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Abstract The multi-staged XENON program at INFN
Laboratori Nazionali del Gran Sasso aims to detect dark mat-
ter with two-phase liquid xenon time projection chambers of
increasing size and sensitivity. The XENONnT experiment
is the latest detector in the program, planned to be an upgrade
of its predecessor XENONIT. It features an active target of
5.9tonnes of cryogenic liquid xenon (8.5 tonnes total mass
in cryostat). The experiment is expected to extend the sensi-
tivity to WIMP dark matter by more than an order of mag-
nitude compared to XENONIT, thanks to the larger active
mass and the significantly reduced background, improved by
novel systems such as a radon removal plant and a neutron
veto. This article describes the XENONNT experiment and
its sub-systems in detail and reports on the detector perfor-
mance during the first science run.

1 Introduction

XENON is a multi-staged research program that aims to
detect dark matter using two-phase liquid xenon time projec-
tion chambers (LXe TPCs) of increasing size and sensitivity
[1-3]. While these detectors are designed for high-sensitivity
direct searches for dark matter in the form of Weakly Interact-
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ing Massive Particles (WIMPs), they also allow for carrying
out arich and diverse science program [4—10]. With an active
LXe target mass of 5.9 tonnes, the XENONNT experiment is
the latest and largest detector of the program, designed to
improve upon the sensitivity of XENONIT by more than an
order of magnitude [11].

To reach this sensitivity, XENONnT features a signifi-
cantly reduced background level in a central 4 tonnes fiducial
volume compared to that observed in XENONIT. The LXe-
intrinsic electron recoil background, dominated by >*?Rn and
85Kr, was successfully reduced by about an order of mag-
nitude [12]. Material selection and a new neutron veto sup-
press the neutron-induced background [13]. The background
requirements guided the XENONNT design as well as the
construction and preparation procedures presented here.

2 The XENONnNT experiment

A schematic of XENONnT highlighting its major sub-
systems is shown in Fig. 1. The experiment is located in
Hall B of the INFN Laboratori Nazionali del Gran Sasso
(LNGS) in Italy. It consists of three nested detectors next to a
three-story service building containing the auxiliary systems
needed to operate the detectors. XENONNT was planned as
a fast upgrade of XENONIT and thus inherited much of
the infrastructure from its predecessor. At the same time, it
was equipped with several innovative features to improve the
detector performance, lower the backgrounds, and extend its
physics reach. These features are listed here.

LXe TPC: The TPC accommodates a 5.9tonnes active
LXe target. Particular emphasis went into (1) minimizing the
use of materials (mostly Polytetrafluoroethylene - PTFE), (2)
minimizing the number of individual components, (3) devel-
oping a novel field-shaping system to improve the uniformity
of the electric drift field while minimizing charge-up effects
and (4) characterizing all photomultiplier tubes (PMTs) in
LXe to mitigate the risk of failure. See Sect. 2.1 for more
details.
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Fig. 1 Schematic of the XENONnNT experiment highlighting the detec-
tors (TPC, neutron veto, muon veto) as well as the sub-systems for
cryogenics and purification. Orange and blue arrows are used to show
the path of gaseous and liquid xenon, respectively. The solid lines indi-
cate the default flow path during normal operation, while the dashed
lines indicate redundant flow paths and the optional flow path to allow

LXe recirculation/purification: XENONNT uses a novel
liquid xenon purification system that complements the gas
purification loop remaining from XENONIT. This greatly
improves removing electronegative impurities, which was
found the be challenging in XENONI1T. The system extracts
LXe from the bottom of the cryostat with cryogenic liquid
pumps at a rate between 4 and 16 tonne/day and purifies it
through custom-developed cryogenic, low-radon-emanation
purifiers to remove electronegative impurities. See Sect. 2.2.3
for more details.

High-flow radon removal plant: **’Rn is continuously
emanated by all materials inside the detector systems. Decays
of its daughter 2'*Pb constitute the dominant background
source in tonne-scale LXe detectors. To reduce the radon-
induced concentration to the design goal of ~1puBg/kg,
XENONNT is equipped with a high-flow radon distillation
plant thatis operated continuously at a rate of 1.73 tonnes/day
[14]. The liquid recirculation system extracts LXe directly
from the cryostat and transfers it to the plant which efficiently
removes radon. The plant can simultaneously process a flow
of gaseous xenon to efficiently clean it when extracted from
locations with high radon emanation. See Sect. 2.2.5 for more
details.

for online krypton distillation. Details on the cryogenic system (CRY),
the gaseous and liquid purification systems (GXe-PUR and LXe-PUR),
and the krypton and radon removal plants (Kr-DST and Rn-DST) are
reported in Sect.2.2. The TPC and the veto systems are described in
Sects. 2.1 and 2.3, respectively

Neutron Veto: To reduce the neutron-induced nuclear
recoil background, XENONNT features a veto system to tag
neutrons. It encompasses a water volume of about 33 m?
around the cryostat that is optically separated from the water
Cherenkov muon veto detector by reflective foils, but uses the
same water. Thermalized neutrons are subsequently captured
under the emission of O(MeV) y -rays. These gammas accel-
erate electrons to relativistic speeds by Compton-scattering,
yielding Cherenkov light for delayed tagging. After an initial
run with demineralized water to characterize the TPC perfor-
mance in a low-background environment, at the end of 2023
the water was loaded with gadolinium sulphate octahydrate
to increase the neutron capture efficiency. See Sect. 2.3.2 for
more details.

In the following, all XENONnT sub-systems will be
described in detail, emphasizing those that are new or that
underwent a major upgrade since XENONIT [3].

2.1 The two-phase LXe TPC
The central detector of XENONNT consists of a LXe target

instrumented as a two-phase TPC. It measures both xenon
excitation and ionization induced by a particle interacting

@ Springer
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in the target volume. This technology is sensitive to low-
energy depositions, with ionization signals down to the sin-
gle electron level [15]. This makes two-phase xenon TPCs
ideal for dark matter searches, as demonstrated by the pio-
neering work of XENON10 [16] and ZEPLIN-II [17] and,
more recently, by the results from XENON100 [2], LUX
[18], PandaX-II [19], XENONIT [3], PandaX-4T [20], LZ
[21] and XENONNT [12,13].

Energy depositions in two-phase LXe TPCs excite and
ionize the xenon atoms, giving rise to signals detected by two
arrays of photodetectors installed at the top and bottom ends
of the cylindrical TPC. The prompt, primary scintillation sig-
nal (S1) is from photons produced during the de-excitation
of the XeJ excimers formed during an interaction. The sec-
ondary scintillation signal (S2) is proportional to the number
of ionization electrons which did not recombine and were
drifted to the gas layer above the LXe target in an electric
field across the active target. Once they reach the liquid—
gas interface, a stronger electric field (5-10 kV/cm) extracts
them into the gas, where they produce proportional electrolu-
minescence. In a homogeneous electric field, the time delay
between the prompt S1 and the delayed S2 is directly related
to the length of the electron drift path and thus used to derive
the depth (Z-coordinate) of the interaction with respect to the
liquid—gas interface. The X- and Y-coordinates are inferred
from the distribution of the S2 light on the top-array PMTs.
Full 3D reconstruction facilitates the study of the topology
of the interaction (i.e., single- vs multi-site, point-like vs
extended tracks) and enables the definition of a fiducial vol-
ume with a greatly reduced background level in the analysis
[22].

The relative sizes of the S1 and S2 signals depend on the
energy and nature of the interaction. A particle scattering
off a xenon nucleus (e.g., a WIMP or a background neu-
tron) would lead to a short, dense ionization track from the
resulting nuclear recoil (NR). The much more abundant back-
grounds from intrinsic beta and gamma decays affect atomic
electrons, generating electronic recoils (ER’s) responsible for
ionization tracks sparser than those from NR’s and hence rel-
atively less affected by recombination. The signal ratio S2/S1
is related to the electron-ion recombination and, hence, to the
ionization density generated by the NR or ER. For this rea-
son, this ratio can be used to discriminate between the two,
with a typical efficiency as measured in XENONIT of >
99.7% to reject ER’s while keeping a 50% NR acceptance
[23].

2.1.1 TPC design
Several design features of the XENONIT detector [3], a test
bed for technical solutions for tonne-scale LXe detectors,

were reconsidered and new solutions were implemented for
XENONNT. Its TPC was designed with special attention to

@ Springer

minimize the amount of plastics (mainly PTFE) needed for
structural, insulation, and light reflection purposes. Beyond
being a source of neutron background via (o, n)-reactions,
plastics were measured to be the dominating source of out-
gassing, degrading the xenon purity and the detector per-
formance. The XENONNT TPC design also minimized the
number of individual pieces to reduce the number of joints,
surfaces, cavities, bore holes, and threads which can trap air
and affect the purity through outgassing and virtual leaks.
The uniformity of the drift field was improved compared
to XENONI1T, mitigating unwanted edge effects and poten-
tially time-dependent charge-up effects [4]. Finally, in con-
trast with the hex-etched meshes used in XENONI1T, the
increased dimensions of XENONnT made it necessary to
replace them with parallel wire grids. For the anode and gate
electrodes, their mechanical stability was improved by a few
transverse wires (see Sect. 2.1.3). The overall goal of the
design was to fit the largest possible TPC into the XENONI1T
outer cryostat vessel of 1620 mm inner diameter.

A CAD rendering of the XENONnT TPC is shown in
Fig. 2. The double-wall cryostat contains 8.5 tonnes of xenon
at —98°C, of which 5.9 tonnes are inside the TPC active vol-
ume. The TPC is suspended from the top flange of the inner
vessel and is held together by 24 thin PTFE pillars. The
virtually cylindrical active region of the TPC is 1613 mm
high and about 1327 mm wide (all dimensions in this section
refer to the TPC geometry at —98 °C, i.e., accounting for
thermal shrinkage). The cylinder side wall is constructed of
48 interlocking vertical PTFE panels designed to compen-
sate for radial thermal shrinkage while guaranteeing light
tightness: 24 panels are fixed to the PTFE pillars and fea-
ture a several mm deep slit on both vertical sides. The addi-
tional 24 PTFE panels are placed in between the fixed panels
by inserting them into these in an interlocking fashion. To
reduce the mass of PTFE, the thickness of the panels was
reduced to 3mm, the smallest thickness required to ensure
opaqueness to xenon scintillation light entering from outside
the TPC volume [24]. The total mass of PTFE used for the
TPC is only 128kg. The remaining, non-instrumented LXe
volume surrounding the TPC with an average thickness of
64 mm further shields the active volume from radiation from
the cryostat. Figure3 shows the fully assembled TPC sus-
pended from the cryostat vessel.

Two arrays of PMTs detect the S1 and S2 light, with 253
PMTs at the top and 241 PMTs at the bottom (see Fig. 4
and Sect. 2.1.2 for more details). All PMT bodies in an array
are fixed to a single 8-mm-thick PTFE disk filling the gaps
between them and acting as a reflector. A single 25 mm (bot-
tom) or 20mm (top array) thick disk made of oxygen-free
high conductivity (OFHC) copper serves as a mechanical
support for each array, granting stability and flatness during
the thermal shrinkage of the PTFE disk. The top PMT array
is located inside a diving bell made of 4 mm-thick stainless
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Fig. 2 CAD rendering of the XENONnT TPC within the cryostat. The zoomed insets show details about the field cage, the electrode stacks at the

top and bottom of the TPC, and the implementation of the PMT arrays

steel that isolates the gas in the active volume from the rest
of the system. In addition, this allows for pressurization to
enable active control of the LXe level. All PTFE surfaces
facing the target volume are diamond polished to optimize
their reflectivity for 175 nm xenon scintillation light [25].

