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Abstract The precision in reconstructing events detected in

a dual-phase time projection chamber depends on an homo-

geneous and well understood electric field within the liq-

uid target. In the XENONnT TPC the field homogeneity is

achieved through a double-array field cage, consisting of two

nested arrays of field shaping rings connected by an eas-

ily accessible resistor chain. Rather than being connected to

the gate electrode, the topmost field shaping ring is inde-

pendently biased, adding a degree of freedom to tune the

electric field during operation. Two-dimensional finite ele-

ment simulations were used to optimize the field cage, as

well as its operation. Simulation results were compared to
83mKr calibration data. This comparison indicates an accu-

mulation of charge on the panels of the TPC which is constant

over time, as no evolution of the reconstructed position dis-

tribution of events is observed. The simulated electric field

was then used to correct the charge signal for the field depen-

dence of the charge yield. This correction resolves the incon-

sistent measurement of the drift electron lifetime when using

different calibrations sources and different field cage tuning

voltages.

1 Introduction

The strongest direct constraints on dark matter in the form

of weakly interacting massive particles (WIMPs) come

from noble liquid–gas dual-phase time projection chambers

(TPCs) [1–6]. The XENONnT experiment, located at the

INFN Laboratori Nazionali del Gran Sasso (LNGS) in cen-

tral Italy, deploys a dual-phase TPC with a liquid xenon

(LXe) target of 5.9 t and set an upper limit on the spin-

independent WIMP-nucleon elastic scattering cross section
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down to 2.58 × 10−47cm2 for a 28 GeV/c2 WIMP mass at

90% confidence level [1].

A particle interacting in the liquid xenon target produces

a prompt scintillation light signal (S1) and frees ionization

electrons. The S1 vacuum-ultraviolet (VUV) photons are

detected by a top and a bottom array of photomultiplier tubes

(PMTs), while the electrons drift upwards following the elec-

tric drift field created by a cathode and a gate electrode. They

are then accelerated into a high electric field region between

gate and anode. There they are extracted into the gaseous

phase and produce a secondary proportional scintillation sig-

nal (S2) before being collected on the anode electrode. The

localized nature of the S2 signal allows an (x, y)-position

reconstruction based on the detected light distribution in the

top PMT array, while the time difference between the S1 and

the S2 signal gives an estimate for the z coordinate. The ratio

between S1 and S2 provides information about the nature

of the underlying interaction. For a given S1 signal, nuclear

recoils (NRs) of WIMP or neutron interactions are charac-

terized by a smaller S2 signal than electronic recoils (ERs)

from beta or gamma interactions.

The electric field at the interaction point in the LXe also

affects the signal ratio S2/S1. For this reason, a homogeneous

and well understood electric drift field is crucial for a good

discrimination between NR and ER events, and to achieve

the best sensitivity for a WIMP search. The electric fields of

the XENONnT TPC are produced by a set of five electrodes

(anode, gate, cathode and two screening electrodes) and a

field cage enclosing the active volume. The field cage consists

of an inner and an outer array of concentric conductive rings

connected by two redundant resistor chains. A sketch of the

TPC with the position of the electrodes and the field cage is

shown in Fig. 1.

This paper focuses on the simulation and design of the field

cage for the XENONnT experiment, with particular emphasis

on its improvements with respect to the predecessor experi-

ment, XENON1T [7]. The design and implementation of the

field cage are described in Sect. 2. The field simulation setup

and the optimization of the resistor chain are summarized in

Sect. 3, focusing on the freedom to tune the drift field by

changing the voltage applied to the topmost ring of the field

cage, treated as an independent electrode. Finally, the field

cage tuning results of XENONnT are discussed in Sect. 4.

This section also shows the matching of data to simulations
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Fig. 1 Sketch of the XENONnT TPC. The zoom-in shows a detail of

the double-array structure of the field cage, whose implementation is

shown in Fig. 2

of the XENONnT electric field during the first science run,

which includes a charge-up component on the TPC reflective

walls.

2 The XENONnT field cage

A WIMP scattering in LXe is expected to produce a small

scintillation signal S1, hence it is crucial to maximize the

light collection efficiency (LCE) of the detector. In addition

to the use of VUV-reflective polytetrafluorethylen (PTFE)

walls enclosing the full instrumented target [8], XENONnT

deploys electrodes which are highly transparent to light. This

was achieved using a parallel wire grid design with an opti-

cal transparency exceeding 95% [9]. The electrodes need to

sustain high voltages, as high electric drift fields are known

to reduce the fraction of ER events misclassified as NRs,

improve the discrimination power between single and multi-

ple scatter, and reduce the maximum electron drift time, lim-

iting the accidental coincidence background [10]. The design

drift field of XENONnT was 200 V/cm, aiming at a larger

value than achieved in XENON1T, while considering the past

difficulties for dual-phase TPCs in reaching high voltages at

the cathode [11].

