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The XENONNT experiment has achieved an exceptionally low 2*?Rn activity concentration within its
inner 5.9 tonne liquid xenon detector of (0.90 4= 0.02 stat &= 0.07 syst) pBqkg™', equivalent to about 430
222Rn atoms per tonne of xenon. This was achieved by active online radon removal via cryogenic
distillation after stringent material selection. The achieved *??Rn activity concentration is 5 times lower than
that in other currently operational multitonne liquid xenon detectors engaged in dark matter searches. This
breakthrough enables the pursuit of various rare event searches that lie beyond the confines of the standard
model of particle physics, with world-leading sensitivity. The ultralow >2’Rn levels have diminished the
radon-induced background rate in the detector to a point where it is for the first time comparable to the solar
neutrino-induced background, which is poised to become the primary irreducible background in liquid

xenon-based detectors.

DOI: 10.1103/zc1w-88p6

I. INTRODUCTION

Deep within underground laboratories, massive detectors
with ultralow energy thresholds stand sentinel in the
search for dark matter [1-7], the enigmatically abundant
substance constituting nearly 85% of the Universe’s mass.
Although its composition remains unknown, various
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candidate particles are under investigation [8]. Among
these are weakly interacting massive particles (WIMPs),
hypothesized to possess masses ranging from
O(1) GeV/c? to O(1) TeV/c? [9]. While interactions with
ordinary matter are expected to be rare, theoretical models
predict that WIMPs could occasionally scatter elastically
off atomic nuclei, imparting a characteristic recoil energy
on the order of a few keV. Detecting these faint signals
directly requires both exceptional sensitivity and the ability
to differentiate them from background events like radio-
active decays or cosmic muons.

Dual-phase xenon time projection chambers (TPCs),
pioneered by the XENON Collaboration [1,10-12] and
others [4,13—15], have proven to be highly effective for this
purpose [16]. Upon WIMP interaction with the liquid
xenon (LXe) target, a prompt scintillation light (S1) is
emitted and detected by two photosensor arrays at the top
and bottom of the TPC (Fig. 1 inset). Additionally, free
electrons from the interaction drift upward in an electric
field to the liquid-gas interface. Here, a 20-fold stronger
extraction field pulls them into the gaseous xenon (GXe)

031079-2
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FIG. 1. Schematic overview of the XENONT experiment. The
experiment is located 1400 m underground at the Laboratori
Nazionali del Gran Sasso (LNGS), Italy. This depth significantly
reduces cosmic muon and neutron backgrounds due to rock
overburden. The experimental setup consists of a service building
housing the xenon handling and data acquisition systems, and a
water tank containing three nested detectors: (1) the muon veto,
(2) the neutron veto, and (3) the time projection chamber (TPC).
The TPC, containing 5.9 tonne of liquid xenon, is the central
detector, measuring low-energy particle interactions in the LXe
volume. Its key features include deposited energy measurement,
particle identification, and 3D position reconstruction.

and accelerates them, inducing electroluminescence: The
electrons excite the xenon atoms, producing a delayed and
even brighter flash of light (S2), also detected by the
photosensors. The location in the horizontal plane is
obtained from the S2 signal distribution recorded by the
upper photosensor array, while the time difference between
S1 and S2, inversely proportional to the known electron
drift velocity, provides the vertical coordinate. By combin-
ing the S1 and S2 signals, the deposited energy of an
interaction can be precisely reconstructed, allowing for an
energy threshold of O(1) keV. Moreover, the S2/S1 ratio
helps discriminate WIMP-nucleus scattering [nuclear recoil
(NR)] from background events like beta or gamma scatter-
ing on electrons [electronic recoil (ER)]. Thanks to the
substantial shielding offered by LXe’s high density (about 3
times that of water), radioactivity from detector materials

can be largely suppressed by restricting analysis to the
central region of the target (fiducialization). This combi-
nation of high efficiency, low-energy threshold, good
energy resolution, and excellent background rejection
makes the xenon TPC technology a powerful tool for
WIMP and other rare event searches.

Its potential, coupled with the captivating nature of the
scientific question, has spurred continued advancements.
Nearly two decades after the ZEPLIN-II [13] and
XENONI10 [10] experiments with approximately 10 kg
xenon targets, three currently operational experiments—
PandaX-4T [6], XENONnT [1], and LZ [4]—have
emerged. Leveraging active LXe masses ranging from 4
to 7 tonnes, these experiments search for WIMPs and other
rare phenomena within underground laboratories across
China, Italy, and the U.S. Additionally, a similar argon-
based experiment, DarkSide-20k [17], is under construc-
tion in Italy.

Beyond WIMPs, the xenon TPC technology tackles
another equally crucial and timely science question: the
search for neutrinoless double £ decay [18]. This elusive
process holds the key to unlocking the Universe’s matter-
antimatter asymmetry and the remarkably small mass of
neutrinos. Like WIMP searches, it demands exceptional
sensitivity and background reduction, but at higher signal
energies of a few MeV. The NEXT-100 experiment at the
Canfranc Underground Laboratory (Spain) utilizes a high-
pressure gaseous xenon TPC to explore this phenomenon
[19], employing topological event reconstruction for
enhanced background discrimination. This approach offers
a complementary strategy to liquid xenon experiments.
Building upon the successful EXO-200 experiment [20],
the nEXO experiment [21] is planned for the Canadian
underground laboratory SNOLAB. This next-generation
detector will contain 5 tonnes of LXe enriched in the
isotope '°Xe, a promising candidate for neutrinoless
double f decay, offering a massive target for the rare
decay. As with WIMPs, the decisive factor here is the
ultralow background rate alongside the large isotope mass.

