thought to have contributed
most to nonuniformities in the weft and warp wire
spacing. Due to the sparser 5 mm weave, nonuni-
formity in the gate weft spacing was likely driven
by the precision in the pitch of the notches of the
pitching bar. The gate warp wires had some in-
ward taper similar to that of the anode, but the
scale of this taper was not explicitly measured, and
was expected to be negligible. The anode warp
wire pitch distribution was largely governed by
the reed, whose teeth contacted the warp wires
and limited the inward taper for much of the grid.
The resulting pitch variations were typically on the
scale of 100 microns. The anode weft wire spac-
ing was governed by the precision with which the
reed could constrain a new weft wire at exactly
2.5 mm from the last. The reed was used in con-
junction with mounted-camera-based inspections
of the wires to achieve anode weft spacing consis-
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Figure 16: A photo of the loom xy stage extruding epoxy during the bottom grid gluing.

tent to within 150 µm of the desired 2.5 mm pitch.

3.3.4 Mesh-Ring Alignment

Having alignment between the gate and anode
meshes was motivated by considerations of S2 res-
olution (Section 2.4.2). As a result, an alignment
step was developed to properly position grid rings
relative to their corresponding meshes before glu-
ing. In this step, a ring was set on a support plat-
form under the mesh and carefully adjusted until
a set of four vertical dowel pin holes machined in
the ring were aligned with the squares of the mesh.
The ring was then raised up against the mesh, us-
ing the loom xy stage’s camera to ensure that the
mesh and pin holes remained aligned throughout
the process.

The metric for successful alignment between a
mesh and its ring varied from grid to grid. The
most important target for alignment was a match
between the anode and gate grid wires as shown
in Figure 8. This process was challenging, in large
part because of the taper shown in Figure 15. As
a result, the full extraction region could not be
aligned perfectly. With help of the loom xy stage’s
camera and through careful, 50-µm-scale adjust-
ments of the rings, the central regions of the gate
and anode grids were precisely aligned at the cost
of losing alignment in the outer regions.

Because the cathode and bottom grids are po-
sitioned much lower in the TPC, the detailed field
structure near the wires has no impact on S2 res-
olution. As a result, there was no requirement on
their relative alignment.

3.3.5 Mesh-Ring Gluing and Cutdown

The effort required to create a precise, robust,
and reproducible glue joint made gluing the most
technically challenging part of production. A sy-
ringe mounted on the automated loom xy stage

dispensed a continuous bead of glue around the
ring at a height of 300 µm above the wires (Figure
16). Millimeter-scale non-planarity and eccentric-
ity in the flexible bottom and cathode rings re-
quired height and xy corrections to this circular
path. After this, the PMMA beads used to set
the glue joint thickness were deposited in 750 nL
glue droplets at 100 evenly-spaced points around
the ring. The total volume of glue was selected
to overfill the expected width, height, and circum-
ference of the glue joint by 10% to ensure that
epoxy effectively wetted both the glue and base
ring surfaces facing the joint. After glue extru-
sion, the glue ring was placed onto the wires, using
the alignment dowel pins to guide the ring place-
ment. Ensuring the absence of gaps between the
two rings was critical to the integrity of the final
grid. Because all of the glue rings were quite flex-
ible and did not lie flat on the base rings, it was
necessary to apply downward pressure on them to
close gaps in the glue joint. This was done with
T-slot bars for the bottom and cathode, and a set
of spring-loaded plungers mounted to a frame for
the particularly delicate gate and anode glue rings.

Another major challenge encountered in the
gluing process was the development of glue cure
method that both limited 222Rn exposure and
ensured a strong glue bond. The recommended
epoxy cure schedule was for a short time at el-
evated temperature, but the manufacturer sug-
gested that a week long room temperature cure
was acceptable. Tests with small, 15 cm diame-
ter grids demonstrated that short, day-scale heat
cures at 72◦C generally produced a stronger glue
bond than week-long cures at room temperature.
However, at the 1.5 meter scale, it was imprac-
tical to heat the full grid assembly, and heating
the ring alone would cause wire detensioning upon
cooling. For a 70 ◦C cure temperature, such a
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ring-only heating would give a 55% loss in anode
wire tension. As a result, a room temperature cure
between 5 and 15 days was used for the LZ grids,
with the variation driven by overall project sched-
ule. This room-temperature cure schedule was also
used for several 15 cm diameter prototype grids to
test if the glue joint would withstand thermal cy-
cling. These tests confirmed the cryogenic robust-
ness of glue joints made with this cure schedule.