The optical transparency of the electrodes translates into a

significant field leakage into the drift volume of the extraction

field from above the gate and of the reverse field from below

the cathode. This results in an inhomogeneous field within

the active volume, leading to a spatially-dependent S2/S1

signal ratio. This spatial dependence negatively impacts the

discrimination power between signal-like nuclear recoils and

background-like electronic recoils, ultimately affecting the

final sensitivity to WIMPs [10]. The field cage plays a cru-

(d)
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Fig. 2 View of the XENONnT field cage from the outside of the TPC

during assembly in the clean room. It is possible to discern the different

elements: the inner array rings (a) clipped in the notches (b) on the

sliding PTFE panels (c) and connected via the resistor chain (d). The

outer rings array (e) and its resistor chain (f) are also visible. The pillars

(g) are still open as this picture was taken during the assembly. During

nominal operation, covers (h) are placed to fix the outer rings. The

indicated dimension is given at liquid xenon temperature

cial role in addressing the problem of field inhomogeneity,

forcing a constant voltage gradient within the active volume

and effectively mitigating the field leakage through the elec-

trodes.

The field cage is composed of an inner and outer set of

oxygen-free high conductivity (OFHC, 99.99%) copper rings

that are connected by a chain of resistors and enclose the

entire length of the TPC. It is positioned on the outside of the

reflecting panels to prevent scintillation photons from being

lost due to the photoelectric effect as they hit the copper rings

of the field cage, which would reduce the LCE and release

single electrons. A section of the field cage, along with the

chain of resistors and various PTFE parts, is shown in Fig. 2.

The double-array structure of the XENONnT field cage

introduces a novel approach in the field of dual-phase TPCs.

The rigid outer rings act as structural elements, while the

smaller inner rings, which come into contact with the PTFE

reflectors, facilitate charge removal. The small dimension

of the inner rings is necessary to minimize the inevitable

local field distortion induced by the presence of conductive

elements close to the active volume. For the same reason,

despite their wider surface area, the outer rings have a non-

discernible impact on the local drift field.

The XENONnT field cage was constructed to make con-

tact with the exterior of the PTFE walls wherever feasible.
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This decision was prompted by the observation in XENON1T

of an inward push in the reconstructed (or observed) radial

position of the events correlated to the (x, y) geometry of the

TPC [12]. The radial distortion was explained as a charge-

up of the PTFE walls, exhibiting a time dependence. The

azimuthal dependence, known as “bite-structure” showed a

stronger inward push around the panels than around the pil-

lars. This effect was attributed to a smaller accumulation of

charges on the pillars with respect to the panels, possibly due

to a more efficient removal process resulting from the contact

of the XENON1T field cage with the pillars.

The active region of the XENONnT TPC is a prism with

a height of 148.6 cm and a 24-sided polygonal cross-section,

with 132.8 cm between opposite sides. Two PMT arrays and

stacks of electrodes limit the TPC at the top and bottom. The

electrode stacks as well as the PMT arrays are supported by

24 PTFE pillars. A total of 24 3 mm thick PTFE “sliding”

panels are mounted in between the pillars and they interlock

with 24 PTFE “blocking” panels directly mounted on the

pillars. A total of 355 clipping notches are incorporated into

each of the sliding panels to maintain contact between the

inner rings of the field cage and the insulator. In addition,

the sliding panels feature 0.25 mm diameter through-holes

at the center of each clipping notch. They serve the purpose

of facilitating the removal of free charges present on the inner

side of the wall, as the mobility of electrons along the PTFE

surface is expected to be larger than across the material bulk.

The 71 inner rings consist of 2 mm diameter wires, taken

from a single OFHC copper spool. The wire was first

stretched around a mock-up of 133.1 cm inner diameter, cut

to the right length, and both ends were threaded. During

installation the ends were connected using polyether ether

ketone (PEEK) fasteners, allowing the circumference to be

adjusted by a few millimeters.