Five parallel wire grid electrodes and two concentric cages
of field-shaping electrodes establish the electric field across
the TPC (see Sect. 2.1.3). The cathode, gate, and anode
grid electrodes define the field in the electron drift and
electron extraction/multiplication regions, whose lengths are
1486 mm and 8 mm, respectively (see Fig. 2). Two additional
screening electrodes are placed 1.5mm above the bottom
PMT array reflector and 28 mm below the top PMT array
reflector. These are used to reduce the electric fields in front of
the PMTs. To avoid an excessively high field below the cath-
ode the bottom screening electrode is located 55 mm below
the cathode, creating a region containing about 200 kg of LXe
from which no S2 signal can be detected as the liberated ion-
ization electrons are drifted to the bottom screening electrode
and will not reach the liquid—gas interface.

Two concentric stacks of field-shaping rings made of
OFHC copper are set at incremental potentials via resistor
chains from the cathode to the top field-shaping electrode
(TFSE) isolated from the gate for better drift field unifor-
mity (see inset in Fig. 2 and Sect. 2.1.3). A 1 mm-thick
PTFE sheet externally surrounds the lower 640 mm of the
field-shaping electrodes as well as the cathode frame to min-
imize risks of discharges towards the cryostat which is at
ground potential (see Fig. 2 and 3). The five grid electrodes as
well as the topmost field-shaping electrode are independently
biased (see Sect. 2.1.3). The negative HV for the cathode
is delivered by the same custom high-voltage feedthrough

(see Fig. 3) used in XENONIT [3]. Kapton-insulated cables
[26], connected to the air side by commercial ConFlat flanges
equipped with single-ended SHV feedthroughs, deliver the
bias to the remaining electrodes.

The position of the liquid—gas interface is mechanically
set by a vertically-adjustable gas-exhaust tube, a 1/4” stain-
less steel tube running along the diving bell’s sidewall. Its
upper end is connected to the gas in the diving bell while
the lower one ends in the LXe volume outside the TPC, see
Fig. 5. Pressurizing the bell by a GXe flow sets the level
of the liquid—gas interface inside the bell to the lower end
of the exhaust tube. Its vertical position can be controlled
remotely by a linear motion feedthrough and was set to keep
the liquid—gas interface stable at 5.1 mm above the gate elec-
trode. This value refers to the nominal gate position, i.e.,
the surface defined by the thick electrode support frames. In
reality, under the combined effect of gravity and the elec-
tric field, the electrode wires deform, leading to a variation
of this distance as a function of the X-Y-coordinate that is
corrected for in the offline analysis (see Sect. 3.3.3). To moni-
tor the liquid level, four parallel-plate capacitive level meters
were installed along the circumference of the TPC. These can
monitor the level with a 0.2 mm precision over a dynamical
range of 10 mm. The same level meters are used to measure
the potential tilt of the TPC and hence the orientation of the
TPC electrodes’ nominal planes with respect to the liquid—
gas interface. The tilt can be adjusted at 50 wm precision from
outside the water shield by a leveling system connected to the
cryostat. Analysis of the gas gap using the width of single
electron signals confirms good leveling, with an estimated
tilt of only (1.8 & 0.1) x 10™*rad.
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Fig. 3 The XENONNT TPC suspended from the top flange of the inner
cryostat vessel shortly before the assembly was completed within the
cleanroom inside the water tank. One panel of the PTFE sheet surround-
ing the lower part of the TPC was removed to show how the cathode
high voltage feedthrough connects to the cathode electrode

During the filling of the cryostat with liquid xenon, the
liquid level is monitored with two capacitive tube-in-tube
level meters that run alongside the TPC.

All cables (for electrodes, PMTs, and sensors) are routed
via two vacuum-insulated double-walled pipes, which con-
nect the cryostat to the air side through the water shield
(see Fig. 1). The cable pipe 1 is part of the large multi-
purpose cryostat pipe that connects the cryostat top dome
to the third floor of the XENON service building and also
contains other cryogenic lines. This large pipe, including all
the cables inside, was re-used from XENONI1T. The second
cable pipe 2 was newly installed on a separate port on the
cryostat top dome to accommodate the remaining cables. A
constant xenon gas extraction from these pipes towards the
cryogenic system avoids potential back diffusion of radon
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Fig. 4 PMT arrays during TPC assembly: (top) The top array installed
inside the diving bell. (bottom) The cathode and bottom screening elec-
trodes are installed above the bottom PMT array
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Fig. 5 TIllustration (not to scale) of setting LXe level of the TPC with
a diving bell: The lower end of the exhaust pipe defines the height of
the liquid—gas interface

emanated by the cables and components at a higher temper-
ature (see gas xenon flows in Fig. 1).

2.1.2 TPC photomultiplier tubes

The top and bottom arrays include 253 and 241 Hamamatsu
R11410-21 low-background cryogenic PMTs [27], respec-
tively. These were developed jointly by Hamamatsu and the
XENON collaboration [28-30]. The PMTs were selected
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Fig. 6 The Hamamatsu R11410-21 PMTs in the top (253 units)
and bottom (241) arrays were distributed according to their room-
temperature quantum efficiency (QE, color code). PMT 383 was added

Table 1 Geometrical properties and design voltages of the five grid
electrodes. The frame thickness refers to the height of its vertical cross-
section. The inner and outer diameters (ID and OD) for the 24-sided
polygon electrodes should be viewed as the diameters of the inscribed

—-60 —40 =20 0

x [cm]

20 40 60

just before assembly to replace one of the PMTs which performed worst
during testing, i.e., it was not positioned based on its QE

and circumscribed circles. The nominal vertical positions of the wire
planes (intended as the plane crossing the center of the wires) are given
with respect to the gate electrode once the TPC is cooled down to LXe
temperature

TPC electrode Frame Frame Frame Frame Wire Wire Optical Vertical Design
Thickness (mm) Shape ID (mm) OD (mm) Diameter (um) Pitch (mm) Transp. (%) Position (mm) Voltage (kV)

Top Screen 15 24-gonal 1334 1408 216 5 95.7 +36 —-1.5

Anode 18 24-gonal 1334 1408 216 5 95.7 +8 +6.5

Gate 20 24-gonal 1334 1408 216 5 95.7 0 —-1.0

Cathode 20 Circular 1347 1395 304 7.5 96.0 —1486 -30.0

Bottom screen 15 Circular 1345 1395 216 7.5 97.0 —1541 —1.5

from a pool of 520 units, 153 recovered from XENONIT
(out of 248), and 367 new units. All the available PMTs were
stress-tested in liquid xenon conditions to catch additional
potential failure modes, as XENONIT had seen almost 10%
of PMTs failing during its operation, despite having been
stress-tested in cold nitrogen gas. Out of the 367 new PMTs
tested, 15 showed a high after-pulsing rate, and 11 emitted
light at a high rate, and were not used for XENONNT [30]).
The best performing 494 units were identified and installed.
The installed PMTs have an average quantum efficiency (QE)
of 34.1% measured by Hamamatsu at 20 °C for 175 nm light
and an average collection efficiency of 90% [30].

To maximize coverage, the PMTs on each array are dis-
tributed in a hexagonal, maximum-packing pattern as shown
in Fig. 6. Optical simulations of the position reconstruction
using the S2 signal distribution on the top array showed that
the close-packing layout is more resilient to reconstruction
bias induced by potential failing PMT channels compared to

aradial pattern. The PMTs with the highest QE were installed
in the bottom array to maximize the light collection efficiency
(see Fig. 6). In both arrays the higher the QE the closer the
PMT was placed towards the center, while taking care that
PMTs showing sub-optimal performance of any type were
not clustered in space. In the top array, further care was put
to avoid placing sub-optimal PMTs near the edges, where a
failure would compromise our fiducialization capabilities.
The PMTs are individually biased [31] and equipped
with high-voltage dividers installed on the Cirlex® printed
voltage-divider circuit boards developed for XENON1T [29].
These bases feature linearity up to a signal current of about
30 mA at 200 Hz signal rate. The PMT high-voltage cables
[32] and signal cables [33,34] reach the service building
through the two cable pipes introduced in Sect. 2.1.1. The
cables are potted into ConFlat flanges [35] with leak rates
below 1078 mbarl/s. The high-voltage return lines and the
ground lines of the PMTs (coaxial shields) are kept sep-
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arated until they reach the DAQ electronics. PMT single-
photoelectron calibrations are performed by injecting blue
light (465 nm) into the active TPC volume through a net-
work of optical feedthroughs and fibers.

2.1.3 TPC electrodes

Electrodes: The electrodes are made of parallel wires
stretched across massive frames which were machined from
single slabs of SS304 stainless steel (see Table 1 for geomet-
rical details). The material was selected for its low radioac-
tivity and electropolished after the production of the frames
(see Sect. 2.1.4). The geometry of the frame for each grid
was optimized with 3D mechanical simulations to mitigate
deformations under the effect of the wire tension while mini-
mizing the amount of material. All edges were rounded with
radii ~1 mm to avoid local high electric fields and potential
discharges.

Annealed SS316 stainless steel wires [36] were selected
for their smooth surface to improve high-voltage stability.
Wire diameter and pitch for each electrode were chosen to
maximize the optical transparency (as light generated in the
active LXe target or the S2 region has to traverse at least two
electrodes) while ensuring a good uniformity of the elec-
tric field. Every wire is fixed individually to the frame by
two OFHC copper pins (1.98 mm diameter) that are pushed,
together with the tensioned wire, into holes of 2.1 mm diam-
eter machined along the frames (see Fig. 7, top). The pins
are fully contained in the frames but can be removed to allow
for wire replacement. The grid electrode assembly proce-
dure applies a pre-deformation of the frame achieved by a
push/pull-system of 12 stations arranged radially around the
frame. This pre-deformation guarantees uniform tension in
all wires that are installed on an electrode. The wires are
fixed on one side of the frame, tensioned with a precisely
controlled force between 3 and 4 N (according to their posi-
tion), and then fixed on the other side. Grooves of 0.36 mm
depth in the frame guide the wires. All frames and wires were
cleaned prior to assembly (see Sect. 2.1.4 and Ref. [37]). To
mitigate potential electron and photon emission, they were
passivated in a 7% citric acid solution similar to [38,39].

Mechanical and electric testing of all electrodes was per-
formed in air and in LXe inside the XENONnNT cryostat dur-
ing the commissioning of the cryogenic and purification sys-
tems. Particular emphasis went into ensuring that the wires
were able to withstand vibrations that may occur during trans-
portation and installation as well as the cool-down to LXe
temperature. Two and four additional wires of 304 um diam-
eter were installed transversely to the others on the gate and
anode electrode, respectively (see Fig. 7, top) to counter-
act deformation of the electrode planes under electrostatic
forces. In this configuration, the nominal gate-anode distance
of 8 mm reduces to a minimum of ~7 mm, while at LXe tem-
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Fig. 7 (top) The electrode wires are individually fixed by copper pins
to the electrode frames (here: anode). Two transverse wires, installed to
reduce sagging, are shown as well. (bottom) Detailed outside view of
the TPC field-shaping elements during installation: the massive guard
rings (15 mm height) and the thinner wire field electrodes (2 mm diam-
eter) are installed at half pitch at different distances from the 3mm
thick PTFE reflectors. The guard electrodes consist of two pieces fixed
together by two M3 SS bolts at each junction. The other two bolts
are used to fix the guard-ring resistor chain (installed within the guard
rings). Also visible are the 5 G2 resistors on PTFE supports connecting
the wire field electrodes

perature and at the design potentials (see Tab 1). The impact
of the presence of transverse wires on S2 signal formation is
described in Sect. 3.3.3.