These experiments aim to detect a handful of rare events
above the detector background over their operational life-
time. Consequently, minimizing background is crucial and
involves multiple steps. Experiments are positioned in
underground laboratories to reduce exposure to cosmic
muons and are further shielded with active veto systems,
typically based on large water or liquid scintillator vol-
umes, to identify muons and neutrons. Stringent material
selection ensures minimal radioactivity within the detector
itself. After fiducialization and advanced event discrimi-
nation techniques, only background sources remain that
cannot be shielded or are dissolved in the LXe itself. The
first category includes solar and atmospheric neutrinos. The
second category includes radioactive isotopes such as *H,
3TAr, ¥Ar, $Kr, 22°Rn, and ??’Rn dissolved in LXe. Entry
points include xenon extraction from air separation,
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emanation from detector materials, or air leaks. Noble gas
impurities cannot be easily mitigated by conventional noble
gas purifiers, e.g., high-temperature getters. Additionally,
long-lived isotopes like '**Xe and '3Xe with half-lives
longer than 10 years are present within the xenon. The
decay of '?*Xe via double electron capture has been
observed for the first time with the XENONI1T experiment
[22,23], XENONnT’s predecessor, and offers valuable
calibration opportunities for future generations of detectors.
The two-neutrino double 3 decay of '*°Xe remains a non-
negligible background source for dark matter searches [3].

Previous work by the XENON Collaboration demon-
strated effective removal of lighter noble gases like argon
and krypton from LXe using cryogenic distillation, achiev-
ing negligible concentrations [24]. However, radon iso-
topes pose a unique and continuous challenge: Unlike other
radioactive isotopes dissolved in LXe where a one-time
removal is typically sufficient, radon continuously ema-
nates from detector materials due to the decay chains of
primordial uranium and thorium present in virtually all
materials.

Among these, the longest-lived radon isotope **’Rn with
its half-life of 3.8 d [25] poses the most significant
background for dark matter and neutrinoless double beta
decay searches in xenon detectors. Because of its long half-
life, 2*?Rn distributes uniformly throughout the detector
volume, rendering standard fiducial volume selections
ineffective at mitigating its influence. Its decay progenies
present particular difficulties. For example, the beta decay
of the daughter isotope 2'“Pb deposits energy as an ER in
the TPC. This background cannot be sufficiently eliminated
through an S2/S1 ratio cut, which currently achieves 99.3%
efficiency in XENONnNT at a 50% NR signal acceptance [2].
Although the closest alpha decay occurs on the order of
30 min before or after the beta decay of >'“Pb, there are
promising attempts to reconstruct the path of the 2'“Pb atom
in the LXe using convection and diffusion models, and thus
identifying the event as a progeny of *?’Rn [26,27].

Notably, the remaining ER signals cannot be differ-
entiated from potential WIMP interaction signals.
Similarly, for the neutrinoless double beta decay search
in 1%6Xe, the major background arises from the gamma line
emitted by another 2’Rn progeny, >'“Bi, whose energy falls
close to the expected Q value of the double beta decay.
However, beyond 2'“Bi originating from dissolved %?’Rn
and its progenies, other significant sources of 2'“Bi back-
ground for these searches also stem from the 233U decay
chain present within the detector’s support structure and
other construction materials, which cannot be removed by
cryogenic distillation of xenon.

In XENONIT’s main science run, the 2?’Rn activity
concentration stood at (13.3 +0.5) pBgkg~'. An R&D
run achieved a lower value of (4.5+0.1) pBgkg™!
through two key innovations: First, the existing GXe

purification pumps were exchanged with a novel, nearly
radon-free, magnetically coupled piston pump [28], and
second, radon was actively removed by operating the
krypton distillation system in inverse mode [29].

The XENONNT experiment demands a *??Rn activity
concentration of 1 pBqkg™', translating to just one >?’Rn
atom per 16 moles of xenon, or per 2 kg of xenon. The
XENONNT radon removal strategy is multifaceted: The
first line of defense is material selection to minimize radon
emanation from the outset, followed by an inherent surface-
to-volume advantage of the larger detector volume com-
pared to XENONIT, and finally, active removal to elimi-
nate any remaining radon and to reach the desired level.

Beyond WIMP searches, this exceptionally low 2?’Rn
level opens doors to a diverse physics program utilizing ER
events [3]. World-leading sensitivity is attainable for
various searches, including solar axions, neutrino magnetic
moment, bosonic dark matter (dark photons, axionlike
particles), low-mass WIMPs via the Migdal effect, and
low-energy ER peak searches. Furthermore, the solar
neutrino-induced rate in the detector would match the
radon-induced one. Further reducing the ??’Rn activity
concentration remains crucial for solar neutrino and double
beta decay searches [30] but would provide less improve-
ment for WIMP and low-energy ER searches in
XENONDT.

This paper focuses on demonstrating the potential of
the newly developed cryogenic distillation-based radon
removal system (RRS) to continuously keep XENONnNT’s
radon concentration at a sub-pBq kg~! level. The removal
strategy, the system, and the results are detailed in Sec. IL.
The removal efficiency is directly measurable and quanti-
fiable through in situ alpha decay measurements using the
TPC. This allows for a direct comparison of the various
removal modes to the one without removal. The impact on
future detectors is discussed in Sec. III, and the conclusions
are presented in Sec. IV.