The outer field cage array consists of 64 rigid copper rings,

each having a 24-sided polygonal shape with a 135.5 cm dis-

tance between opposite sides and a cross section of 15×5 mm

with a 2.5 mm rounding radius. The outer rings are positioned

along z between −7 and −145 cm (z = 0 being the vertical

position of the gate) and with half pitch offset from the inner

field cage rings. Each outer ring consists of two halves con-

nected by four countersunk M3 stainless steel bolts. One half

ring is meant to be fixed in position and it features two addi-

tional holes close to the junction which are used to connect

the resistor chains. The other half ring can be removed for

easier access during maintenance.

The geometry of the field cage is mostly constrained by

the compact TPC design and its key role for the mechanical

stability of the detector. The minimal radial distance between

inner and outer field cage arrays is 8.7 mm. The radial posi-

tion of the inner rings is determined by the PTFE wall they

are clipped into, whereas the outer radius of the outer rings

is limited by the high-voltage feedthrough (HVFT) running

to the cathode along the full length of the TPC. While a

larger radius of the field cage would improve the drift field

homogeneity, a smaller distance between outer rings and the

grounded stainless steel sleeve of the HVFT increases the

risk of discharges.

The vertical distribution of the field cage arrays is con-

strained at the top and bottom by the position of the gate

and cathode frames. A pitch of 21.6 mm at liquid xenon tem-

perature was chosen to facilitate the assembly of the resistor

chain within the reduced intra-array space. Additional inner

rings are included in the design at the top and bottom ends

of the field cage: four rings right below the gate and two

above the cathode (compare to Fig. 1). These extra elements

are installed with half the normal pitch. They improve the

field homogeneity in regions dominated by edge effects and

field leakage coming from the electrodes’ transparency.

The voltage divider of the field cage is entirely realized

using 5 G� SMD resistors with 1% tolerance by OHMITE

[13]. These resistors were already used in XENON1T and

extensively tested against failures. They are arranged in order

to ensure a linear potential drop along the z-axis. The inner

and outer set of rings have independent resistor chains, which

are connected at the top and bottom to form the voltage

divider of the field cage. This minimizes the impact on the

electric field in case of a broken resistor, while simplifying its

assembly. Two redundant sets of voltage dividers are imple-

mented on opposite sides of the TPC.

The electrical connection for the outer rings is achieved

by clamping the end of a 0.4 mm OFHC wire, soldered to

the resistor, to the countersunk holes via an M3 screw. The

resistor is then held in place by a 7 × 7 mm PTFE element

inserted between two rings. Given the small wire diameter of

the inner array rings, a spring loaded connection was realized.

Dovetail notches on the reflecting panels support counterpart

PTFE pieces on which the resistors are mounted. This joint

establishes a spring-loaded connection using M1.7 set screws

in electric contact with both the resistors and the inner copper

rings. The connection was tested for stress due to temperature

changes using liquid nitrogen, proving a good reliability.

All the materials used to machine and assemble the field

cage and its resistor chains were screened and thoroughly

cleaned to ensure radiopurity [14].

3 Electric field simulation

The resistor chain and the design of the field cage was

optimized based on the simulation of the electric field of

the TPC. The simulations were performed using COMSOL

Multiphysics® v5.4 [15], in particular the AC/DC module

with finite element method (FEM) analysis. This method

involves the discretization of the geometry into smaller ele-

ments, an operation known as “meshing”. The electrostatic
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equations are then solved at the vertices, or “nodes”, of each

element and interpolated in between.

Given the great number of simulations needed during the

design and optimization of the field cage, as well as the high

computational power required for a full 3D simulation, a

2D-axisymmetric model of the detector was implemented.

Decreasing the dimension of the problem reduces the num-

ber of nodes needed in order to be able to simulate the full

detector. However, this excludes non-axisymmetrical fea-

tures, such as the polygonal structure of the field cage or the

wire grid nature of the electrodes. In the 2D-axisymmetric

simulation the TPC is constructed as a cylinder with elec-

trodes made of concentric wires. While this approximation

impacts the electric field close to the electrodes, the expected

effect in the detector’s active volume was estimated to be

marginal by simulating a small-scale TPC using both 3D

and 2D-axysimmetric geometry. Comparing the electric field

inside the active volume, a difference lower than 0.5% was

found. This is notably smaller than the effect of introduc-

ing a charge distribution on the PTFE walls, as discussed in

Sect. 4, and it is thus considered negligible.

The TPC is contained inside a vacuum-insulated double-

walled stainless steel cryostat, which acts as a Faraday cage.

This means that the simulation of the TPC environment can

be restricted to the grounded inner vessel. Given the 2D-

axisymmetric nature of the simulation, elements that only

cover a small azimuthal angle are excluded from the model.