TPC Field Cage: Two sets of field-shaping (FS) elec-
trodes, located outside the PTFE reflector walls, surround
the active volume (see Fig. 7, bottom). Together with the gate
and cathode electrodes, they define the electric field in the
drift region. Studies based on 2- and 3-dimensional COM-
SOL Multiphysics electrostatic simulations showed that the
double cage structure improves the uniformity of the drift
field and maximizes the active volume and it helps to avoid
charge-up of the PTFE walls of the TPC [40].

The outermost set consists of 64 OFHC copper electrodes
(hereafter referred as “guard rings”), with radii 10.7 mm
larger than the PTFE reflector wall’s inner radius. Each guard
ring is shaped as a 24-sided polygon, formed by two sections
screwed together with M3 stainless steel bolts (see Fig. 3
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and 7, bottom) and features a 15 mmx5mm cross-section
with rounded corners (2.5 mm radius). The rings are equally
spaced and kept in place by notches in the PTFE pillars.
The vertical center-to-center distance (pitch) between two
adjacent guard rings is 21.6mm at LXe temperature. Due
to space constraints, the bottom edge of the lowest ring is
located 33 mm above the cathode wire plane while the top-
most one is positioned 73 mm below the gate plane as shown
in the two insets of Fig. 2.

A second set of 71 concentric thinner copper electrodes
(hereafter referred to as wire field electrodes) is installed
between the guard ring cage and the PTFE reflector walls.
Each wire electrode is made of a 2mm OFHC copper wire
shaped as a 24-sided polygon. The wire field electrodes,
touching the outer surface of the PTFE reflector panels, are
held in place by five elevated notches machined into each
PTFE panel. Holes of 0.25 mm diameter were drilled through
the panel right in the middle of the notches (underneath the
snapped-in copper wire) to allow for the removal of charge
potentially accumulating on the internal surface of the PTFE
reflectors. The wire field electrodes have a 21.6 mm pitch and
are vertically staggered, with respect to the guard rings, by
half pitch (see Fig. 7, bottom). However, in the regions with-
out guard electrodes, right above the cathode and below the
gate electrode, their distance is reduced to 11 mm to mitigate
field leakage. Since both the guard and wire field electrodes
are anchored to PTFE components (see Fig. 7, bottom), both
field cages shrink coherently when cooled down, maintaining
the desired geometrical scaling.

Two voltage divider networks, composed of 5 GS2 resis-
tors [41], run laterally to the active volume and establish a
vertically decreasing potential for the wire electrode and the
guard ring cages. In each cage the voltage steps between suc-
cessive electrodes, and hence the different resistor combina-
tions between successive rings, were optimized via electro-
static simulations, ensuring maximal field homogeneity. In
addition, regions in the TPC where charge is not transported
towards the anode are minimized for a very wide range of
cathode bias potentials between — 10 and — 30 kV. The first
resistor connects the cathode to the wire electrode chain.
The topmost wire electrode is not connected to the gate grid
and its voltage can be set independently. The second voltage
divider, serving the guard rings, couples at the top and bottom
to the wire electrode divider and connects the topmost and
bottommost rings to the corresponding wire field electrodes
(located 58.4 mm below the gate and 29.5 mm above the cath-
ode). The possibility to independently bias the topmost wire
electrode allows for optimizing the field during a run in case
the actual voltages differ from the design values. COMSOL
electrostatic simulations indicate that, at the design voltages
of Table 1 and setting a potential of —0.95kV on the top field-
shaping wire, the drift field between the cathode and the gate

is expected to have an average strength of Eq = 191 V/cm
with an RMS spread of only 1% [40].

2.1.4 Detector construction materials and cleanliness

Material Selection: A screening campaign was performed
to determine the bulk radioactivity and the radon emanation
rate of all materials and components to be used in the TPC
or in close proximity to it [37,42].

Gamma-ray spectrometry and inductively coupled plasma
mass spectrometry (ICP-MS) were performed at several
screening facilities [43—47]. Raw materials (stainless steel,
OFHC copper, PTFE, and Torlon®), the Hamamatsu PMTs
[48], and various smaller components were screened and
the most radiopure options were selected. The radioactiv-
ity level of the copper and plastic materials is similar to that
of XENONIT [49], while the stainless steel for the cryo-
stat, TPC electrodes, and diving bell is on average slightly
more radioactive. A Monte Carlo study was performed in
parallel to the screening campaign to inform decisions about
the TPC design and the material selection [11]. It showed
that the impact of the stainless steel components is marginal
compared to the dominant background sources at low ener-
gies such as radon-induced ERs.

To achieve the target >>’Rn concentration of 1pBg/kg
[11], only materials with a low radon-emanation rate were
used for components in contact with the xenon. The mate-
rials were selected through radon emanation measurements
performed by electrostatic radon monitors or miniaturized
proportional counters for alpha detection [50].

Cleanliness Procedures: To further reduce their radon
emanation, all components but PMTs went through a two-
step cleaning process that was executed inside a class ISO 6
cleanroom above ground at LNGS. To remove residues from
the manufacturing process, the components were first treated
in an ultrasonic bath filled with a solution of water and deter-
gents selected according to the material [51]. After rins-
ing with demineralized water, the components were sub-
jected to a second stronger cleaning in an acidic solution
(different solutions for different materials) to remove traces
of the 2?2Rn progenitor 2*°Ra from the surface. For com-
ponents facing the active xenon volume the treatment also
reduced long-lived radon daughters, like 2'°Pb and 2!°Po,
plated out on the surfaces which could contribute to the back-
ground [52]. After cleaning, all components were stored in
boxes filled or flushed with dry nitrogen gas to avoid re-
contamination.

The TPC was fully assembled in the same cleanroom on
its assembly support structure. Whenever possible, its active
volume was flushed with dry clean nitrogen gas to mini-
mize its exposure to air. The final assembly of the compo-
nents, some of which like the PMT arrays and grids were
pre-assembled, took about 14 days. Subsequently, the TPC
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was packed in a radon impermeable Mylar bag. It was trans-
ported to the underground laboratory with a low-vibration
truck and stored in a pre-cleanroom area inside the water
tank, where the outer surfaces of the bag were intensively
cleaned. Finally, the TPC was separated from its assembly
support structure and lifted into an ISO 6 hardwall clean-
room constructed within the water tank around the top domes
of the cryostat vessels (see Sect. 2.2.1). After the TPC was
connected to the dome of the cryostat, the PMT signal and
HYV cables were wired. Throughout the operation, which took
7 days, the active TPC volume was continuously flushed with
nitrogen gas and the TPC was bagged whenever possible. The
inner cryostat vessel was then closed and evacuated.

2.2 Xenon handling

A CAD rendering of the xenon handling system is shown in
Fig. 8. Substantial upgrades with respect to XENONIT are
the LXe purification system, a novel radon removal system,
and the second large xenon storage unit (ReStoX2).

2.2.1 Cryostat and cooling system

Cryostat: The TPC is housed inside a vacuum-insulated cryo-
stat composed of two SS304 vessels holding the xenon (see
Fig. 2). The outer vessel (OV) was re-used from XENONI1T
and refurbished. It keeps the same torispherical head (with
the addition of an extra port) but presents an extended cylin-
drical shell, obtained by welding an extra section. The new
OV has an internal diameter of 1620mm and a height of
3001 mm. The inner vessel (IV), 1460mm in diameter and
2666 mm high, was newly fabricated. Both vessels have a
wall thickness of 5mm. A spring-energized metal seal [53]
is used to close the IV head and shell flanges to ensure vac-
uum integrity during cold operations. When operated as a
cryostat, the OV volume is actively evacuated while 30 lay-
ers of superinsulation, surrounding the IV, further reduce the
influx of heat. The IV and OV heads are connected by three
massive brackets. The cryostat is suspended in the center of
the water tank on three M24 stainless steel rods connecting
it to the support structure.

As for XENONIT, the torispherical heads of the vessels
are equipped with a central port coupled to a large vacuum-
insulated cryogenic pipe that contains the return line from
LXe PUR, the gaseous purification system inlet/outlet lines,
and the pipe carrying the PMT signal and high-voltage cables
(see Fig. 8). The cryostat head has two additional ports
for the cathode high-voltage feedthrough and the motion
feedthrough to control the liquid level. A new port was added
at the bottom of the cryostat, allowing for the installation of
a vacuum-insulated line connecting the cryostat to the inlet
of the liquid purification system (see Sect. 2.2.3).
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Cooling System: The cryogenic control system of XENON-
nT is largely identical to XENONIT. It is based on the
“remote cooling” concept introduced for XENON100 [2],
with the 6 m long vacuum-insulated cryogenic pipe connect-
ing the cryostat to an external cooling station located in the
XENON building [3]. Heat influx is compensated by a sys-
tem of two redundant pulse tube refrigerators [54] (PTRs),
each providing 250 W of cooling power. Stable temperature
regulation is achieved by controllers [55] that measure the
temperature at a copper block directly coupled to the PTR
and supply power to the attached heaters. In case of a short
term (few days) power failure, or PTR equipment failure,
the pressure is maintained below the cryostat’s maximum
working pressure by a battery-powered backup LN, cooling
system composed of a temperature controller and a GN» pro-
portional valve. In the event of a long term power failure or a
complete power loss, the backup LN; cooling system auto-
matically switches to a mode where it can operate without
any electricity and provides a fixed cooling power.

2.2.2 Xenon storage and recovery

The XENONNT xenon handling system has two storage
units: ReStoX1 and ReStoX2. They can store the full inven-
tory of xenon, and can rapidly recuperate xenon from the
TPC in case of emergency.

ReStoX1 was designed and fabricated for XENONIT
[3]. It consists of a vacuum-insulated stainless steel sphere
installed on the ground floor of the XENON service building
and it is capable of storing up to 7.6tonnes of xenon from
cryogenic temperatures up to room temperature, as a super-
critical fluid (see Fig. 8).

ReStoX2 can be operated alongside ReStoX1. It is rated
up to 60bar and can hold 10tonnes of xenon at room tem-
perature, more than the total XENONNT inventory. It was
designed not only to expand the storage capacity to the
required amount, but also to complement the operation capa-
bilities of ReStoX1.

Xenon recovery in XENONNT makes use of both ReStoX
units. Recuperation in liquid phase is possible by directly
guiding the LXe into ReStoX1 through the vacuum-insulated
pipe connected at the bottom port of the cryostat. The xenon
exceeding the ReStoX1 capacity can be transferred in gas
phase to ReStoX?2 through a direct connection. Recuperation
of gaseous xenon can be achieved through cryogenic pump-
ing, by freezing the xenon into ReStoX2. For rapid recu-
peration of the gaseous xenon from the cryostat, a valve is
opened and liquid nitrogen starts flowing through a large par-
allel plate heat exchanger, installed inside the ReStoX2 tank.
Due to its 100 m? exchange surface, the xenon can be recu-
perated with transfer rates exceeding 1 t/hour. ReStoX1 can
be used to depressurize the cryostat in the case of a moderate
excess in heat input such as a loss of the cryostat’s vacuum
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ReStoX2

Krypton removal

Fig. 8 CAD rendering of the xenon handling system in XENONnNT. It
includes the cryostat hosting the LXe TPC, the cryogenic system used
to cool the xenon (CRY), the liquid (LXe-PUR) and gaseous purifi-
cation (GXe-PUR) systems for electronegative impurity removal, the

insulation. ReStoX2 can also be used for that purpose, han-
dling even larger heat input scenarios.

The XENONNT cryostat was filled by recondensing the
xenon gas (instead of injecting the liquid phase directly) in
order to run the full gas inventory through the GXe purifica-
tion system to suppress electronegative impurities as well as
potential traces of tritium (T) in the form of HTO or HT con-
tained in the stored gas (see Sect. 2.2.3). For this procedure,
the LXe in ReStoX1 was evaporated, passed through the hot
getter, and recondensed again (see Sect. 2.2.1).