Once the glue was cured, the grid was cut out of
the mesh just on the external diameter of the glue
joint. To complete the grid production process,
the guard ring was bolted in (for the cathode and
bottom) or laid (in the case of the gate and anode)
into place on the base ring.

3.4 Grid Passivation

In addition to limiting the creation of field-
enhancing asperities on the wires during produc-
tion, it was also possible to actively reduce the
emission from any existing asperities or imperfec-
tions in the oxidized metal surface through a chem-
ical process called passivation.

3.4.1 Motivation for Passivation

It has been shown in a recent R&D study in the
context of LZ that passivation following acid clean-
ing reduces field emission from electrode wires sim-
ilar to those used in LZ [14, 35]. This may stem
from the passivation process altering the surface
chemistry of cathodic electrodes to remove corro-
sive elements from the surface and rebuild a more
corrosion-resistant electrode surface [36, 37]. Pro-
cesses that remove ferric oxides from stainless steel
surfaces and thus increase the chromium-to-iron
ratio include pickling or acid cleaning to strip the
stainless steel’s existing oxide layer. These pro-
cesses typically involve treating a degreased stain-
less steel surface with a solution containing nitric
acid and often at elevated temperatures. After
acid cleaning, a new oxide layer will form in 24–48
hours to complete the passivation process. This
rebuilding of an oxide layer in very controlled con-
ditions is central for the reduction of field emission
as demonstrated in silicon electrodes [38, 39] and
supported by studies on stainless steel wires [14].

To determine the optimal passivation treat-
ment for LZ, small prototype grids constructed
with the design wire and mesh specifications were
passivated using either a room temperature nitric
acid solution or a heated citric acid solution, and
electron emission from these grids was measured in
small xenon testing platforms at SLAC [40]. These
studies concluded that the citric acid passivation
process was highly effective in reducing the rate of
electron emission from cathodic grids [35]. Citric
acid was therefore selected for use on the LZ gate

grid, with the added benefit that it is considerably
easier to handle than nitric acid in large quantities.

3.4.2 Passivating the Gate Grid

Because the gate grid is a cathodic electrode in
the electron extraction region and has the highest
surface fields of any grid, it is the most likely to
experience field-induced electron emission which
may lead to accidental coincidence events. LZ’s
gate grid was passivated to reduce this suscepti-
bility to electron emission.

The gate grid was passivated in a cleanroom at
Astro Pak, Corp. in a proprietary solution com-
prised of 3–5% citric acid for two hours at a tem-
perature of (124.8 ± 2.0)◦F. After submersion in
the citric acid bath, the gate grid was thoroughly
rinsed with deionized water and stored in a cus-
tom bag backfilled with filtered air to rebuild the
chromium-enriched oxide layer in a dry environ-
ment while protecting the gate grid from dust ex-
posure.

It is worth noting that during prototype grid
testing, heated passivation baths weakened room-
temperature cured EP29LPSP glue joints, but not
glue joints that had experienced high-temperature
cures. For this reason, the glue joint of the LZ gate
grid was strengthened after the grid was taken off
the loom, but prior to passivation with a post-cure
process, in which it was held at 110◦F for 48 hours,
then held at 130◦F for 24 hours.

3.5 Grid Handling, Cleanliness, and

Radon Exposure

To optimize HV performance and minimize ra-
diogenic backgrounds, it was critical to keep the
grids clean between their construction and their
installation into the TPC. However, due to the 1.5
meter scale, it was impossible to perfectly protect
them from dust, even in a cleanroom. Ultravio-
let light (365 nm) was used to induce fluorescence
in dust, making it easier to see, but a complete
manual examination of the wires for dust in this
manner was impractical. Dust shed from clean-
room suits also made it possible for someone to add
more debris faster than they could manually iden-
tify and remove it. A method was developed with
the loom xy stage to exhaustively scan the grid for
dust under UV lighting. This method was effective
at quantifying and characterizing the amount and
location of debris on the grid, and helped build an
understanding of the level of cleanliness achieved
during grid operations such as passivation. Spray
washing a grid with deionized (DI) water and dry-
ing with filtered N2 was found to be highly effec-
tive at removing dust and debris of all sizes visible
with a UV lamp. Such a spray, coupled with a
final, rapid, visual UV inspection of the grid, was
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Figure 17: Photos of the gaseous xenon test chamber used for HV performance testing of the full-size extraction region
and grids. Left: the chamber with the PMT array installed. Right: the chamber with the array being lowered, showing
the reflective aluminum inner surface and lower reflector plate.

used at SURF immediately prior to grid installa-
tion.