This includes the PTFE pillars, the HVFT to the cathode, and

the resistor chains. These elements were studied separately

with local 3D simulations in order to evaluate their impact

on the drift field and to assess the risk of breakdown. The

PMTs are approximated by a concentric structure in the 2D

simulation. The impact of this approximation on the drift

field is expected to be negligible as they are located behind

the screening grids and far from the active volume.

The dimensions of the TPC elements span several orders

of magnitude, ranging from the 216 µm diameter of the elec-

trode wires up to the 1.5 m length of the reflector panels. For

this reason, the mesh size ranges from 30 µm around the

electrode wires up to 25 mm in the center of the LXe vol-

ume, where the electric field is most uniform. The final mesh

consists of 4.8×106 elements and 2.4×106 nodes. When the

field within the active volume is compared to the same geom-

etry simulated with a coarser mesh, the average difference is

within 1%, being larger close to the electrodes. Hence, we

conclude that the uncertainty from meshing can be ignored.

As discussed in Sect. 2, the field cage geometry was

strongly constrained by mechanical requirements. For this

reason, the uniformity of the electric drift field was opti-

mized by selecting the voltages applied to the field cage. If

the voltage drop is proportional to the vertical separation of

two consecutive field shaping elements, then the voltage gra-

dient is constant and the electric field is uniform. The voltages

applied to the top and bottom of the field cage should match

the effective potentials in those positions, which differ from

the voltages of gate and cathode due to the field leakage effect

previously described. At the top, this matching is done by

independently biasing the topmost inner field cage ring. This

freedom in bias voltage represents an important innovation,

as it enables the tuning of the field homogeneity during oper-

ation of the filled detector. This permits adjusting to different

electrode configurations or exploring the effect of the field

homogeneity on the signal, as done in Sect. 4. An additional

HVFT would have been necessary for a similar solution at

the bottom of the field cage, considering the requirement for

voltages as low as −30 kV. Such a solution was not imple-

mented. Instead, a fixed resistance between the bottommost

inner field cage array element and the cathode was installed.

As it is not possible to change this resistance once the detector

is assembled, its value was optimized considering the possi-

bility that the design cathode voltage might not be reached.

The electric field inside the XENONnT TPC was simulated

using the electrodes’ design potentials of −1 kV at the gate,

6.5 kV at the anode and −30 kV at the cathode. Different

combinations of the topmost inner field cage ring voltage

Vtop and the bottom resistance Rbot were considered. Fields

were simulated for a voltage Vtop between −1.2 and −0.5 kV,

and a resistance Rbot between 5 and 10 G�.

Two independent figures of merit were used in order to

evaluate the performance of the different configurations: the

field spread within the 4 t fiducial volume (FV) as defined

in [16], and the size of the charge-insensitive volume (CIV).

The field spread is defined as the difference between the 5th

and 95th percentile of the electric field magnitude divided

by its mean. The charge-insensitive volume is a region of

the detector characterized by the complete or partial loss of

the ionization electrons. The electrons freed in such a vol-

ume follow the electric field lines ending on the PTFE walls,

accumulating on the wall and thus not producing S2 signals.

The reverse field region between the cathode and the bot-

tom PMT array is an example of irreducible CIV, and it is

therefore ignored in this discussion. The CIV is calculated

by propagating the electrons along the simulated field lines

from different positions within the TPC active volume and

checking whether they end up on the wall surface or reach

the liquid–gas interface. These figures of merit were com-

puted using the custom module PyCOMes [17], developed

to handle COMSOL output format and perform fast calcu-

lations of field lines and electron propagation. The mass of

liquid xenon inside the CIV (MCIV) is shown in the (Vtop,

Rbot) parameter space in Fig. 3.

When the topmost inner field cage ring is biased more pos-

itively than the gate electrode, the electrons drifting through

the TPC are more strongly attracted to it. This improves the

uniformity of the drift field within a limited range of voltages.

As the bias voltage increases further relative to the gate elec-
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Fig. 3 Charge-insensitive mass MCIV as a function of the voltage of

the topmost inner field cage ring Vtop and the resistance Rbot between

the bottom of the field cage and the cathode. The contour lines represent

the relative drift field spread within the 4 t fiducial volume. The red star

shows the configuration picked for XENONnT, with Vtop= −0.95 kV

and Rbot= 7 G�

trode, the field lines begin to terminate on the PTFE wall,

and at approximately Vtop = −0.85 kV, the CIV abruptly

increases. A larger CIV is also observed for high values of

Rbot. This is due to an increasing local field distortion in the

bottom edge of the detector.