II. RADON REMOVAL IN XENONnT

The XENONNT experiment [1] is more than just an LXe
TPC housed in a cryostat, surrounded by veto detectors. It
is equipped with a variety of xenon handling systems, as
shown in Fig. 2. A cryogenic system (CRY) is required to
maintain thermodynamic equilibrium of the xenon within
the detector at a temperature around —100 °C. This CRY
system comprises two pulse tube refrigerators and an
emergency liquid nitrogen (LN,) cooling tower connected
to the inner cryostat via a cryopipe to balance evaporated
xenon resulting from external heat input by condensation.
Cable feedthrough vessels connected to the cryopipe
contain high voltage and signal cables for the photo-
multiplier tubes (PMTs) inside the detector.

Furthermore, two purification systems are used to con-
tinuously clean the xenon. LXe from the detector is
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extracted and evaporated via a series of heat exchangers
before being purified from electronegative impurities using
a gas purification system (GXe PUR) comprising a radon-
free GXe pump and getter-based purifier. In parallel, a
novel LXe purification loop (LXe PUR) [1,31] circulates
LXe through purifiers using a cryogenic liquid pump, also
to remove electronegative impurities. The detector’s LXe
volume containing around 8500 kg of xenon can be
exchanged once per day by the LXe PUR system. While
most of the xenon through the LXe PUR system is returned
to the cryopipe and subsequently to the detector, a fraction
is directed to the radon removal system to reduce the >?’Rn
activity concentration in the detector.

All internal surfaces in contact with GXe or LXe are
potential sources of radon, which continuously emanates
into the xenon target material. Radon emanation measure-
ments [29,32] reveal the location and magnitude of differ-
ent radon sources in the XENONNT system. The sources
are classified into two main types, depending on their
position in the XENONnT system relative to the RRS.
Type 1 sources emanate and are flushed directly into the

detector before reaching the RRS. They are further sub-
divided into type la sources, which go directly into the
cryostat’s LXe, and type 1b sources, which are within the
cryostat’s and CRY system’s GXe phase. A radon source
upstream of the RRS in the xenon handling system is
referred to as type 2. Consequently, type 2 radon enters the
RRS before reaching the LXe inside the detector, and can
therefore be efficiently removed. The classification of the
different subsystems in XENONNT is highlighted in Fig. 2.
Subcomponents of a subsystem can contribute to different
source types (Sec. 11 C).

The radon removal system has two modes. In the LXe
mode, an LXe flow is continuously extracted from the
detector, purified with the RRS, and fed back as radon-
depleted LXe. The high flow of this mode is projected to
achieve a twofold reduction in radon concentration. In the
GXe mode, xenon is extracted from the GXe phase before
entering the detector’s LXe phase, effectively converting
type 1b sources into type 2 sources that go directly to the
RRS [29]. This mode potentially achieves another factor of
2 reduction in *?’Rn activity concentration depending on

= O : GXe PUR |
1 120 slpm ! .
‘|| GXe Purifier GXe Pump 520 P ;
; 5 5 GXe Pump 5
LN2 : . GXe Purifier |
; 5 ; and Cables
3 200slpm 1 20 slpm SIIIIIIIiIIIiiiiiiiiiiiiiiiii
i 1120 slpm ! Cryopipe :Phase :
5 v : 5 S 11~ Gaseous Xe (GXe);
E 3 : ; > . mm Liquid Xe (LXe)
t (1200 slpm & Compressor : : i : :
: y : : CRY 1 1 Flow Configuration
i - § s BWERERE e NO RRS
i = ] |- == (GXe-only RRS
: B | DRt s o e } 1 mm GXe + LXe RRS
| JEE A : LXe PUR 222Rn Source Type
Reboiler | LXe Purifier Do P 111 i Type la
| j=® 2B — | i 1 Type 1b
200 slpm RRS : R 5 i1l Type 2

1000 slpm

FIG. 2. Online radon removal system and operational modes. The figure depicts the xenon handling systems and their interplay for
continuous purification of the xenon inside the TPC. Xenon circulation [thin (thick) lines for GXe (LXe)] is maintained via dedicated
pumps (GXe or LXe) and purification systems (GXe PUR or LXe PUR) to remove electronegative impurities. Internal xenon flows are
highlighted in yellow. A cryogenic distillation column-based radon removal system (RRS) targets radon emanating from various
subsystems categorized by source types 1a (red), 1b (beige), and 2 (gray). Three operational modes are highlighted. In the no RRS mode
(orange), the RRS is bypassed, and all radon emanated enters the TPC. In the GXe-only RRS mode (teal), radon-rich GXe is extracted
from the cryogenic system (CRY) and directed to the RRS for purification. The radon-depleted GXe is then returned to the CRY system.
In the GXe + LXe RRS mode (violet), additionally a fraction of LXe from the LXe PUR is diverted to the RRS. The resulting radon-

depleted GXe is liquefied and fed back into the LXe PUR system.
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the extraction efficiency. Three operational modes that were

performed in XENONNT are visualized in Fig. 2:

(a) no RRS: the RRS system is not in operation (orange),

(b) GXe-only RRS mode: only GXe extraction is per-
formed (teal),

(¢) GXe + LXe RRS mode: a combination of GXe and
LXe extraction is performed (violet).