Protection of the rings and wires from 222Rn
also drove many handling protocols. Wire spools
were kept in an N2 purge box when not in use.
Rings were tightly double-bagged in nylon, with
an N2 backfill to limit the exposure from ambient-
air radon when possible. Completed grids were
double-bagged with nylon and backfilled for the
same reason. Because early attempts at this pro-
cess revealed that wrinkles in the bags could dis-
place grid wires, a separate taut “drumhead” of
polyethylene film was placed on either side of the
grid within the nylon bags to eliminate bag-to-wire
contact. Installation of the grids into the TPC at
SURF was done in a Rn-reduced cleanroom envi-
ronment, keeping the wires’ and rings’ exposures
low during this process [41].

4 Grid and Extraction Region Vali-

dation

After grid production, a set of measurements
and tests were made to confirm that the grids
and extraction region would reach their design per-
formance in LZ. These included tests of HV per-
formance, measurements of the gate-anode align-
ment, measurements of the gate-anode deflection,
and a priori estimates of the radiogenic back-
ground levels of the four grids, with an emphasis
on those from 222Rn exposure.

4.1 High Voltage Performance

The gate and anode were assembled with their
PEEK spacers within a dedicated GXe pressure
vessel in a cleanroom at SLAC (Figure 17). An en-
closure supporting an array of 32 PMTs was placed
above the assembled extraction region. The en-
closure walls were made from aluminum and were
coated with MgF2 to limit oxidation and main-
tain 90% reflectivity to Xe scintillation light. A
reflective aluminum plate, also with MgF2 coat-
ing, was placed below the grids. The chamber was
filled with room-temperature xenon to 3.3 bar(a),
which gives a density equivalent to that of cold
xenon gas in LZ. Gas was periodically circulated
through the chamber and through a getter to elim-
inate electronegative impurities.

Two sets of tests were performed using this
chamber and its gas environment: one study-
ing the breakdown voltage of the extraction re-
gion, and one studying rates of electron emis-
sion from the gate. Both sets were done prior
to passivating the gate grid. In the former, the
PMTs were turned off. The ∆V between the gate
and anode was increased until electrical break-
down occurred at 10 kV. Follow-up tests achieved
marginally higher voltages before sparking, show-
ing stable performance at 11 kV. Electrical break-
down predominantly occurred along the surface of
the PEEK spacers separating the two rings. The
breakdown was attributed to two causes. The
first was a triple junction point field enhancement
caused by the presence of a chamfer on the edges
of the PEEK spacers near the gate and anode grid
rings. A new set of spacers without a chamfer
was machined for use with the final extraction
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region. The second cause of breakdown was the
lack of a field-suppressing liquid layer covering the
gate. For a design gate-anode ∆V of 11.5 kV, gate
surface fields are 60% higher in xenon gas than
they are with a liquid level 5 mm above the gate.
The much shorter electron mean free path in liq-
uid suppresses electroluminescence and Townsend
avalanche that could otherwise occur due to po-
tential high-field regions at the PEEK-gate inter-
face. This further increases the breakdown ∆V .9

By reaching and holding a ∆V of 11 kV, these

9Evidence for this effect was demonstrated in a separate
small-scale test platform at LBL [42] in 2017.

Figure 18: Rates of SE-like pulses observed from the gate
in the SLAC extraction region GXe tests, which were done
prior to passivating the gate. The position of a pulse was
built from the xy centroid of the photoelectrons within the
pulse. In Run A (top), several localized sources of SE-
like pulses could be observed when the ER was taken to a
∆V of 12 kV. Between Run A and Run B (bottom), the
chamber was opened and some dust was manually removed,
but some new dust was also added to different parts of the
grid. Run B shows a different set of hotspots, suggesting a
link between transient debris and electron emission. Note
that in Run A, there are a few bins for the topmost hotspot
where the rate exceeds 100 Hz. However, this z -axis range
was chosen to provide sufficient dynamic range to compare
this run to Run B, where such high rates were generally
not observed. A red dot is used to indicate the hotspot
at (19,0) which persisted through every run taken with the
ER.

tests confirmed that the ER could hold gate sur-
face fields above the LZ design voltage. Though
this ∆V only probed anode surface fields up to
approximately 80% of the design fields in LZ, the
modified PEEK spacers and liquid level are ex-
pected to increase the gate-to-anode breakdown
voltage to the design value of 11.5 kV.