Compromising between field homogeneity and CIV, the

values Vtop = −0.95 kV and Rbot = 7 G� were cho-

sen for the XENONnT design field. This corresponds to

MCIV = 1.2 kg and a field spread of 3.5%. We checked

the performance of the electric field with the bottom resis-

tance value Rbot for different configurations of the electrode

voltages, with the result that the chosen resistance performs

sufficiently well for a wide range of scenarios.

4 Comparison to data

The XENONnT detector is periodically calibrated using
83mKr. The metastable isotope has a half-life of 1.83 h and

decays via a two-step transition of 32.2 keV and 9.4 keV with

an intervening half-life of 157 ns [18]. This source is used to

monitor the spatial response of the detector and its time evo-

lution, assuming its homogeneous distribution [12,19]. It is

therefore possible to compare the observed 83mKr event dis-

tribution to the expected one from simulations. The simulated

distribution comes from a set of electrons uniformly pro-

duced within the active volume. Each electron is propagated

according to the electric field map including diffusion and

Fig. 4 Reconstructed (x, y)-position distribution of 83mKr events. The

distortion at high radii follows the distribution of PTFE pillars and

panels, the cross section of which are overlaid in the figure. The diagonal

features crossing the TPC result from the transverse wires of the gate

electrode and the distribution of the PMTs in the top array

drift values as coming from literature [20,21]. The (x, y)-

position is the electron location at the liquid–gas interface

including the position reconstruction resolution, while the z

information is derived from the drift time.

4.1 SR0 field and wall charge-up matching

During the commissioning phase of the experiment, a short

circuit occurred between the cathode and the bottom screen

electrode, limiting the voltage of the cathode. For the first

science run (SR0), the electrodes were set to a voltage of

0.3 kV at the gate, 4.9 kV at the anode and −2.75 kV at the

cathode. This resulted in an average electric drift field of

23 V/cm. The topmost inner field cage ring voltage was set to

Vtop = 0.65 kV, which was optimized based on simulations,

by means of the procedure described in Sect. 3.

Similarly to XENON1T, an azimuthally dependent distor-

tion at high radii is observed in the 83mKr distribution, reflect-

ing the 24-sided-polygonal structure of the PTFE walls. Nev-

ertheless, the distortion shows a different behaviour than

what was observed by XENON1T. In XENONnT the events

around the pillars are pushed more inwards than the events

around the panels, leading to a localized strong reduction of

the rate, as shown in Fig. 4.

The observed “bite-structure” supports the XENON1T

hypothesis of PTFE charge-up discussed in Sect. 2, which

drove the field cage design of XENONnT. While the field

cage rings touch both panels and pillars, the panels are

expected to release accumulated charges more easily than

pillars because of their thinner geometry and the presence of

through-holes. The efficient charge removal is supported by

the absence of time-dependent features in the reconstructed

radial position of the 83mKr events. Figure 5 shows the evolu-
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Fig. 5 Evolution of the 90th percentile of the radial distribution at three

different z bins centered around the indicated value and with a bin width

of 7 cm

tion over SR0 of the 90th percentile of the radius distribution

of 83mKr events in three slices of z.

Unlike previous experiments [12,22], no increase of the

inward push is observed over time. In addition, the observed

(x, y)-distribution has two symmetric features crossing the

TPC as a result of the transverse wires of the gate locally

deflecting the electrons when drifting towards the liquid–

gas interface. These wires were installed both at the gate

and anode electrodes to counteract wire deformation under

electrostatic force [9]. The regular pattern perpendicular to

these features is due to a combination of the wire grid of the

anode electrode with the geometrical configuration of the

PMTs in the top array.

The 90th percentile of the radial distribution r90 is eval-

uated for both 83mKr data and simulation in 30 bins of z

by averaging over the azimuthal angle. The simulation con-

sists in the propagation of 105 electrons with initial position

uniformly distributed in the active volume. The 90th per-

centile is sufficiently large not to be affected by the trans-

verse wires, but not sensitive to possible outliers at high

percentiles. A mismatch between data and simulation can

be clearly seen in Fig. 6, with the difference between r90

from data (black circles) and from simulation (blue trian-

gles) being on average 4.7 cm. The mismatch can be effec-

tively resolved by considering a charge accumulation on the

PTFE walls, as already demonstrated in previous works [22].