A. Radon removal system

The XENONNT radon removal system, shown in Fig. 3,
leverages a cryogenic distillation column [33], exploiting
the difference in vapor pressure between xenon and radon.
Radon reduction is achieved by effectively trapping radon
in an LXe reservoir at the bottom of the column. The
relatively short half-life of radon (3.8 d) ensures its decay
within the reservoir, eliminating the need for extraction of
the impurity-enriched xenon, unlike in conventional dis-
tillation systems for krypton or argon removal [24].
This feature makes the radon removal process inherently
xenon-loss-free allowing for a continuous operation. To
significantly reduce radon and mitigate its decay-induced
background signals in the LXe TPC, the RRS is designed to
operate mainly with LXe input and output, and the process
flow must be sufficiently large to purify the TPC’s LXe
mass on a timescale comparable to or shorter than the radon
mean lifetime (5.5 d). An LXe extraction flow of about
71 kgh~! (200 standard liter per minute, slpm) through the
RRS would correspond to a twofold radon reduction for
type 1 radon sources given the 8500 kg xenon in the
cryostat [33].

The distillation tower comprises three key components: a
top condenser, a central package tube, and a bottom
reboiler. The reboiler houses the LXe reservoir (capacity
up to 130 kg) where radon accumulates due to its tenfold

Top condenser

Package tube

GXe compressor

Reboiler

FIG. 3.

lower vapor pressure compared to xenon at —100°C [34].
The reboiler also employs electrical heaters to vaporize a
fraction of the LXe, creating an upward gas stream [flow
rate 106 kgh™! (300 slpm)] through the package tube. This
tube contains a structured packing material with a large
surface area for efficient liquid-gas exchange across its
entire height (190 cm), effectively acting as a series of
interconnected theoretical distillation stages [33].

Radon-rich LXe and GXe from the detector enter the
midsection of the tube. The liquid flows downward to the
reboiler, while the gas ascends toward the top condenser.
Here, a fraction of the upward gas stream from the reboiler
and the feed condenses and flows back to the package tube
at a rate of 35 kgh™' (100 slpm), maintaining an LXe
reflux ratio of 0.5 relative to the 71 kgh™' (200 slpm)
radon-depleted xenon extraction flow. This rectification
process prevents radon escape from the top.

The system is designed to achieve a 1000-fold
radon enrichment between the feed and the reboiler, and
a 100-fold reduction between the feed and the top con-
denser. With the chosen design parameters, including
process flow, reflux ratio, and inlet and outlet radon
concentrations, the McCabe-Thiele method allowed calcu-
lation of the required number of theoretical distillation
stages and consequently the total height of the packed
column [33]. Further, the necessary cooling and heating
powers were derived to facilitate xenon phase changes
throughout the system.

The top condenser requires approximately 1 kW of
cooling power to maintain the desired reflux ratio of 0.5
and is achieved with a custom-made bath-type heat
exchanger operated with liquid nitrogen [35]. The extracted
radon-depleted GXe flow of 71 kgh~! (200 slpm) from the
top condenser must be reliquefied for reinjection into the

3.8m

i

Radon removal system installed underground in the service building of the XENONnT experiment at LNGS (left) and related

CAD drawing (right). The four key components, top condenser, package tube, reboiler, and GXe compressor for the heat pump,
composed of a four-cylinder magnetically coupled piston pump, are visible.
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LXe purification circuit. This additional liquefaction step
necessitates another 2 kW of cooling power, bringing the
total cooling requirement to 3 kW. The reboiler, on the other
hand, requires 3 kW of heating power to generate the upward
evaporation flow of 106 kg h=! (300 slpm), vital for a stable
distillation process within the package tube.

The substantial cooling power required for the xenon
liquefaction at the outlet necessitates an energy-efficient
solution. This is achieved through the heat pump principle:
Gaseous radon-depleted xenon from the top is first com-
pressed with a GXe compressor and is then liquefied in a
novel bath-type GXe-LXe heat exchanger (HE) integrated
into the reboiler. This HE features two compartments: a top
vessel containing LXe and a bottom vessel holding radon-
depleted GXe. By thermally connecting these compart-
ments, the GXe condenses in the bottom while LXe
evaporates in the top, eliminating the need for the addi-
tional 2 kW of electric heating. This heat exchange process
relies on a temperature difference and thus a pressure
difference between the compartments. The GXe pressure
must be higher than the LXe pressure, allowing the GXe
to condense at a higher temperature and establish the
necessary temperature gradient that drives heat transfer.
To achieve this pressure differential, a four-cylinder mag-
netically coupled piston pump is employed as a
compressor [36]. Additional GXe/GXe HEs further opti-
mize the system efficiency by precooling and prewarming
the GXe flow between the tower and the compressor.
XENONNT’s demanding radiopurity requirements, ensur-
ing the RRS itself does not contribute significantly to the
radon in the detector, necessitated rigorous material screen-
ing and custom fabrication of most system components.
This included the two HEs at the top and bottom, the
package tube, as well as the compressors.

The RRS system underwent extensive commissioning in
an internal bypass configuration, where the RRS liquid
outlet was internally connected with its liquid inlet. Under
thermodynamically stable conditions, the system operated
at a flow rate of (91 £2) kgh™! [(258 & 6) slpm]. This
represents a 30% increase above the design flow rate for the
XENONNT operation, validating the system’s capacity for
extended performance and potential flexibility [33].