2.2.3 Removal of electronegative impurities

The removal of electronegative impurities (mainly Oy) is
essential for operating the ~ 1.5m tall TPC. Given the

Cryogenic system

Radon Removal

Cryopipe

05,

‘ Cryostat/TPC

cryogenic distillation columns for krypton (Kr-DST) and radon removal
(Rn-DST), ReStoX1 and ReStoX2 for LXe storage, filling and recovery,
and the gas bottle rack for adding xenon gas into the system

increase of the target mass, the GXe purification system of
XENONIT was complemented with a novel LXe purifica-
tion system in order to reach a high purity on relatively short
timescales [56].

GXe Purification: The system purifying the xenon gas is
mainly unchanged with respect to XENONIT [3]. During
standard operations the LXe is extracted from the cryostat,
outside of the TPC, through a line running inside the large
cryogenic pipe, evaporated through a combination of pipe-
in-pipe and plate heat exchangers and fed into the gaseous
purification system, located on the third floor of the XENON
service building (see Fig. 8). Impurities are removed from the
xenon in two parallel branches, each equipped with a high-
temperature rare-gas purifier (getter) [57]. In view of poten-
tial traces of tritium observed in XENONI1T [10], the Hydro-
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gen Removal Units (HRUs) of the getters were fully regen-
erated for XENONNT. Except for one unit used in the radon
distillation column (see Sect. 2.2.5), all GXe pumps (QDrive)
employed in XENONIT were replaced in XENONnT by
custom-developed magnetically-coupled piston pumps [58].
One single pump (having a second as a backup) drives a max-
imum flow of 50 SLPM per purification branch, the highest
flow at which the gas purifier efficiency remains within its
specification. In addition, these pumps have a significantly
lower radon emanation rate as demonstrated by a test per-
formed at the end of XENONI1T operations [42]. The system
is typically operated at ~80 SLPM, equally split among the
two purifier branches. The gas, once purified, is liquefied
using the pipe-in-pipe and plate heat exchanges and returned
to the cryostat. The performance of the system is described
in more detail in Sect. 3. The gas purification system is con-
nected to all other relevant systems, which for example facil-
itates the injection of radioactive sources for calibration and
the removal of hydrogen.

LXe Purification: In the LXe purification system, the liq-
uid xenon is extracted from the vacuum-insulated port at
the bottom of the cryostat (see Fig. 8). It is further cooled
down by a LXe-LN, heat exchanger that counterbalances
the heat load for a null net heat input on the cryostat and
assures appropriate sub-cooling to allow for pumping of the
liquid xenon. It is then pushed through one of two parallel
purification branches. The purified LXe is returned into the
cryostat through a LXe line contained in the cryogenic pipe.
The system is equipped with a clean cryogenic liquid pump
with a low heat influx [59] to establish a volumetric flow of
1-4LPM (about 4-16tonnes/day), with a redundant pump
installed in parallel. The liquid xenon is purified by custom-
designed vacuum-insulated purifiers containing SAES St707
getter pills to remove O, and other electronegative traces dur-
ing normal operation of the system. St707 was selected for
its low radon emanation rate. During initial operations of the
system, however, when the outgassing rate and O, concen-
trations are relatively high, an Engelhard Q-5 purifier [60] is
used instead, despite its higher radon emanation, to rapidly
improve the purity to a level where the much more expensive
St707 purifier can be used effectively. To enable continuous
operations, pump and purifier units are enclosed in separate
vacuum vessels allowing for independent pump maintenance
and the regeneration/substitution of the purifiers. The liquid
purification system can purify the entire XENONnT LXe tar-
getto < 0.1 ppb Oz-equivalent concentration in about 7 days.
The measured performance is reported in Sect. 3.

Purity Measurements: The purity of liquid xenon in the
context of TPCs, is routinely expressed in terms of electron
lifetime 7,. This is the time that a cloud of electrons would
have to travel through the medium before being reduced by
a factor e due to attachment to electronegative impurities.
7, can be measured by studying the amplitude of the S2 sig-
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nals as a function of drift time for monoenergetic interactions
within the active volume. To allow for independent measure-
ments a dedicated purity monitor was installed in-line with
the purification system, sampling the LXe before or after the
purifiers. The monitor design follows the concept described
in Ref. [61]. A UV light pulse from a xenon flash lamp [62]
shining on the monitor cathode releases electrons, which drift
across 20cm through LXe to the anode. The electron life-
time 7, is then determined as

. At 0
© In(Qu/Q0)

with At being the drift time of the electrons from the cath-
ode to the anode, and Q, and Q.. the charge measured on the
anode and cathode, respectively. This nearly instantaneous
measurement is accurate for the electron lifetime range from
25 ws to about 30 ms. At longer lifetimes, the short length
of the monitor limits its accuracy. However, such high life-
times exceed the maximum drift time in the TPC, and the
corrections to the S2 signals therefore become small.

2.2.4 Krypton removal system

Beta decays from 83 Kr or daughters of 222Rn represent a dan-
gerous background for LXe TPCs since noble gas isotopes
cannot be removed by the getter. They mix with the xenon
and hence cannot be suppressed by fiducialization. Traces of
krypton are removed from gaseous xenon by the same cryo-
genic distillation column developed and used for XENON1T
[3,63]. The cryogenic distillation technique leverages the
higher vapor pressure of krypton than xenon at —98 °C.
The column can deliver natural krypton, "Kr, over xenon
concentrations < 48 ppq(mol/mol) at 90% CL, while a sin-
gle pass through the column yields a krypton reduction of
(6.41’{2) -10%. To calculate background rates we assume a
85K/ Kr abundance of 2 - 107!, A concentration below
360ppq was achieved in XENONIT by operating the dis-
tillation column in online mode, to reduce krypton while
acquiring science data [64].

All xenon gas is passed through the column once before
entering the cryostat vessel. We refer to this as offline distilla-
tion. Conversely, the column can also be operated in an online
mode, during which krypton is continuously removed from
the gas volumes within the cryostat and pipes while the detec-
tor is operating. To restore equilibrium, "Kr migrates from
the liquid xenon to the now "Kr-depleted gas phase. Sec-
tion 3.2.4 describes the measured performance of the krypton
removal system.

The cryogenic distillation also removes potential tri-
tium contamination in the form of HT molecules present
in the xenon. HT molecules are extremely volatile with
respect to xenon. Taking measurements of helium removal
in XENONIT as a benchmark for the HT case, a lower limit
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on the reduction factor of 144 (90% C.L.) can be estimated
for a single pass through the distillation column [65].

2.2.5 Radon removal plant

In XENONIT, radon emanating from materials in direct
contact with the xenon was the dominant source of ER-
like background in the fiducial volume through 2'4Pb beta
decays [4]. Radon emanation measurements performed on
all XENONNT sub-systems before filling of the cryostat indi-
cated an expected radon concentration of (4. 2+0 2uBg/kg
[37]. This initial radon concentration is about a factor 3 lower
than in the XENONI1T science campaigns (~ 13 uBg/kg) [4].
About 30% of the reduction comes from the replacement of
the QDrive gas pumps [66], used in XENONIT for recir-
culation, with new magnetically-coupled piston pumps [67]
featuring a much lower emanation rate. The remaining is a
result of the extensive material selection and cleaning cam-
paigns and of the improved surface-to-volume ratio. In addi-
tion, an online radon removal plant has been developed to
further reduce this background, maximizing the XENONnT
physics reach.

As demonstrated in early tests with XENON100 [68] as
well as in another dedicated setup [69], cryogenic distillation
can be used to effectively separate radon from xenon due to its
lower vapor pressure. This technology was further explored
in low-background conditions at the end of XENONIT oper-
ation by temporarily operating its krypton distillation col-
umn in reverse direction and returning the radon-depleted
gas from the top of the column to the cryostat. Although
only a small fraction of the recirculation flow was distilled,
a 222Rn reduction of about 20% could be achieved [42]. To
fully exploit this concept a high-flow radon removal plant
was integrated into the LXe recirculation loop of XENONnT.
The plant is capable of distilling xenon extracted from both
the liquid phase and the gaseous phase independently. It is
described in detail in Ref. [14].

Large distillation flows are required to efficiently extract
the LXe from within the cryostat and trap 2*’Rn atoms
into the radon removal plant before they decay inside the
TPC. Given the 2?>Rn half-life of 3.8days and the full
xenon target in XENONNT, a xenon flow of about 200 SLPM
(1.7tonnes/day) is needed to achieve a radon reduction fac-
tor of 2.1 within the active volume. The radon removal plant
(Fig. 9) consists of four main components: the reboiler at
the bottom, the central package tube, the top condenser, and
four magnetically-coupled piston pumps (not shown) [67].
Liquid xenon from the cryostat is fed into the distillation
column through the LXe purification system (see Fig. 8).
The xenon (and the radon) moves towards the bottom of the
column. Once it reaches the top face of the reboiler (which
also serves as heat exchanger [70]) the LXe evaporates and
moves toward the top of the column, while the radon atoms

Heat
Condenser Exchanger

Rn-depleted
xenon

I

— Nitrogen Cooling
exhaust
Extra port
GXe/GXe Heat
Exchanger
Package Tube
To Compressor
|
Lt |
LXe In
From Compressor LXe Out

T (distilled)

GXe In

xenon

Reboiler

Fig. 9 3D CAD rendering of the radon distillation column. Its total
height is 3.8 m and it is continuously operated to reduce the 2*Rn level
to the design goal

due to their lower volatility accumulate in the reboiler until
they decay. In order to reach the condenser located at the top
of the column, the gaseous xenon passes through the pack-
age tube, providing a large surface for liquid—gas exchanges
that further reduce the radon content. Once at the top con-
denser, which is equipped with a LN»-cooled heat exchanger,
the radon-depleted xenon is partially liquefied to provide
a reflux into the system, maintaining the distillation pro-
cess. About 95% of the extracted radon-depleted gaseous
xenon, warmed up by a heat exchanger, is pushed by the
magnetically-coupled piston pumps towards the bottom of
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the reboiler. This leads to a pressure increase such that the
gas liquefies on the bottom surface of the reboiler, which is
cooled down by the lower pressure liquid xenon evaporating
on its top surface [14]. The re-liquefied xenon is then sent
back to the cryostat. The remaining 5% of the radon-depleted
gaseous xenon at the outlet of the column is sent to the diving
bell on top of the TPC and towards the PTR of the cryogenic
system to be recondensed. The column is expected to pro-
vide a xenon/radon reduction of about 100 at the top of the
column and a radon enrichment factor of about 1000 at the
bottom.

The gaseous xenon above the TPC, in the warmer pipes,
does not have a large mass, however it is exposed to an
increased radon emanation rate from the large amount of
surfaces (cables, etc) as well as from welds in the SS pipe.
Therefore, the column is designed to also distill the xenon in
the gas phase. This gas is directly fed into the column through
a separate branch containing a QDrive gas pump [66], to drive
atypical flow of 20 SLPM, and a gas purifier [71]. According
to the distillation model presented in Ref. [14] the column
is close to 100% efficient in suppressing the radon emanated
into the gas phase, which contributes about 2 wBg/kg to the
overall radon concentration [37]. The usage of this branch
in combination with the high-flow distillation of the LXe
allowed to reach the target concentration of 1 wBgq/kg. Sec-
tion3.2.4 describes the measured performance of the radon
removal plant.