The corresponding surface charge density σw is determined

by matching the observed radial distribution with simulations

including a charge distribution at the walls. This density is

parameterized using a linear function:

σw = λ ·
|z|

hTPC
+ σtop, (1)

where hTPC = 148.6 cm is the height of the TPC, σtop is the

surface charge density at the top of the panels and λ is the

Fig. 6 (r , z) distribution of 83mKr events near the walls of the TPC. The

90th percentile of the radial distribution along 30 bins of z is shown in

black. The same quantities coming from the simulation with and without

PTFE reflector charge-up are shown in cyan and blue, respectively

charge density difference between the top and bottom of the

panels, i.e., σbot = σtop + λ.

A linear model describes to first order the observations

reported in [22]. Field and electron-propagation simulations

were performed for σtop between −2µC/m2 and 1.5 µC/m2

and for λ between −1µC/m2 and 1.5 µC/m2, both with

steps of 0.1 µC/m2. For each combination of σtop and λ,

r sim
90 was calculated for nz = 30 bins in z along the TPC

as described above. The chi-square was estimated for each

simulation in the following way:

χ2 =

nz−1
∑

i=0

(

robs
90,i − r sim

90,i

)2

σ 2
90,i

, (2)

where σ 2
90 is the squared sum of the statistical percentile

uncertainties of data and simulations. The χ2 best fit yields

σtop =
(

−0.50 ± 0.06(syst) ± 0.02(stat)

)

µC/m2,

λ =

(

0.40 ± 0.15(syst)
+0.20
−0.10(stat)

)

µC/m2.

These values correspond to a surface charge density of

−0.5 µC/m2 at the top of the panels and −0.1 µC/m2 at the

bottom. The statistical uncertainty was determined by resam-

pling the simulated position distributions for each parame-

ter combination, a technique known as “bootstrapping”, and

then assessing their χ2 best fit. The systematic uncertainty
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Fig. 7 Electric field map determined from 2D-axisymmetric simu-

lations including a linear charge distribution on the PTFE reflectors

matched to the radial distribution of 83mKr events. The black lines indi-

cate the contour of the electric field, while the dashed grey lines are

field lines starting at different radii and same z

was obtained by repeating the χ2 minimization with different

binning in z and percentile values, and taking into account

the coarse binning for the σtop and λ parameters.

The simulated radial distribution after adding the wall

charge-up component is shown as cyan squares in Fig. 6,

with a maximum difference with respect to the observed dis-

tribution of 1.6 cm at the very top of the TPC and 0.3 cm on

average. Including the surface charge density, the predicted

field spread is 13.2% within the FV and the charge-insensitive

mass is 112 kg. The corresponding SR0 electric field map

including charge-up is shown in Fig. 7.

The hypothesis that a failure of the resistor chain causes

the mismatch between the simulation and the data can be

ruled out, as the total resistance of the field cage was mea-

sured to be (92 ± 11) G�, in good agreement with the

expected value of (87.25 ± 0.05) G�. Moreover, the sim-

ulation of the failure of a single resistor shows an insufficient

impact on the observed position distribution.

An independent validation of the field map including wall

charge-up comes from the measurement of the electron life-

time during SR0. The electron lifetime τe− is the characteris-

tic time constant of the exponential decrease of the S2 signal

as a function of drift time td . This is due to electrons being

trapped by impurities in the liquid xenon. To determine the

electron lifetime τe− , an exponential function is fitted to the

median of the S2 area across different drift times. Previous

analyses of XENON1T data revealed a discrepancy in the

measurement of the electron lifetime when using different

radioactive isotopes, such as 83mKr and 222Rn [12]. These

isotopes vary in their decay products and energy, resulting in

different ionization densities within xenon. For this reason,

the electric field affects the charge signal of each calibration

source differently, leading to a different spatial dependence of

the S2 signal in presence of an inhomogeneous drift field. The

electron lifetime measured according to the above approach

is thus an effective value τ eff
e− that includes a relative field

effect on the charge yield, Qrel
y (x, y, z):

S2 (td) = S2 (0) · exp
(

−td/τ eff
e−

)

= S2 (0) · Qrel
y (x, y, z) · exp (−td/τe−). (3)

Figure 8 shows the results from the measurement of the

electron lifetime during a joint calibration using 37Ar and
83mKr sources, which was carried out after the end of SR0

[23]. The “uncorrected” electron lifetime comes from the

exponential fit of the S2 median area, and it corresponds

to τ eff
e− of Eq. (3). The “corrected” lifetime is obtained by

weighting the measured S2 area for the relative charge yield

Qrel
y as coming from the field map. This is the best estimate of

the true electron lifetime τe− . Since each calibration source is

affected differently by the electric field, Qrel
y is estimated for

each isotope. The 83mKr charge yield is modeled using data

from [24]. 37Ar data are extrapolated to lower electric fields

using the results from [25]. The charge yield of 222Rn alphas

finally is modeled using NEST v1 [26,27], which is more

consistent with recent measurements than the latest version

[24]. When not corrected, the electron lifetimes from differ-

ent sources (left panel) do not agree among themselves, as

this corresponds to assuming a perfectly homogeneous elec-

tric drift field. The lifetimes are corrected using the simulated

electric field maps both with (right panel) and without (mid-

dle panel) the inclusion of the charge-up of the PTFE walls.