B. Radon alpha decays in XENONnT

Radon is a primordial decay product, arising from both
the uranium and thorium decay chains. The isotopes >'°Rn
and ?*’Rn are produced in the uranium chains of 2*>U and
238, respectively, while 2?°Rn originates from the thorium
chain of #3?Th. Because of its short half-life of less than
4 s [25], >'°Rn decays before it reaches the central xenon
volume and does not pose a background source for the dark
matter search. The decay chains starting from the other two
isotopes 22°Rn and ?*’Rn are highlighted in Fig. 4 (top). The
decay chain of *?’Rn includes several alpha and beta
emitters. While alpha particles have distinct MeV energies,
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FIG. 4. Top: *?Rn (teal) and ?*°Rn (violet) decay chains as part
of the primordial uranium and thorium chains. Alpha () decays
are indicated by solid lines, while beta (™) decays are indicated
by dashed lines. Note that while the decay chains appear to
intersect, each isotope belongs exclusively to either the 22°Rn or
the 2*°Rn decay chain. All values are taken from Ref. [25].
Bottom: reconstructed energy spectrum of alpha decays in the
XENONNT detector. The relative energy resolution is better than
1%, allowing us to distinguish the alpha decays of different
isotopes within the ?>’Rn and ?*°Rn decay chains. The fit of the
data is done with Gaussian functions. Ionized progenies from the
decay chains partly plate out on the cathode and detector walls
under the influence of the electric field and due to LXe
convection. This results in reduced concentrations in the LXe
bulk for isotopes farther down the decay chain, as shown by the
height difference between, for example, 218pg and 2'%Po.

beta particles possess continuous spectra up to their end
points of a few hundreds of keV, which can be misinter-
preted as low-energy WIMP signals due to the imperfect
ER vs NR discrimination. Among these emitters, the >?’Rn
progeny 2!“Pb stands out due to its 9.2% branching ratio for
beta decay to the ground state without accompanying y
emission [37]. This decay mode poses a significant back-
ground source since all other beta decays of the uranium
and thorium decay chains are identifiable by either time-
coincident alpha or gamma decays, or involve decays with
longer half-lives, like the one of 2!°Pb. While the
XENONNT detector is optimized for the detection of
low-energy interactions in the keV region, its sensitivity
extends well into the MeV range, enabling in sifu mea-
surements of the a decays (see Fig. 4, bottom).
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The full decay energy Q, of alpha particles is deposited
in the LXe. However, due to their high stopping power,
alpha particles produce short tracks (<100 pm) [38]. With
around 9000 detected scintillation photons per MeV of
deposited energy, alpha decays can be detected using the
primary scintillation signal (S1) only. This allows for
continuous monitoring of the activity concentration, even
when the charge signal (S2) is unavailable, for example,
when no extraction field is present.

However, event position reconstruction within the TPC
based solely on S1 exhibits larger systematic uncertainties
compared to the standard S1+S2 method [39]. To address
this, two independent >?’Rn activity concentration analyses
(I and II) were conducted. Both are outlined in the
following, with their main difference being the chosen
method for the event position reconstruction.

The S1 light collection efficiency for alpha events varies
with their location within the detector due to total internal
reflection at the liquid-gas interface and reflections off the
detector walls. Spatial dependence corrections were derived
using either the monoenergetic alpha decays of >'“Po or
222Rn. Their signal dependencies along the radial and depth
coordinate were fitted using polynomial models. Because
of an increased concentration of photoabsorbing impurities
in the LXe during the GXe 4+ LXe RRS mode, an addi-
tional correction to the observed number of photons per
alpha event (less than 5%) was applied (see Ref. [40] for
further details).

In analysis I, the horizontal positions were determined from
the center of mass of the light distribution recorded by the top
and bottom PMT arrays. The depth was inferred from the
fraction of light detected by the top array relative to the total

detected light (see Fig. 5), with a lower fraction indicating a
deeper event position. Analysis Il employed a convolutional
neural network algorithm to reconstruct both horizontal and
vertical coordinates. It was trained on an independent dataset
containing S1+S2-derived event locations [41].

Figure 4 (bottom) shows the energy spectrum of alpha
particles detected in the LXe using the analysis-I corrections.
As expected, the three alpha emitting isotopes 22’Rn, 2!%Po,
and 2*Po from the uranium chain are observed. Additionally,
the spectrum shows a subdominant contribution from >°Rn
and 2'%Po, as well as from 2'?Po (not shown in the figure),
which belong to the thorium decay chain.

To mitigate the influence of alpha decays from 2!%Po, a
progeny of >!°Pb that accumulates on the detector walls and
electrodes, both analyses were restricted to an inner volume,
containing an LXe mass of (1.22 £ 0.03) tonne for analysis
Iand (2.05 £ 0.06) tonne for analysis II. These masses were
estimated using a cross-calibration with S1 + S2 events, and
their uncertainties were obtained as described in Ref. [39].

Comparing the two analyses, a 1% difference was
observed during the no RRS and the GXe-only RRS mode,
while a 14% difference was noted for the GXe + LXe RRS
mode. To account for these differences, the final 22?Rn
activity concentration value in each mode was determined
as the average of the mean ?’Rn activity concentration
derived from both analyses. Additionally, half of the
difference between analysis I and analysis II was added
to the systematic uncertainty (0.01 pBqkg™!' for the no
RRS and GXe-only RRS as well as 0.06 uBqkg~' for the
GXe + LXe RRS mode).