In tests of electron emission, the PMTs were
turned on. Together with the reflective enclosure,
the PMTs gave the chamber an expected LCE of
about 1%, enabling some sensitivity to single elec-
tron emission from the grids. The PMT array also
allowed for some coarse localization of electron
emission in xy. For these tests, all but 6 PEEK
spacers were removed to reduce stressed area near
the PEEK chamfer and increase the maximum ∆V
that could be held without electrical breakdown.
In each test, the ∆V between the gate and an-
ode grids was stepped up to 12 kV in intervals
of 1 kV, and at each step a rate of electron emis-
sion was measured over the span of several seconds.
These tests showed a variety of spatially separated
emission hotspots across several data-taking peri-
ods, in between which the chamber was opened,
inspected, and re-closed. Some of these hotspots
either appeared or disappeared from run to run,
and were attributed to the addition or removal of
small debris (Figure 18). One, located at X=19 cm
and Y=0 cm in Figure 18, persisted through mul-
tiple runs and was attributed to a permanent wire
defect. Even though the LZ gate was not tested
again after passivation, separate dedicated stud-
ies on 15 cm diameter grids showed strong evi-
dence that passivation successfully reduces elec-
tron emission from features similarly thought to
be permanent wire defects. A detailed account
of these passivation tests and their results will be
given in a forthcoming publication [35]. In light
of these studies, the tests on the full extraction re-
gion highlighted the importance of both cleanliness
and passivation in reducing electron emission from
cathodic grids.10 They further motivated passiva-
tion of the gate and strongly motivated the final
water spray wash of the grids before installation
into the TPC at SURF.

The gate and anode HV cables and cable con-
nections were also tested to ensure that they
reached design performance. The gate connec-
tion was tested in room temperature, circulating,
3 bar(a) xenon gas, and and was held for prolonged
periods of time at voltages between −7 and −8 kV.
It was also tested in liquid, where a 15-cm scale
gate-anode system held a ∆V of 11.5 kV for sev-
eral hours. These two tests demonstrated the high
voltage robustness of the LZ gate cable termina-

10Tests of electron emission from the cathode showed
qualitatively similar results.
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tion. An additional test was done to validate the
performance of the final anode termination as it
is positioned relative to the PMT array and ICV
wall. This test was done in room temperature,
non-circulating, 3.2 bar(a) xenon gas, and demon-
strated that a short section of the anode ring de-
sign could be brought to 8 kV and held for ex-
tended periods of time without sparking to either
the wall or the PMT array.

Figure 19: Measured alignment of the gate and anode grids,
using photos taken from the loom xy stage camera. The top
plot shows the distance between a gate warp wire and its
nearest anode warp wire. The bottom plot is the same, but
for weft wires. The regions missing from the top, bottom
left, and bottom right of the circular grid are due to the
shape of the support platform used to hold the ER dur-
ing the photo-taking scan, which made it difficult to take
pictures useful for assessing alignment in these areas. The
regions of the plot where dark blue transitions to bright yel-
low are an artifact of the use of the “nearest anode wire”
metric in matching anode and gate wires, and do not rep-
resent discontinuous transitions in grid pitch.

4.2 Gate-Anode Alignment

Figure 19 displays the alignment between the
gate and anode grids throughout the extraction
region, as measured post-grid-production by the
loom xy stage camera. In this measurement, the

camera rastered across the completed extraction
region and at each point in xy took one image fo-
cused on the gate and one image focused on the an-
ode. These images were then compared to identify
the warp and weft wire offsets at that point. Near
the center of the grid, warp and weft alignment
between gate and anode was achieved to within
100–200 µm, but some outer regions of the grid
achieved a near perfect anti-alignment of the two
meshes, where there was a 1.25 mm distance be-
tween the closest gate and anode wires. From the
discussion of S2 resolution in Section 2.4.2, this im-
plies that the grid alignment contribution to LZ’s
S2 resolution will be 0.02% at 2.458 MeV in the
center of the detector, degrading to around 0.1%
near the edge.