2.3 Veto systems

The central cryostat containing the TPC is surrounded by two
nested active water Cherenkov vetoes that are contained in
the same water tank and designed to suppress the neutron-
induced NR backgrounds (see Fig. 10). The outer detec-
tor, already operated in XENONI1T, tags muons capable of
producing high-energy neutrons that could reach the TPC
and produce a NR. The inner detector, newly installed in
XENONNT, encloses the cryostat and is designed to tag radio-
genic or cosmogenic neutrons after their interaction inside
the TPC. The system was operated during the first science
run (SRO) with demineralized water only. The first doping
with gadolinium to increase the neutron tagging efficiency
was performed at the end of 2023.

2.3.1 Water shield and active muon veto

The cryostat is submerged in 700 tonnes of demineralized
water, kept inside a cylindrical tank of 10.2m height and
9.6 m diameter. The water acts both as a passive shield for
external y-rays and neutrons, and as an active veto against
cosmic muons and their induced cascades, potentially con-
taining neutrons [3,72]. The water tank is turned into a
Cherenkov detector by instrumenting it with 84 PMTs of 8”
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Fig. 10 CAD rendering of the neutron veto structure (white reflectors,
120 PMTs) and the calibration system. The I-belt (blue) is used to
move a tungsten collimator containing a source close to the cryostat.
The L-shaped beam pipe (pink) for neutron calibrations consists of the
neutron guide and beam arms, pointing towards the water tank top and
the cryostat, respectively. Unshielded calibration sources can be inserted
into the two U-tubes (red, green) surrounding the cryostat

diameter [73], featuring ~30% QE over the wavelength range
300-600 nm. The tank surfaces are cladded with a highly
reflective foil [74] in the wavelength range of 380—1000 nm
[75]. The PMTs are immersed in water and distributed along
the tank’s perimeter, arranged in five vertically equidistant
rings. For gain calibration purposes each PMT can be illu-
minated with blue LED light via a network of optical fibers.
Gadolinium doping, required to operate the neutron veto that
shares the same water, is expected to improve neutron tag-
ging also in the muon veto, otherwise no detrimental effect
is expected.

2.3.2 Active neutron veto

The neutron veto, shown in Figs. 10 and 11, efficiently detects
neutrons interacting in Gd-doped water, as Gd is the element
with the highest capture cross-section for thermal neutrons.
The demineralized water of the 700 t tank will be eventually
doped with 0.48% (by mass) of gadolinium sulfate octahy-
drate (Gd(SO4)3-8 H,0). Capture on '*’Gd and 'Gd, the
isotopes with the highest neutron capture cross-section, leads
to the emission of y -cascades, involving three to four photons
with total energies of 7.9 MeV and 8.5MeV [76-78]. These
photons undergo Compton scattering, which frees electrons
with sufficient energy to generate Cherenkov light that is
detected by the PMTs.

The neutron veto detector encompasses a volume of about
33m?> surrounding the LXe cryostat in the water shield. It
consists of a lightweight stainless steel structure supporting
two octagonal caps and eight side reflector panels made of
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Fig. 11 A picture of the neutron veto taken from below during its
assembly (the bottom octagon of light reflectors was not yet in place).
In the center the cryostat, covered with ePTFE sheets, and the LXe
recirculation pipe are visible

high-reflectivity expanded PTFE (ePTFE) to increase light
collection. These ePTFE sheets optically separate the neutron
veto from the muon veto. They are located at about 1 m dis-
tance from the cryostat and are anchored to the cryostat sup-
port structure. This design was developed to accommodate
all the pre-existing pipes needed for xenon handling and for
the calibration tools, and to ensure sufficient water exchange
with the muon veto for purification purposes. Cherenkov light
emitted in the neutron veto volume is observed by 120 high-
QE, low-radioactivity PMTs of 8” diameter [79] immersed
in water. On average, they are operated at a gain of about
7% 10° and a dark count rate of O(1kHz) above a threshold
of ~ 0.3 photoelectrons. Again, a network of optical fibers
reaching each PMT allows for calibration and performance
monitoring. Monte Carlo studies indicate that the mean path
of Cherenkov photons from the generation point to a PMT
is around 13 m. The ePTFE sheets thus greatly increase the
effective single photon detection efficiency.

A Gd-water purification system was constructed and cou-
pled to the water tank to maintain high water transparency for
Cherenkov light in the presence of dissolved Gd-sulfate. The
key technology used for neutron detection was successfully
developed by the EGADS group in the Super-Kamiokande
collaboration [77], and replaces liquid scintillator technolo-
gies that are no longer allowed at LNGS. According to Monte
Carlo simulations, based on EGADS studies and on results
from XENONnT R&D activities, such veto is expected to
reach a neutron tagging efficiency of about 85% [11].

A total of 3.4tonnes of Gd-sulfate has been procured,
selecting the best batch by radiopurity assays [80]. It can be
injected into the system via the Gd-water purification system
and the water shield is not required to be emptied. Given the
mild-corrosive properties of the Gd-sulfate, all materials in
potential contact with the Gd-loaded water were pre-selected
and tested for compatibility. During the first science runs, the
neutron veto was operated with demineralized water only, to
verify the performances of the system before inserting the
Gd-salt. Details of the neutron veto performance during this
phase are presented in Sect. 3.

2.4 Calibration system

The calibration system is used to characterize the response of
the TPC and outer detectors with a wide range of radiation
sources. Primarily, three radioactive isotopes are injected,
in gaseous form, directly into the GXe purification system to
generate well-defined electronic recoil (ER) signals through-
out the active volume and characterize the TPC response.

The first one is 83™Kr whose atoms are injected into the
TPC active volume by redirecting a fraction of the GXe purifi-
cation system flow through a vacuum-tight cartridge con-
taining zeolite beads with the mother isotope 83Rb placed
in between particulate filters [81,82]. These krypton atoms
decay with a complex scheme leading to observable monoen-
ergetic lines at 32.2keV and 9.4keV throughout the TPC.
Since the intermediate state leading to the 9.4keV line has
a half-life of 154 ns, a third monoenergetic line at 41.6keV
is observed when the decays are not resolved in time and
merged in one signal. These narrow lines are ideal to correct
for spatial non-uniformities of the TPC response. The rather
short half-life of 1.83h makes this source also ideal to be
used regularly during the science run, typically once every
two to three weeks, to monitor the stability of the light and
charge yields as well as the electron lifetime.

The second radioactive isotope is 22°Rn, whose decay
chain contains «-, 8- and y-emissions. An electro-deposited
228Th source that emanates 22°Rn atoms is exposed to a GXe
flow used to introduce them into the TPC [83,84]. Of par-
ticular interest is the decay of 2'2Pb, with a beta spectrum
with a Q-value at 560 keV to characterize the low-energy ER
signal distribution in the S2 vs. S1 parameter space. Once the
220Rn injection is terminated, the decay rate within the TPC
decreases to the background level within few hours.

The third internal radioactive source is 3’ Ar that decays
through electron capture, releasing Auger electrons and X-
rays that lead to monoenergetic lines at 2.82 keV, 0.27 keV
and 0.01 keV [85] within the detector. The two lowest-energy
peaks produce only a small ionization signal, which is of
particular use for calibrating the charge-only low-threshold
analyses [86]. The highest energy peak allows to determine
the detection efficiency near threshold [85]. Given the long
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half-life of 1/, = 35.0days the calibration is performed at
the end of a science run, after which 37 Ar atoms are removed
through distillation with the krypton distillation column. A
37 Ar reduction rate of about a factor 10 every 4 days was
observed in XENONIT down to the original background
level [85].

The experiment is also equipped with mechanical systems
shown in Fig. 10, penetrating the outer detectors, to allow for
the movement of solid calibration sources to within the neu-
tron veto and close to the cryostat. The “I-belt” (highlighted
inblue in Fig. 10) is used to lower a tungsten collimator which
can hold a 33Y-Be photo-neutron source for low-energy NR
calibration. The collimated source can be placed at various
z-coordinates. Two independent “U-tubes” run around the
cryostat at different heights to characterize the TPC response
at various positions. They are made of 1" diameter stainless
steel tubes in which small encapsulated calibration sources
are inserted with flexible guides. This system was used to
calibrate the TPC and neutron veto with high-energy gamma
sources (223Th or 137Cs) and a 2*! Am-Be neutron source.

An L-shaped beam pipe (pink in Fig. 10) can provide a col-
limated beam of neutrons from a neutron generator, reaching
the TPC at a 20° angle from the xy-plane. The pipe consists
of an almost vertically aligned guide arm of 15.3 cm diame-
ter, and a beam arm of 10.2 cm diameter pointing towards the
TPC. The guide arm is used to lower a pulsed neutron gener-
ator that emits 2.5 MeV neutrons in short time pulses down

to the junction point, with a maximum rate of 107 n/s. The
beam arm displaces the water in the line-of-sight toward the
cryostat and acts as an effective neutron collimator. A 20cm
thick block of borated polyethylene surrounds the junction
point and captures the neutrons emitted in directions other
than the beam arm. To characterize the detector response
to low-energy neutrons, a small metal container to be filled
with heavy water (D,0O) from the outside is installed in the
junction point and the neutron generator can be placed next
to it. Simulations predict that high-energy 2.5 MeV neutrons
emitted by the generator and back-scattered on the DO tar-
get will reach the TPC through the beam arm with a reduced
energy < 100keV.

2.5 Slow control system

The slow control system [87] continuously monitors the
state of all sub-systems’ instruments and equipment. Its soft-
ware and hardware architecture is identical to the success-
ful XENONIT system [3,88]. It relies on industry-standard
control hardware (PACs: programmable automation con-
trollers) and software [89]. The scalable network design was
expanded to include the new systems, namely the liquid
xenon purification system, radon removal plant, xenon stor-
age (ReStoX2), the neutron veto with its gadolinium water
purification system, PMT high-voltage supplies and calibra-
tion systems. An overview of the system is shown in Fig. 12.
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Fig. 12 Overview of the XENONNT slow control system: the infor-
mation from the various sub-systems underground is acquired by Pro-
grammable Automation Controllers (PACs) and eventually stored in
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a database. The remote accessibility of the system is crucial for safe
detector operation and continuously monitored by heartbeat servers
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With experience gained from XENONIT, the slow con-
trol system was upgraded to control and automate more
advanced operations. Changes in the settings of the cryogen-
ics, adjustments to PMT high voltage settings, and PMT cal-
ibration sequences can be performed using fully automated
scripts. Cryogenic operation sequences control a complex
network of valves and pumps based on desired running con-
ditions. The automated calibration procedure for the 494 TPC
PMTs implements predefined sequences for different calibra-
tion purposes (PMT gains, noise level, afterpulse rates) that
simultaneously control the light driver, PMT high-voltage
settings and the data acquisition system. A newly imple-
mented interface to the PMT database [91], which stores
voltage and current settings, allows for loading predefined
voltage setting maps.

A total of about 5000 parameters are regularly monitored
and stored in a Historian database [92]. The data is used to
define alarm conditions (e.g., parameter out of range, equip-

ment failure, etc.) in which case users are notified via various
communication channels.

2.6 Data acquisition, storage and processing

XENONNT consists of three sub-detectors (LXe TPC, neu-
tron veto, muon veto) equipped with a total of 698 PMTs. The
sub-detectors can be operated jointly as one system or inde-
pendently. The readout (see Sect. 2.6.1) is organized such
that the data from all sub-detectors arrives in the same Ceph-
based storage system [93] and is processed by the same data
processor Strax (see Sect. 2.6.2) [94,95]. This relies on a
powerful computing system (see Sect. 2.6.3).

2.6.1 Data acquisition system

All sub-detectors are read out using the custom-developed
program Redax [90], adapted to the different requirements.
With a few exceptions, XENONnT mostly relies on com-

Run control

=P Analog signal

Digital/logic signal
PMTs Amplifiers Digitization

HE digitizers
32X V1724

TPC digitizers

62X V1724
Bottom-

array

Neutron NV digitizers %
veto 8% V1730 :
MV digitizers |}
11X V1724 5

Fig. 13 Overview of the XENONNT data acquisition system [90]. The
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mercially available electronic modules and components. Fig-
ure 13 shows an overview of the system. More details are
presented in [90].