The alpha spectrum shown in Fig. 4 is fitted with a sum
of individual Gaussian functions. The fitted peak positions
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Scintillation signal of alpha interactions in the XENONnNT detector. Left: depth dependence of the uncorrected light signal.

Right: same data after all geometric corrections from analysis I are applied (see text). The horizontal dashed lines indicate the selected

subvolume used for the analysis.
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FIG. 6. ?*?Rn activity concentration (black) in XENONnT as a function of time for the three operational modes: No RRS (orange),
GXe-only RRS (teal), and GXe + LXe RRS (violet). A radon removal model is included as a solid line. Normalized residuals are
displayed in the bottom panel. Detector calibrations conducted prior to the presented time period labeled as no RRS in this work were
excluded from the analysis to prevent potential bias in the >’Rn activity concentration estimate limiting the available data to a few days
only. The gray shaded area denotes a period where improvements were made to the RRS and stable data acquisition was not possible.
Radon reduction factors within the TPC are estimated as 7gxe.onty = (1.94 = 0.05) and 7y x.6xe = (4.0 £ 0.3) for GXe-only RRS and
GXe + LXe RRS modes, respectively. The minimum 2??Rn activity concentration of (0.90 4 0.02 stat 4- 0.07 syst) pBqkg™" is the
lowest ever achieved in an operational LXe TPC. It depends on the RRS process flow and detector conditions. Data points include
statistical uncertainties. The statistical uncertainty in achieved **’Rn activity concentrations within each mode is calculated from the
model fit via bootstrapping, and the systematic uncertainties are derived from the in situ alpha decay analysis.

exhibit a linear relationship with the corresponding alpha  before migrating into the liquid. Type 2 sources are located
particle energies and a relative energy resolution of better ~ upstream of the RRS, and can be almost completely
than 1% is achieved. To derive the ?*’Rn time evolution  removed before they reach the detector. The classification
shown in Fig. 6, events within a +3¢ region around the >’Rn ~ of the LXe PUR system (A};) depends on the radon removal
peak were selected. The resulting data were corrected forthis ~ mode: In the no RRS and GXe-only RRS modes, it acts as a
selection efficiency and dead-time effects. Approximately ~ pure type la source. In the GXe + LXe RRS mode, a
one-day time bins were chosen to ensure adequate statistics ~ fraction & ~ 0.2 of the total LXe flow is diverted to the RRS
within each bin. Finally, the measured activity in terms of ~ and becomes a type 2 source. The remaining fraction
uBq is divided by the sensitive analysis volume in order to (1 — &) is directly entering the detector and is of type la.
report the activity concentration in terms of pBqkg~'. The RRS system itself contributes radon only when
actively in use. Across both modes, components upstream
of the distillation column (e.g., the GXe pump and GXe
purifier) are categorized as type 2 (Ay) since the emanated
The contribution of radon sources within XENONNT  radon enters directly the distillation tower, while compo-
originating from the different subsystems varies across  nents downstream (e.g., compressor) are type la (Apy), as
different radon removal modes (see Fig. 2). Figure 7  the radon is emanated into the xenon flow after the radon
provides a comprehensive overview of these sources and  removal process in the distillation tower.
their classifications. Figure 7 highlights the dominance of type 1 sources in
Pure type la sources enter directly the LXe in the = XENONnNT, with type 2 sources being minimal. Type la
detector and include the cryostat housing the TPC, the  and type 1b sources each constitute approximately 50% of
TPC itself, and the GXe PUR system. These sources are  the total radon contribution. The final 2*’Rn activity
combined into the source term A;. The CRY system, on the  concentration within the TPC is influenced by the RRS’s
other hand, is a pure type 1b source (Ap), where radon efficiency in reducing these initial sources.
emanates into the GXe above the detector and can be A piecewise continuous function, partitioned according
extracted and guided to the RRS with a high efficiency €1,  to the three operational modes, was employed to model the

C. Radon source distribution and removal model
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FIG. 7. Radon source distribution in XENONnT before radon
reduction using the RRS. Radon source terms are categorized as
type la [A(1a), red], type 1b [A(1b), yellow], and type 2 [A(2),
gray] varying across the three operational modes. The type la
sources Cryostat (1.9 +0.2), TPC (8.3 £6.2), and GXe PUR
(1.9 £ 0.2) are combined into term A; due to model limitations.
The RRS contributes to both type la (Ay) and type 2 (Ay)
sources when in operation. The LXe fraction & diverted from the
LXe PUR to the RRS during the GXe + LXe RRS mode is set to
the design value &= 0.2. Values are taken from emanation
measurements reported in Refs. [29,32] conducted at room
temperature using helium or nitrogen as carrier gas. Uncertainties
were conservatively scaled by a factor of 1.25 to account for
potential differences in emanation into liquid xenon.

data in Fig. 6. During the no RRS period, the %?’Rn
emanation and decay were in equilibrium, resulting in a
constant activity concentration, d,. grs. given by

A(la) + A(1b
ai?)»RRS :—( ) ( )’ (1)
nmye

where my, is the xenon mass in the cryostat and A(1a) and
A(1b) represent type la and 1b sources (as defined in
Fig. 7). Type 2 sources do not contribute during this
period [A(2) = 0].