4.3 Gate-Anode Deflection

The absolute deflections of the gate and an-
ode in the assembled ER were measured in air in
the cleanroom at SLAC using a contactless optical
method. At each ∆V , an optical camera attached
to a precision linear actuator was moved until the
wires appeared in focus, and the camera’s posi-
tion relative to the zero-deflection position gave
the absolute wire deflection. The results of this
test are plotted in Figure 20. The model used to
predict the grid deflection in LZ for the 2.45 N
wire tension was modified to account for a gas-
only environment and is consistent with the mea-
sured values. Using this validated model, the sum
of the expected gate and anode deflections during
nominal LZ operation (anode/gate =±5.75 kV) is
1.8 mm, which is within the 2 mm requirement.
This accounts for a 25% increase from the base-
line model (the model corresponding to the solid
lines in Figure 20) due to slight weakening of the
glue bond from variable cure times, introduction
of the PMMA beads, and in the case of the gate,
the passivation process.

4.4 Estimates of Radiogenic Back-

ground

A priori estimates of the background due to
222Rn daughter plateout are challenging, primar-
ily due to the systematic uncertainties in the frac-
tion of daughters that attach to the wire sur-
faces. A model of this background has been made
using estimates of the ambient radon concentra-
tion, exposure times of grid components, air col-
umn heights during these exposure times, and the
radon daughter plate-out fraction.11 Optimistic
and pessimistic estimates have been made, with

11This corresponds to the “Borexino” Model in section
12.4 of Ref. [30]

20



Figure 20: Measured deflections of the gate and anode in
air, as a function of ∆V between them. These data are
compared with the models used to predict deflection in LZ,
adjusted to an air-only scenario. The shaded region in-
dicates a model uncertainty associated with the impact of
the PMMA beads and cure time on the strength of the glue
joint. The uncertainties on the data points are shown, and
most are approximately the size of the data point.

the largest difference between them caused by the
uncertainty in how much reduction in plateout is
achieved in the presence of a HEPA cleanroom
flow. Due to this uncertainty, these estimates are
especially sensitive to the details of how long each
grid spent in the production and testing clean-
rooms at SLAC, which varied substantially from
grid to grid. The two estimates are shown in Ta-
ble 3. While the true rate of these decays can be
further constrained through in situ data analysis,
preliminary studies with these a priori estimates
have suggested that achieving rates closer to the
optimistic estimate is one condition for being able
to discern 8B events above this grid background in
an S2-only analysis.

The radiogenic background expected due to the
wire’s intrinsic radioactive contaminants was mea-
sured by assaying a separate spool of wire from the
same production batch as that used for the final
grid wire [41]. Only upper limits on 238Ue,

238Ul,
232The,

232Thl, and 40K could be measured, and
those limits give activity levels similar to the opti-
mistic estimate of background from 222Rn daugh-
ter plateout.

5 Conclusions

The four LZ high voltage electrode grids were
designed and built in a program from 2014 to 2019.
The primary goals of the design and production
processes were to optimize field uniformity and
electrostatic performance while limiting the back-
ground contributions from the grids. A validation

campaign demonstrated tight, sub-mm deflections
of the gate and anode, with a combined deflec-
tion of 1.8 mm. It showed that the contribution of
grid alignment to the detector S2 resolution is ex-
pected to be at the 0.1% level or better. It also in-
formed modifications to the design and production
of the extraction region that will reduce the like-
lihood of breakdown and electron emission. The
grids were successfully integrated into the TPC in
spring of 2019, and will play an active role in help-
ing LZ achieve a WIMP spin-independent cross-
section sensitivity of 1.5×10−48 cm2 (90% C.L.)
at 40 GeV/c2 for the nominal 1,000 day, 5.6 ton
fiducial volume exposure [43].
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Decays from 210Pb and from its daughters 210Bi and 210Po are expected to be approximately in secular equilibrium by the
time LZ begins taking data.
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Exposure time, test
CR (hrs)

210Pb Activity
(Low) (mBq)

210Pb Activity
(High) (mBq)

Anode 1032 312 1.4 88.0
Gate 528 456 0.8 27.4
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