TPC: All 494 analog PMT signals are fed into custom-
developed dual-gain amplifiers featuring a high-gain (x10)
and a low-gain (x0.5) output. All high-gain channels are dig-
itized by CAEN V1724 flash ADC boards (digitizers) which
provide eight channels of 100 MHz sampling rate, 40 MHz
input bandwidth and a 2.25V input range with 14 bit reso-
lution [96]. The DPP-DAW firmware of these modules was
jointly developed with CAEN for XENONIT to enable trig-
gerless readout [97]. This means that any signal on any chan-
nel is digitized independently from all the other channels if
it exceeds a pre-defined threshold (typically 15 ADC counts
corresponding to 2.06 mV).

Every waveform is time-stamped to allow for reconstruc-
tion of the full event; the waveform length varies depending
on the length of the input signal window and includes some
baseline before and after the signal. The baseline outside of
these signal windows is discarded. During PMT calibration
campaigns with a low-intensity external blue LED, the digi-
tizers are operated in triggered mode, with the trigger signal
being issued by the light source driver.

The low-gain outputs of the top array PMTs are also dig-
itized individually using V1724 modules. These data avoid
saturation of the digitizers by high-energy signals and can
thus improve the position reconstruction for, e.g., neutrino-
less double beta decay searches [98]. The low-gain outputs
of the bottom array PMTs are summed up using a cascade
of analog fan-in/fan-out modules. The sum signal serves as
input for the high-energy veto (HEV) that can be activated
during calibration campaigns to avoid digitizing and storing
high energy events. The sum signal is also additionally dig-
itized by a V1724 with a high threshold, that ensures that it
will never be in a busy state. This unit is referred to as the
acquisition monitor. It is not vetoed and thus allows for the
TPC activity to be monitored even when data recording is
inhibited on all other digitizers due to a global busy signal.

All TPC and neutron veto digitizers share a common
50MHz clock signal distributed by a module which also
delivers GPS-time stamped signals [99]. A crate controller
[100] generates a logical start signal that is distributed simul-
taneously over all the digitizers, thereby allowing for abso-
lute timestamps on every channel. The digital busy signals
(LVDS) provided by the digitizers in case their internal buffer
is full are fed into a logic module [101] which vetoes further
acquisition on all channels once one digitizer sends a busy
signal. At the start and the end of the busy periods, digital sig-
nals are sent to the acquisition monitor to allow for a precise
calculation of the dead time.

The HEV is realized by a 100 MHz digitizer [102] with
an FPGA and an on-board Linux system. It continuously
digitizes a copy of the low-gain sum signal from the bottom
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array PMTs and identifies large S2 signals using a rolling
window filter in real-time that extracts signal parameters. If
the signal parameters exceed pre-defined thresholds, a digital
veto signal is issued to the logic module [101], which inhibits
data acquisition during the veto signal. The length of the veto
signal can be set to depend on the signal parameters or to a
fixed length; the start and end of the veto signal are also
recorded by the acquisition monitor.

To achieve a high-data throughput above 0.5 GB/s, the
TPC digitizers and the acquisition monitor are read out in par-
allel by three “reader” servers [103]. Two additional servers
[104] serve as backup readers. Redax reads data from digi-
tizer boards, transforms the data into the Strax data proces-
sor format (see Sect. 2.6.2), compresses it, and eventually
pushes it to a Ceph network storage disk [93] made of twelve
write-intensive SSDs with 900 GB capacity each. The entire
triggerless readout system was designed such that essentially
every signal in the TPC during dark matter runs, appearing in
any PMT at any time, is read out and stored without any pre-
selection. This gives maximum flexibility for data processing
and facilitates the lowest possible thresholds. The raw data
stream is not discarded, i.e., the original information can be
retrieved at a later point and re-analyzed.

Neutron Veto: The signals from the 120 neutron veto
PMTs are digitized without additional amplification by
8 CAEN V1730 digitizers [105]. These 16 channel modules
provide 500 MHz sampling rate, 250 MHz bandwidth and
2.0V input range at 14 bit resolution. The faster digitization
frequency compared to the TPC was chosen to exploit the
fast time structure of the Cherenkov signals. The digitizers
use the same trigger-less firmware as the ones in the TPC.
Time synchronization with the rest of the detector is realized
as described above. The neutron veto busy is again issued
by a logic module [101]; the busy information is stored by
the neutron veto acquisition monitor consisting of a V1724
digitizer.

A reader server [106] continuously pulls the data from the
neutron veto digitizers and its acquisition monitor. The Redax
program is again used here; it handles the data in the same
way as described for the TPC. To reduce the amount of data,
a software trigger is implemented in Strax (see Sect. 2.6.2): it
searches for a pre-defined number of PMT signals occurring
in coincidence within a certain time window and discards all
other data from the reconstruction process.

Muon Veto: The readout of the 84 muon veto PMTs is
mostly unchanged compared to XENONIT [97]: the unam-
plified signals are digitized by CAEN V1724 digitizers oper-
ated in a global trigger mode. A trigger is issued by a
logical unit once Npmsignals occur within a certain time
window [101]. Time synchronization with the TPC and the
muon/neutron veto is achieved by storing the trigger signal on
the vetoes’ acquisition monitor (that is running on the syn-
chronized 50 MHz clock). Upon triggering, the waveforms
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from all PMTs in a 5.12 us window around the trigger are
stored. The muon veto digitizers are also read using Redax
running on one reader server [107].

Data Acquisition Control: The data acquisition systems of
the three sub-detectors are controlled via a single web-based
platform with user access control. Data acquisition can be
started in “linked mode”, i.e., synchronized across all sys-
tems or individually for, e.g., calibration purposes. Standard
acquisition settings can be selected as pre-defined use cases.
Information on the runs, which are identified via a unique
run number, are stored in a run database, built with Mon-
goDB [91]. The platform also provides live information on
the status of the various components, including the TPC, and
allows for browsing the run history.

2.6.2 Event reconstruction

The goal of the event reconstruction is to determine the prop-
erties of physical interactions in the detector from the wave-
forms recorded by the individual PMTs. The untriggered raw
data stream from the data acquisition system consists of tem-
poral sequences (one for each PMT) of fragments of digitized
waveforms. It is processed in real-time by custom-developed
Python-based packages, Strax and Straxen, used to analyze
waveforms from all three sub-detectors [94,95] (for simplic-
ity both packages will be later referred as Strax). Although
Strax would allow for live data reduction and hence for the
discarding of initial raw data files, a copy of the original DAQ
data stream is stored on a local disk at LNGS to allow for
successive offline reprocessing (see Sect. 2.6.3).

The event reconstruction is performed by Strax in multi-
ple steps. Hits, corresponding to significant excursions with
respect to the baseline, likely to be associated with real
photoelectron signals or electronic noise spikes, are iden-
tified within each time sequence. Starting from hits, defined
channel by channel, peaklets are subsequently identified by
requiring a coincidence of at least Npjis hits among at least
Npm: photomultipliers within a specific time window 7.
While the parameters may be chosen differently for specific
analyses, typical values for regular S1+S2 analyses are: Npis
=3, Npmts =3, and T' =50ns. Each peaklet is then classified as
an S1 signal peak or part of an S2 signal. The algorithm also
tags unidentified peaklets which are likely induced by noise.
Due to the large longitudinal diffusion caused by the long
drift lengths, S2 signals often consist of multiple S2 peak-
lets. S2 peaklets and neighboring signals are thus merged
into a single S2 peak. Exploiting the causal time sequence
of S1 and S2 peaks and the maximum drift time, events are
identified. At this stage, the definition of events is purposely
kept rather broad and also includes interactions with only a
lone S1 (S2) signal or S1 and S2 signals in more complex
combinations, e.g., from multiple interactions.

Variables associated with each event (event_info) are
then used to further refine the type of interactions of interest,
required for the specific analysis (standard S1+S2 analysis,
charge-only analysis, etc.). The advantage of the triggerless
solution adopted by XENON is the possibility to heavily
modify, even at much later stages, the entire peak identifi-
cation logic (e.g., Nhits, Npmt, I’ and other criteria) without
information losses which inevitably occur in hardware trig-
ger scenarios.

2.6.3 Computing model and infrastructure

At the XENONNT site, online processing is performed
for data quality monitoring and immediate feedback (see
Fig. 13). In addition, the digitized PMT waveforms from all
three detectors are stored for subsequent offline reprocess-
ing. The latter uses customized settings for the reconstruc-
tion algorithms with more accurate performance as well as
updated corrections and calibration constants.

The large data throughput of about 0.8 PB/year is domi-
nated by regular high-statistics calibration campaigns. XENO-
NnT requires a highly distributed data processing scheme,
designed to minimize the time needed for massive reprocess-
ing of full data campaigns. The processing pipeline lever-
ages on the US Open Science Grid (OSG) and the Euro-
pean Grid Infrastructure (EGI). Once raw data arrive at the
local storage at LNGS they are automatically transferred
to Grid-accessible remote storage elements (RSE) both in
Europe (Surfsara Nikhef, CCIN2P3, INFN-CNAF) and the
USA (UChicago MWT2, UCSD Expanse), with all being
accessed through the LHCOne private network [108]. The
data is managed by a custom code, developed on the back-
bones of the Rucio software [109], that interfaces with the
Run Database and allows automatic replication of data at
various RSEs while keeping track of their location. For long-
term data storage, a copy of the raw data is written to tape at
CNAF. The CI Connect service at the University of Chicago
serves as a unique job submission portal and the usage of
HTCondor [110] and glideinWMS services [111] allows for
seamless access to all available computing resources, both
on the Grid and at local clusters [112]. Chunks of raw data,
together with Singularity Containers [113] embedding the
software environment and the Strax code to be executed, are
sent to remote nodes that return a series of outputs files after
processing (see Sect. 2.6.2). These outputs, once returned to
the primary submission node, are merged and tagged with
a unique run-based identifier. The Pegasus [114] workflow
manager streamlines the pipeline and automatically resub-
mits interrupted jobs ensuring that all processing jobs are
properly completed.

High-level data files are made available to the entire
XENON collaboration on a dedicated cluster that supports
Jupyter notebook analyses. Since Strax provides different
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output data types, which correspond to different processing
stages (see Sect. 2.6.2), the developed pipeline accommo-
dates reprocessing starting from intermediate stages as well.
This allows for significantly accelerated reprocessing (if han-
dling raw data can be avoided). Monte Carlo data production
and the associated analysis follow a similar pipeline.

3 Detector performance

All XENONNT detectors and sub-systems went through a
period of commissioning that lasted several months. In this
section we report on the detector performance in the configu-
ration of the experiment used during SR0, searching for new
physics in low-energy electronic recoils [12] and for WIMP
dark matter [13].

3.1 Performance of the vetoes

In the commissioning phase and SRO the water tank, and
hence the neutron and muon vetoes, were operated with dem-
ineralized water, to check the overall performance of the sys-
tem before doping with Gd-salt.

3.1.1 Muon veto performance

Despite the presence of the neutron veto at its center, the
muon veto shows detection performance similar to that
measured during XENONIT operations [3]. This is possi-
ble thanks to the usage of high-reflectivity ePTFE panels
installed on the outer surface of the neutron veto. The PMTs
are operated at an average gain of 6x10° to allow for effi-
cient detection of single photoelectrons above the noise level.
The detector was operated with a hardware trigger requiring
at least 5 PMTs detecting at least 1 PE each within a 300 ns
coincidence window. MC simulations show that the detection
efficiency for crossing muons is ~100% with this trigger,
while the recorded event rate of ~10Hz leads to a negligible
dead time. According to the simulations, the same configura-
tion also yields a 50% tagging efficiency for muon-induced
neutrons from an electromagnetic or hadronic shower gener-
ated by a muon interacting outside of the water tank. When
used as veto, the muon veto detector induces a small loss
around 1% to the TPC live time during regular science runs.