A time-dependent function describing the ?2’Rn evolu-
tion within the detector’s L.Xe volume during the GXe-only
RRS or the full GXe + LXe RRS mode was developed in
Ref. [33]. This function considers both radon inflow (via
emanation or remnant >?’Rn that was not fully removed by
the RRS) and outflow (via extraction and removal,
or decay).

Following Ref. [33], the activity concentration aggs(?)
for this mode is given by

K gy K gy
M (aRst) _ i) N, (2)

mxe A mxe A

aggs(t) =
with

A(2) + epA(1b)

RRRS

Rl (e | B
mMxe Rgrs
where Az, = 0.18 d~! is the ?*’Rn decay constant, aggs(0)
is the initial activity concentration at the start of the mode,
and ey, is the efficiency of extracting type 1b sources from
the CRY system. The ratio of the RRS process flow Frgrg
and the xenon mass my, characterizes the RRS purification
timescale. The RRS reduction factor Rggg, defined as the
inlet-to-outlet radon concentration ratio, is assumed con-
stant and independent from the radon concentration.

For long enough times (A > 1), equilibrium is reached
and the second term of Eq. (2) vanishes, leading to

K =A(1a) + (1 — ep,)A(1b) + . (3)

o for GXe + LXe

(5)
for GXe only

K

aggs(o0) = {m,);

mxe

The solution for the GXe-only RRS mode considers that in

this mode the LXe extraction is not active (Frrg = 0). Note

the different source terms A(la), A(1b), and A(2) in K for
both modes as defined in Fig. 7.

To determine the model parameters, a y? fit was
performed using the data shown in Fig. 6 with the following
constraints: 2*’Rn source terms A;—Ay as defined in Fig. 7,
xenon mass my, = (8520 & 90) kg, and RRS process flow
Fgrs = (624 6) kgh™!, slightly below the design value
for this campaign. Note that the uncertainties of the GXe +
LXe RRS data period in Fig. 6 were enlarged by a factor of
1.48 to account for nonstatistical fluctuations of the data
points around the constant value during this period, which
resulted in a p value of 0.16 of the fit. The RRS reduction
factor Rggs and the *?Rn extraction efficiency ey, from the
GXe were free parameters. The best fit yielded e, =
(0.88 + 0.07). Given the dominant role of the process flow
FRrrs in the removal efficiency [33], the model exhibits
limited sensitivity to large Rgrgg values, necessitating a one-
sided confidence interval Rrrg > 156 (90% C.L.), clearly
exceeding the design value of Rgrg > 100.

222Rn reduction factors in the detector for the GXe-only
RRS (rGxe-onty) and GXe + LXe RRS (rgxe11x.) modes as
shown in Fig. 6 were determined by comparing the plateau
activity concentrations to the initial no RRS plateau.

Figure 6 depicts the %?’Rn activity concentration
over time, encompassing the three periods corresponding
to the no RRS (orange), GXe-onlyRRS (teal), and GXe +
LXe RRS (violet) modes. Without the implementation
of any active RRS, the activity concentration is
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(3.62 £ 0.07 stat + 0.17 syst) pBqkg~!, which is similar
to the estimated value of 4.2 pBqkg™', inferred from
emanation measurements carried out at room temperature
[29]. During the initial science run of XENONnT [2,3], the
GXe-only RRS mode yielded an activity concentration
of (1.87 £ 0.02 stat 4= 0.09 syst) pBqkg~"'. For the second
science run, the full extent of the radon removal capabilities
was employed, resulting in a remarkable reduction
of the activity concentration to (0.90 £ 0.02stat +
0.07 syst) pBqkg™!, better than the desired design value
of 1 pBqkg~!. This represents a substantial decrease of a
factor of (4.0 £ 0.3) compared to the initial concentration
observed under the no RRS mode.

III. IMPACT FOR FUTURE DETECTORS

LXe-based dark matter experiments have witnessed a
significant increase in target mass from approximately
10 kg two decades ago to the current range of several
tonnes. Next-generation detectors are under design to reach
up to 60 tonnes or more target mass [30,42]. Figure 8
presents the evolution of 22?Rn activity concentration across
various experiments, including those searching for neutri-
noless double beta decay, as a function of target mass. As
detector target mass steadily increased over time, the >?’Rn
activity concentration exhibited a decrease only slightly
steeper than expected from the surface-to-volume ratio
improvement in larger detectors. Nevertheless, a substantial
improvement was achieved only when active removal was
implemented, as demonstrated in XENONnNT.

In comparison to other tonne-scale detectors currently in
operation, a fivefold reduction was accomplished in
XENONNT. In comparison to the ??’Rn activity concen-
tration in XENONIT of (13.3 4+ 0.5) pBqkg™! during its
main science runs, an even 15-fold reduction was achieved.
Note that the ER background due to the >!“Pb beta decay
can be further mitigated through the implementation of a
radon tagging analysis [26,27].