The different measurements are in agreement when charge

accumulation is assumed, but when it is not included, the dis-

crepancy is even more pronounced than in the uncorrected

case.

4.2 Impact of the field cage tuning on the drift field

Dedicated datasets were taken after the end of SR0 to assess

the impact of different voltages of the topmost inner field cage

ring Vtop on the drift field. This was varied from 0.3 keV to

1 keV during a 83mKr calibration, while keeping the voltages

of all other electrodes at their SR0 values. While the elec-

trode voltages mostly impact the magnitude of the electric

field, the independent biasing of the topmost inner field cage

ring influences primarily its homogeneity. From simulations,

changing Vtop from 0.3 kV (same as gate) to 1 kV translates

into a 7% stronger field within the FV, while reducing the
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Fig. 8 Electron lifetime measured using three different radioactive iso-

topes: 37Ar (cyan squares), 83mKr (blue triangles) and 222Rn (black cir-

cles). The results on the left plot use the uncorrected charge signals,

while middle and right plots include a drift field correction based on the

field map without and with charge on the PTFE wall, respectively. The

data were taken during a simultaneous 37Ar and 83mKr calibration after

the end of SR0. Due to emanation, minute levels of 222Rn are present

in the detector at all times [14]

Fig. 9 Reconstructed position distribution of 83mKr events for different voltages of the topmost inner ring of the field cage. Red circles and black

triangles are the 90th percentile radial distribution coming from simulation and data, respectively. The TPC active volume boundaries are shown as

black dashed lines

field spread by 400%. For this reason, this is the first direct

measurement of the effect of the field homogeneity on signal

production and the transport of S2 electrons in a multi-tonne

LXe TPC.

The reconstructed 83mKr (r, z) distribution and the 90th

percentile radial distribution are shown in Fig. 9 for different

field cage tuning voltages. As Vtop increases, a decreasing

radial inward push is observed. As discussed in Sect. 3, a

more positive voltage at the top of the TPC attracts elec-

trons counteracting the inward push, resulting in a more uni-

form distribution. However, by increasing Vtop the charge-

insensitive volume increases. The CIV cannot be inferred

from the observed position distribution even for Vtop >

0.75 kV, when > 10 % of the total TPC volume is charge-
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Fig. 10 Rate of events (cyan squares), signals S1 (black circles) and S2

signals (blue triangles) for the same 83mKr source, but different topmost

inner field cage ring voltages. All rates are corrected for the 83Rb source

decay

insensitive. For these configurations, the edge of the position

distribution is flat over z, showing no inward feature.

The comparison of robs
90 for different Vtop with the cor-

responding r sim
90 including the SR0 wall charge distribution

returns a good match for voltages Vtop below or equal to

0.75 kV. A difference of up to 5 cm in the 90th percentile

radial distribution is observed for a Vtop of 0.9 kV and 1 kV.

This hints towards a mismodeling of the charge distribution

or the possibility that the charge distribution reaches a new

equilibrium for high voltages Vtop.

The change of the CIV is reflected by the change of the

observed event and signal rates for different Vtop values, as

shown in Fig. 10. An event is defined by the pairing of an S1

and S2 signal [23] passing a loose box 83mKr selection on

their area, while the individual signals (S1 or S2) are selected

within the corresponding range, but without pairing require-

ment. The time elapsed between the beginning and the end

of the test is around one day. Because of the 83Rb half-life of

86.2 d, a daily decrease in rate of (1.01 ± 0.12)% is consid-

ered in the calculation, verified by comparing the rate before

and after the test using the same SR0 field configuration. As

expected, the S1 rate is constant for different Vtop, while S2

and event rates are fairly constant up to 0.75 kV, but quickly

drop for larger values. This observations proves that a frac-

tion of the active volume is charge-insensitive and that this

depends on the electric field configuration. The fast increase

of MCIV is explained by the anodic behaviour of the topmost

inner field cage ring. At these voltages the drifting electrons

are collected on the PTFE walls at the very top of the TPC.