3.1.2 Neutron veto performance

The key feature of the neutron veto is to measure events in
coincidence with a low-energy nuclear recoil in the TPC,
thereby allowing for the identification and suppression of
events caused by neutron backgrounds. An example of such
an event is shown in Fig. 14, where a neutron from an Am-
Be neutron source undergoes a single scatter within the TPC,

@ Springer

leaves the cryostat and is then moderated and captured in the
neutron veto. The emission of the neutron from the Am-Be
source is accompanied by a 4.4 MeV y-ray which overlaps
in time with the nuclear recoil S1 signal observed inside the
TPC. The back-scattered neutron is eventually captured by a
proton under the emission of a 2.2 MeV y-ray. Finally, the
S2 signal from the initial NR in the TPC is observed.

The neutron veto event rate when requiring a4-, 6-, and 10-
fold PMT coincidence logic is shown in Fig. 15. The initial
coincidence rates are well above 1kHz, which is caused by
the presence of >>’Rn in the water used to fill the water tank.
The rates decrease thereafter with a half-life consistent with
the 222Rn half-life. After the 222Rn decayed, the coincidence
rates reached a plateau at 100 Hz or lower.

The neutron tagging efficiency is measured to be (53 +
3)%, when requiring a coincidence time window of 250 s
between the S1 signal in the TPC and the Cherenkov signal
in the neutron veto [13]. Thanks to the low counting rate
in the neutron veto, the corresponding live time loss in the
TPC, induced by random coincidences, is limited to 1.6%.
Once the water is Gd-doped, the neutron capture time will
be significantly reduced, while about 8 MeV is emitted in

y-rays.
3.2 Performance of cryogenics and purification systems

This section summarizes the steps taken to fill the cryo-
stat with LXe and describes how the xenon was treated in
order to achieve low levels of electronegative and radioactive
(85 Kr, 222Rn) impurities, and to avoid possible contamina-
tion with 3H, which could affect the low-energy electronic
recoils background [10, 115].

3.2.1 Processing of the xenon gas

The xenon inventory was treated to remove krypton and pos-
sible tritium contamination as much as possible before fill-
ing the detector. The 3.2 tonnes of xenon previously used
in XENONIT already had a low krypton concentration and
were stored in the newly built ReStoX2 storage system. The
additional 5.7 tonnes of xenon, required to fill the XENONnT
cryostat and to operate its purification systems, were pro-
cessed through the krypton distillation column and also
stored in ReStoX2. Before distillation each new bottle of
xenon was screened with an RGA plus cold-trap system to
avoid introducing high levels of impurities into the clean stor-
age. Once all xenon was stored in ReStoX2, the ReStoX1
storage vessel containing only GXe was treated to reduce
any internal HoO contamination to minimal levels: the gas
was heated to ~40°C and was continuously purified using
the gaseous purification system for about two weeks. This
procedure also reduced the potential contamination from tri-
tiated water (HTO). Subsequently, the total xenon inventory
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Fig. 14 Signals detected during a calibration with an Am-Be source.
They are associated to a neutron interaction in the TPC and a coin-
cident 4.4MeV y-photon interacting in the neutron veto (filled with
demineralized water), followed by a 2.2MeV y from subsequent neu-
tron capture in the water. The bottom combined display summarizes the
time correlation between these events in the two detectors: att = 0 a
neutron is emitted; the associated y-photon interacts through Compton
scattering in the water, inducing Cherenkov light, which is detected by
neutron veto PMTSs within few tens of ns. At the same time, the neutron
scatters in the xenon target producing a nuclear recoil and inducing the
emission of prompt light (S1). The back-scattered neutron leaves the
TPC and, upon reaching the NV, is moderated and captured by a proton,
inducing the emission of a 2.2 MeV photon detected by the neutron veto

was transferred from ReStoX?2 to ReStoX1, via the purifiers
of the gaseous purification system to reduce potential *H con-
taminations. In fact, all xenon gas entering XENONnT was
passing through a hot gas purifier at least twice.

3.2.2 Cryostat filling

Several preparatory operations were conducted to reduce the
outgassing of O, and other gases of the plastic components of
the TPC (mostly PTFE) before filling the cryostat with xenon.
After evacuating the cryostat with turbomolecular pumps for

PMTs after ~200 pus. Within the TPC two S2-type signals are detected.
Properties of the S1 and of the S2-like signals are used to define the
primary S2 that, in this case, is the one recorded around 550 s. The
alternative S2 is compatible with a single electron signal. The S1 and
S2 signals are shown with higher time resolution in the top left two
panels. The top-right plot shows a top view of TPC and neutron veto,
with the hit pattern for the S2 signal as seen by the TPC top PMT array
(see central circular panel; the magenta dot indicates the reconstructed
S2 position) as well as the hit pattern from the detection of the 4.4 MeV
y-photon in the neutron veto PMTs. The staggered circles indicate the
PMTs of the neutron veto from the bottom (inner) to the top (outer cir-
cles). The circle size is proportional to the detected signal and the color
code shows the time of detection

about four weeks, it was filled with GN» and partially evacu-
ated in multiple cycles. During this period of 5 weeks, in-situ
measurements of the radon emanation rate of the entire cryo-
stat and TPC system were performed. After the radon ema-
nation rate measurements were completed, the system was
evacuated with turbomolecular pumps for a second period of
four weeks. Finally, the cryostat was filled with GXe which,
while being at room temperature, was continuously purified
using the gaseous purification system for approximately two
weeks.
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Fig. 15 Event rate in the neutron veto as a function of time for 4 (red),
6 (green), and 10-fold (blue) PMT coincidence after filling the water
shield with demineralized water. The initial high rate due to contami-
nation with natural 222Rn decreases consistent with its half-life, after
which the rates stabilize to below 100 Hz even for the 4-fold coincidence
requirement

The cryostat and the TPC were then slowly cooled down
to LXe temperature over the course of two weeks to main-
tain limited temperature gradients across fragile components,
such as the TPC electrodes. The first 2.2 tonnes of LXe were
filled by condensing xenon gas from ReStoX1 into the cryo-
stat with the PTR and the LN, systems, at a rate of about
200 kg/day, until the bottom PMT array and the cathode elec-
trode were submerged in LXe. The remaining 6.3 tonnes of
LXe were filled using LXe from ReStoX1, going through its
heat exchanger to vaporize the LXe and recondense the clean
GXe after its passage through the gas purifiers to remove
possible *H contamination. In this way the cryostat could
be filled at a rate of approximately 500kg/day. This filling
mode was used only after the fragile components of the TPC
were submerged in LXe to avoid thermal shocks, since the
pipes returning LXe to the TPC are located directly above
the windows of the bottom array PMTs.

Since this initial filling, the system has been operated at a
nominal pressure of 1.9 bara by maintaining the copper block
connected to the PTR at —98° C via a heating element. In this
way, the pressure inside the cryostatis regulated to a precision
of about 10 mbar. A control loop taking one of the capacitive
LXe height measurements as a process value adjusts the GXe
flow to the TPC bell to maintain the LXe level at the desired
height between the gate and anode electrodes. The LXe level
fluctuations achievable with this control system are less than
20pm, causing no measurable effects in the S2-signals.
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3.2.3 Performance of the purification plant

During the filling procedure outlined above, the total xenon
inventory was passed through the gas purification system a
second time to minimize the initial concentration of elec-
tronegative impurities, such as H>O, dissolved in the LXe. A
few days after the filling operation was completed the liquid
xenon flow through the LXe purification system was initiated,
with the purifier units bypassed. This allowed for measuring
the concentration of electronegative impurities via the purity
monitor. An initial electron lifetime 7, = 71 s was mea-
sured without purification. This is significantly higher than
the 7, ~ 3 s measured shortly after filling XENONIT, as
a result of the more thorough preparation of the TPC’s plas-
tic components. Purification of the LXe and GXe volumes in
the cryostat was subsequently started with the gaseous purifi-
cation system, with flows of about 58 SLPM and 2 SLPM,
respectively. LXe was vaporized, and the purified GXe was
recondensed by heat exchangers as described in Sect. 2.2.3.
Figure 16 shows the evolution of the electron lifetime as mea-
sured by the purity monitor, which samples LXe from the
cryostat, upstream of the LXe purifier unit. After operating
the gaseous purification system for two weeks 7, ~ 100 s
could be achieved.

The steep rise in Fig. 16 shows the improvement achieved
when the LXe flow was directed to the LXe purifier unit. The
LXe was directly extracted from the bottom of the cryostat
and sent to a custom-designed purifier operated at cryogenic
temperatures without being evaporated. In this initial phase,
the Q-5 purifier (see Sect. 2.2.3) was used to quickly improve
the purity. A typical flow of 2 LPM achieved a 7, ~ 6ms
within a few days. In preparation for the low-background
science campaign, the Q-5 purifier was substituted by a fil-
ter filled with St707 SAES pills which feature a reduced
radon content and was used throughout SR0. Operation with
this new purifier made it possible to reach electron lifetimes
greater than 10ms, greatly exceeding the TPC’s maximum
drift time of about 2ms.

3.2.4 Performance of the krypton and radon removal
systems

The initial krypton content in the LXe after filling was about
natKr/Xe = 480 ppq, as measured by rare gas mass spec-
troscopy (RGMS) [116]. This concentration was higher than
desired, especially when compared to the targeted back-
ground contribution from 24Pb. It was further reduced to
a concentration of " Kr/Xe = (56 36) ppq, well below the
design level of 100ppq, by operating the krypton distilla-
tion column in “online” mode for six weeks [12]. The ability
of XENONNT to run the krypton distillation column while
operating the detector is unique and guarantees a low krypton
concentration over extended periods of operation.
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Fig. 16 Electron lifetime evolution as measured with the purity moni-
tor. A clear improvement occurs after the start of cryogenic LXe purifi-
cation operated at 2 LPM with the high-efficiency O, purifier (Q-5).
The model assumes a purifier efficiency of 100% and an O; outgassing
rate of 0.11 mg/day

At this point, the measured 222Rn concentration in the
TPC, without the radon distillation system, was about
3.5 uBg/kg, which is slightly below the expected concentra-
tion based on the material screening results (see Sect. 2.1.4).
The effective material screening and cleaning campaigns,
together with an expected reduction of the radon con-
centration due to the improved surface-to-volume ratio in
XENONNT, contributed to a lower radon concentration com-
pared to XENONIT. During SRO, the radon distillation col-
umn was operated in “gas-only” mode, i.e., without puri-
fying xenon taken out of the liquid, resulting in a further
reduction of the radon concentrationto (1.81 £ 0.02) uBg/kg.
The radon level in the ongoing science run (SR1) is even
below 1 wBg/kg with the radon column operated in combined
liquid-and-gas mode.

3.3 TPC performance

The commissioning of the TPC started after the cryostat was
filled with xenon and passed through two phases, with and
without water shielding. In the initial phase without water
shielding only basic TPC functionality was tested. Other-
wise, the high rate of interactions inside the TPC, espe-
cially in combination with operations affecting electron drift
and signal multiplication, would have led to high light lev-
els potentially damaging the PMTs. The commissioning in
this phase was thus performed only with a few active PMTs
when the electrodes were under high-voltage; the electrodes
were independently tested up to intermediate voltages. The
cathode grid was operated at —15kV while keeping the gate
grid at ground, reaching an average drift field of ~100 V/cm,
slightly exceeding the drift field of XENONIT [4]. Simi-
larly, in the absence of a drift field, a potential difference

of 4.5kV was applied across the anode-gate region to con-
firm the production of electroluminescence. Higher voltages
were not tested given the impossibility of detecting potential
micro-discharges efficiently.