In this situation even a small change of Vtop leads to a large

fraction of field lines being lost at the edges, although the

impact on the intensity of the field is negligible.

Thanks to the large rate of 83mKr events collected dur-

ing the test, it is possible to measure the electron lifetime

individually for each voltage. A clear dependence on Vtop is

shown in Fig. 11. The observed increase of the uncorrected

Fig. 11 Electron lifetime measured using 83mKr for different topmost

inner field cage ring voltages. Blue triangles and black circles are elec-

tron lifetime with and without field correction, respectively. The cyan

dashed line corresponds to 38 ms, which is the average value of mea-

surements with field correction

electron lifetime (black circles) is explained by the lower

electric field at the top of the TPC as Vtop increments, as it

is suggested by the field simulations. A smaller electric field

leads to a reduced charge yield, finally resulting in an higher

uncorrected electron lifetime. As these data have been taken

within few hours, the fast change of the electron lifetime

as Vtop increases cannot be due to a change of the impurity

concentration in the liquid xenon. Similarly, the small varia-

tion of the electric drift field for different Vtop values cannot

account for the change of an order of magnitude in the elec-

tron lifetime [28]. Finally, the uncorrected electron lifetime

measured right before and after the test in standard field con-

ditions agrees well, excluding a possible evolution over time

of the lifetime.

The effects due to the non-uniform electric field on the

uncorrected electron lifetime can be accounted for by simu-

lating the electric field, similarly to what is done in Fig. 8.

Figure 11 shows the corrected electron lifetime for different

values of Vtop. The corrected values agree with the constant

average of 38 ms, considered to be the true electron lifetime

τe− and further demonstrating the capability to correct for

the electric field effect solely based on simulations.

5 Summary

This work demonstrated a good understanding and effec-

tive control of the electric field inside the active volume of

the XENONnT TPC. The novel double-array structure of

the field cage allows for mechanical stability, while ensur-

ing contact between the conducting field shaping elements

and the PTFE walls, facilitating the removal of charges accu-

mulating over time. The absence of a time evolution in the
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distribution of the observed event position confirmed an effi-

cient removal.

The innovative independent voltage bias of the topmost

field cage ring makes it possible to match it to the local effec-

tive potential, a combination between gate and anode volt-

ages due to field leakage through the gate. The detector was

simulated using the FEM software COMSOL Multiphysics®,

using an approximate 2D-axisymmetric geometry. The bias

voltage of the topmost inner field cage ring and the value of

the resistor between the field cage and the cathode were cho-

sen to optimize the charge-insensitive volume and the field

homogeneity.

During SR0, the spatial distribution of 83mKr calibration

data was compared to the one calculated based on the elec-

tric field simulation. A linear surface charge density along

the PTFE walls of the TPC was included in the field simula-

tion to improve the agreement of the reconstructed position

distribution between simulation and data. The best match to

data was obtained with a charge density distribution ranging

from −0.5 µC/m2 at the top of the walls to −0.1 µC/m2 at

the bottom, reducing the average difference between simu-

lated and observed 90th percentile radial distribution from

4.7 cm down to 0.3 cm. The resulting field map was used to

correct the relative charge yield of S2 signals used for the esti-

mation of the electron lifetime from different sources. This

resolved a long-standing discrepancy and further validated

the simulations.

A dedicated test to investigate the impact of the topmost

inner field cage ring voltage on the field uniformity was

performed using the data from a 83mKr calibration source.

An average difference < 1 cm of the 90th percentile radial

distribution is observed between data and simulations when

including the reflector charge-up for voltages below 0.75 kV.

Above this value, a deteriorating agreement in the position

distribution, together with a strong decrease in event and S2

rates, indicating a significant increase of charge-insensitive

volume. The measured electron lifetime as a function of the

topmost inner field cage ring voltage showed an apparent

increase of an order of magnitude, which cannot be explained

by the change of impurity concentrations. However, as the

S2 signals are corrected for the field dependent charge yields

evaluated using the proper electric field map, the electron

lifetime measurements for the different runs agree within the

uncertainties.

The presented design of the field cage for the XENONnT

TPC represents a novelty for the dual-phase TPC technol-

ogy, allowing for control over the homogeneity of the field

while minimizing known effects of charge accumulation on

the detector walls. Together with the good understanding of

the electric drift field, this elevates the capability of TPC

detectors for dark matter searches improving the sensitivity

to WIMPs and potentially setting a new standard in the field.
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