Once the cryostat was immersed in water, the TPC was
characterized in low-background conditions as reported in
the next sections. In this phase, during a cathode ramping
up at around —12kV, a discharge happened and the bottom
screening electrode and cathode were found to be in elec-
trical contact then. Without opening the cryostat the most
likely explanation is that the electrical contact is caused
by one or more electrode wires that broke during the inci-
dent. This prevented stable operation of the cathode beyond
—2.75kV, limiting the maximum drift field to ~23 V/cm cor-
responding to a maximum drift time of 2.3 ms. While larger
electric fields are preferred for minimizing electron capture
from electronegative impurities, the high electron lifetime
7, > 10ms achieved in XENONNT enables operations also
at low fields. First results from SRO [12] indicate that the
negative impact of low fields can be successfully mitigated,
for ER searches, at the level of the analysis. In the search
for NR WIMP signals the lower drift field has an impact on
the S2/S1-based discrimination and the ability to distinguish
single from multiple interactions in the target. Nevertheless,
XENONNT could obtain competitive WIMP results in SRO
[13].

In low-background conditions, the voltage across the
anode and gate electrodes was limited to 4.6kV. At higher
voltages, intense single-electron (SE) emission, with rates
four orders of magnitude higher than for lower voltages, was
observed close to one of the anode transverse wires. The
extra peaks in the data slowed down data acquisition and real-
time processing and the prolonged high light levels could be
dangerous for the PMTs. Similar anomalous emissions were
observed in the past in other xenon setups and are usually
referred to as “hot spots”; their origin is likely multifaceted
but still not fully understood. [38,117]. At lower voltages, a
milder version of the phenomenon (“warm spot”) did occa-
sionally appear which neither impacted the XENONnT DAQ
performance nor data analysis (see Sect. 3.3.3). Occasionally,
it transitioned into a hot spot which required the electrodes
to be powered off for some time and consequently led to a
live time loss of ~11%.

In SRO, the TPC electrodes were biased with V,
—2.75kV, Vrgsg = +0.65kV, V, = +0.3kV and V,
+4.9kV, establishing electric drift and extraction fields of Eq4
= 23.0Jj8:‘31 V/cm and E. between 2.9kV/cm and 3.7kV/cm
in the liquid (depending on the radial position due to the sag-
ging of the electrode plane) in the 4-tonnes fiducial volume
defined in [11]. The bottom and top screening electrodes were
biased with Vg = —2.75kV (due to the electrical connection
with the cathode) and Vg = —0.9kV.
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Figure 14 shows a typical PMT waveform produced by a
low-energy nuclear recoil in the TPC during calibration with
an Am-Be neutron source. The z-coordinate of the interaction
is derived from the drift time 74f; defined by the time dif-
ference between the S2 and S1 signals. The observed event’s
position in the horizontal plane is inferred from the distri-
bution of the S2 signal across the PMTs of the top array by
a neural network algorithm trained with Monte Carlo sim-
ulations. A tgrifi-dependent correction is applied to account
for the divergence of the drift field and to define X™° and
Y€, the reconstructed coordinates of the original interaction
(see Sect. 3.3.3). The spatial coordinates of the interaction
are used to define the variables c¢S1 and cS2, obtained by
correcting S1 and S2 with light collection efficiency (LCE)
maps extracted from calibration data capturing the spatial
non-uniformity of the TPC response.

3.3.1 Photomultiplier performance

Throughout SRO the PMTs were operated at constant volt-
ages that were individually chosen to ensure high single pho-
toelectron (SPE) acceptance while minimizing dark count
rate and light emission. None of the PMTs were biased
beyond —1.5kV to avoid instabilities such as transient
flashes. The final gains ranged from 1.2x10° to 2.4x 109,
with an average of 1.87x10° at a standard deviation of
0.35x 10°. Calibrations with blue LED light, guided into the
TPC through optical fibers, were performed every week and
the gains were found to be stable within 1% over SRO. The
SPE acceptance is the fraction of the SPE signals above the
hardware ADC digitization threshold of a given channel (typ-
ically setto 15 ADC counts, see Sect. 2.6.1); the average SPE
acceptance was (93.0£1.8)%. A typical dark count rate of
~40Hz was measured at LXe temperature for all PMTs.
Seventeen PMTs out of 494 were excluded from SRO anal-
ysis due to sub-optimal performance: 11 developed leaks at
cryogenic temperature leading to frequent HV trips, 4 showed
light emission, gain instabilities or noise and 2 could not
be operated due to cabling issues. Of the remaining PMTs
used for SRO 23 show signs of vacuum degradation, pre-
senting (still minimal) enhancements of either the Xe™- or
N7 -induced after-pulse rates. While the increasing xenon
after-pulse rates are symptoms of leaky PMTs, the nitrogen
contamination is likely due to emanation from PMT materials
that trapped gas during the fabrication. The vacuum degrada-
tion for these 23 PMTs varies significantly, with increases in
after-pulse rates ranging from 0.01%/month to 0.14%/month.

3.3.2 TPC light response
The light response of the TPC, characterized by the LCE

map, was measured using the isotope 83" Kr. The isotope
is mixed into the purified gaseous xenon that, once lique-
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Fig. 17 Lightyield variation as a function of the reconstructed interac-
tion depth and radius derived from the 41.6keV 83 Kr summation line.
The reference frame is such that the liquid/gas interface and cathode
planes are located at z = Ocm and z ~ —149 cm, respectively

fied, is injected into the TPC’s active volume from below
the cathode. After 2h from the start of the operation, the
83mKr atoms are uniformly distributed throughout the entire
volume. Figure 17 shows the light yield variation derived
from the 41.6keV sum energy line as a function of the
reconstructed interaction depth Z™C and radius (R™)? =
(X™¢)2 4 (Y™)2, No PMT QE correction has been applied.
The observed variation is caused by a combination of solid-
angle coverage and reflectivity on the TPC walls and the
liquid—gas-interface. Three-dimensional S1 LCE maps for
the top and bottom PMT arrays are generated in the same
way and used to define the cS1 variable, corrected for spatial
non-uniformity, and normalized to the average S1 value in the
active volume. Measurements of the light yield are reported
in Sect. 3.3.4.

3.3.3 TPC charge response

The charge response of the TPC was also characterized using
monoenergetic 83" Kr signals. Due to field non-uniformities
the observed S2 position can differ from the interaction posi-
tion. Therefore the observed (uncorrected) coordinates X opg
and Y, are used to produce the relative S2 correction maps
for the top and bottom array shown in Fig. 18. The two visi-
ble bands correspond to the location of the transverse wires
installed on the anode and gate grid to reduce sagging. Elec-
tric field simulations indicate that the field next to these wires
is greater than average, which leads to an enhanced electrolu-
minescence signal. This is due to the larger electron extrac-
tion efficiency of > 70% around these wires compared to
~53% in the rest of the TPC. These two-dimensional LCE
maps are used to define the c¢S2 variable, corrected for XY -
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Fig. 18 Relative S2 correction maps for the top array (top) and bot-
tom array (bottom) as a function of the reconstructed coordinates X ops
and Yop derived from 33" Kr data. The two evident narrow bands with
enhanced S2 response are produced by the transverse wires located on
the gate and anode electrodes to mitigate their sagging

spatial non-uniformity, and normalized to the average value
of the S2 signal.

The charge loss due to electron attachment to electronega-
tive impurities leads to a Z-dependence of the charge signal.
It is monitored and corrected using 83" Kr as well; Fig. 19
shows the ¢S2 signal area before the correction as a func-
tion of the drift time, corresponding to the Z™° coordinate.
The electron lifetime extracted for this run is 7, = (15.0 £
0.4) ms which leads to a relatively small correction given the
maximum drift time of about 2.3 ms.

The uniform distribution of the krypton atoms inside the
TPC was used to quantify the drift field non-homogeneity
and to compare it to the COMSOL simulation; details can be
found in [40]. The observed and simulated radial distributions
were matched assuming a charge distribution on the reflective
PTFE panels, similar to [ 118]. An overall surface charge den-
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Fig. 19 2D histogram of the S2 area (with XY spatial corrections
applied) as a function of drift time for 83" Kr decays. In red, overlaid to
the 2D histogram, a negative exponential fit of the average S2 area values
(black points) used to extract the electron lifetime 7, = (15.0£0.4) ms
for this run
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Fig. 20 Light yield L, and charge yield Q (in PE/keV) for several
monoenergetic ER lines between 2.8keV (*’Ar [85]) and 4.4MeV
('2C). The values from low-energy lines 37 Ar, 83"Kr, 131" Xe and
129mXe (the latter two activated during neutron calibration) are fitted
with the function Qy = —£ L, + {7 derived from Eq. (2). The best-fit
result is shown in red. Higfiler—energy lines were excluded from the fit
since they are more affected by potential reconstruction biases

sity < 0.5 wC/m? was obtained. The simulated electric field
matching the observed distribution has an average strength
of 22.670¢ V/em inside the fiducial volume defined in [11].
The sub-optimal potential on the cathode electrode causes
some electric field lines, mostly located at the bottom edge
of the TPC, to end at the TPC wall. This leads to a charge-
insensitive volume of around 112kg, less than 2% of the
active target.

3.3.4 Light and charge yield
The detector-specific gains g (photon detection efficiency)

and g» (charge gain) describe the number of detected pho-
toelectrons (PE) per scintillation photon or ionization elec-
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tron generated by a primary ER interaction depositing some
energy E:

cS1  ¢S2
E=W(|(—+—, 2)
81 82

where W =13.7eV is the average energy required to generate
ascintillation photon or an ionization electron [98]. The gains
g1 =(0.152 £ 0.002) PE/y and g2 = (16.5 = 0.6) PE/e™ are
derived by measuring the light yield L, and charge yield
Qy (in PE/keVe.) for several monoenergetic lines between
2.8keV (P7Ar) and 236.2keV (129”‘ Xe), covering the region
of interest for WIMP searches. L, and Q, were regularly
monitored with several sources and were stable within 1.0%
and 1.9%, respectively. Figure 20 shows these measurements
and a fit with a function derived from Eq. (2). A bias of 1-2%
in the reconstruction of the line energies is included in the
systematic uncertainty of the fit. The higher-energy lines are
not used in the fit, however, the yields derived by taking them
into account agree with the best-fit result.

4 Conclusions

XENONNT is taking data since the start of the commis-
sioning campaign in fall 2020. A first science run (SRO),
with run conditions and detector performance as described
in Sect. 3, was conducted from July 6, 2021 to November 10,
2021. The total acquired live-time was 97.1 days. Thanks
to the various background reduction measures and the suc-
cessful operation of the systems presented in this article,
a low-energy electronic recoil background of (15.8 £ 1.3)
events/(tonne x year xkeVee) was achieved [12]. This cor-
responds to a factor 5 reduction compared to XENONIT,
and it is the lowest electronic recoil background level ever
achieved in a dark matter experiment. A first dark matter
search using the same dataset did not observe an excess of
events above the background expectation, leading to a mini-
mum upper limit on the WIMP-nucleon scattering cross sec-
tion of 2.6 x 107# cm? for a WIMP mass of 28 GeV/c?
at a 90% confidence level [13]. Since then, XENONnT has
continued to acquire science data with a further decreased
background from *??Rn to a level below 1uBg/kg. At the
end of 2023, the water tank was doped with an initial batch
of 500 ppm of Gd-sulphate octahydrate salt, to improve the
performance of the neutron veto reducing the background
from radiogenic neutrons.
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