In order to demonstrate the impact of the radon reduction
technique on solar neutrino measurements, the expected solar
neutrino rate was converted into an equivalent ’Rn activity
concentration. This denotes the 222Rn concentration, at which
the rate of 2!“Pb beta decays matches the expected rate of
solar neutrino-induced electronic recoils within the energy
interval of [5, 30] keV. The rates were computed using the
calculation in Ref. [50], which assumed that 55% of the solar
pp neutrinos interact as electron neutrinos, and the remaining
45% interact as muon or tau neutrinos, only through neutral
current, as a consequence of neutrino oscillation. Two models
for the weak elastic neutrino-electron scattering in LXe were
used: a free-electron approximation (FEA) including the
stepping of atomic shells [50] and an ab initio many-body
method, the relativistic random phase approximation
(RRPA) [50]. The RRPA model predicts a 23% lower rate
due to atomic binding effects.
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FIG. 8. ???Rn activity concentration in LXe-based experiments

as a function of their LXe target mass. Crosses indicate experi-
ments without a dedicated RRS, while full circles represent those
with active RRS. Open squares depict projected or required
values for future experiments. The gray dashed line visualizes a
surface-to-volume improvement trend scaling with m 3. As
detector size increases, the target volume scales cubically, while
the radon-emitting surface scales quadratically, leading to a lower
222Rn activity concentration within the target volume. Experi-
ments with active RRS, like XENONnT (teal, violet) demon-
strably deviate from the overall trend, achieving significantly
lower levels. EXO-200, searching for neutrinoless double beta
decay, is an exception, achieving a significantly lower *>’Rn level
compared to similar-sized experiments by the extremely careful
material selection, but probably also due to its liquid-only phase
detector design, which minimized type 1 *?’Rn sources directly
impacting the active target mass. The yellow band represents the
equivalent solar neutrino-induced ER rate in XENONnT, shown
in units of pBqkg~'. This prediction incorporates the plate-out
effect specific to XENONNT and includes uncertainties from
current solar neutrino-xenon interaction models. Data sources
include XENONI10 [10], XENONI100 [43], EXO-200 [44],
LUX [45], PandaX-II [46], XMASS-I [47], XENONIT [29],
PandaX-4T [6], XENONNT (this work), LZ [48], nEXO [21],
PandaX-xT [49], and XLZD [42].

The corresponding rate of 2!“Pb beta decays within
[5, 30] keV, required for the conversion from ER event
rate to 2*’Rn activity concentration, cannot be predicted
a priori as it depends on detector specific effects. This is
because ionized radon progenies from the 2*’Rn decay
chain may partly plate out on the cathode and detector walls
under the influence of the electric field and due to LXe
convection [43]. This results in reduced concentrations in
the LXe bulk for isotopes farther down the decay chain.
This effect can be seen for the XENONNT data in Fig. 4,
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where the contribution of ?'*Po is reduced to approximately
40% of the one of ?*’Rn. Similarly, the activity concen-
tration of 2'“Pb decays is reduced to approximately 70%.
The latter was determined by a calibration dataset employ-
ing a ??’Rn source [51]. During this calibration the low-
energy ER spectrum is dominated by the 2!“Pb beta decays,
rendering all other contributions from 3Kr, 136Xe, or solar
neutrinos negligible. Note that this ratio is specific for
XENONNT and different experiments feature different
plate-out effects, leading to a different equivalent solar
neutrino-induced rate. The resulting equivalent *?’Rn
activity concentrations, expressed in pBqkg™!, are shown
as a yellow band in Fig. 8, with the upper and lower limits
determined by the FEA and RRPA models, respectively.

IV. CONCLUSIONS

The reported reduction of the >’Rn activity concentration
by XENONNT to (0.90 + 0.02 stat 4 0.07 syst) pBqkg~! is
a critical milestone in low-energy rare event experiments: The
222Rn level achieved is so low that the background induced by
the unshieldable solar neutrinos is for the first time compa-
rable to the ?*’Rn-induced background. Solar neutrinos,
generated in the Sun’s core via fusion reactions, produce a
particle flux of approximately 60 billion neutrinos s~ cm™—
at Earth [52]. The majority originate from the proton-proton
chain and exhibit characteristic energy spectra extending to
several MeV [52]. While predominantly traversing LXe
detectors without interaction, a subset induce NRs through
coherent elastic neutrino-nucleus scattering (CEvNS), mim-
icking WIMP signals. Recent CEvNS measurements of solar
8B neutrinos by XENONNT and PandaX-4T [40,53] under-
score the importance of this background. Additionally, solar
neutrinos can scatter elastically off electrons, creating low-
energy ERs. Solar neutrino ER interactions, previously
obscured by the dominant 2'*Pb background, could now be
directly observed in LXe detectors. This fact is illustrated by
the yellow band in Fig. 8, which denotes an equivalent solar
neutrino-induced rate in XENONnT in units of pBqkg™!,
encompassing the uncertainties associated with current
solar neutrino interaction models with xenon. XENONnT’s
groundbreaking achievement of an ultralow radon level below
1 uBqkg™! opens exciting avenues for exploration beyond
the standard model such as the search for elusive particles like
solar axions, axionlike particles, dark photons, and an
enhanced neutrino magnetic moment [3]. Furthermore, the
successful development and implementation of XENONNT’s
high-flow radon removal system paves the way for future
detectors like PandaX-xT [49] or XLZD [42] with 40—
60 tonnes of LXe. However, scaling cryogenic distillation
systems to these multi-ten-tonne experiments presents sig-
nificant engineering challenges. While larger detectors ben-
efit from favorable surface-to-volume ratios, achieving the
required high-flow rates and ensuring energy-efficient oper-
ation demands innovative engineering solutions. Based on the

promising results from XENONNT in both radon activity
concentration reduction and the effective use of a cryogenic
heat pump for cooling, the necessary further innovations are
already under active development (e.g., within the LowRad
research project [54]), bringing the realization of such next-
generation observatories closer.

Such an experiment holds immense potential as the
ultimate observatory for low-energy astroparticle physics
[30]. Its capabilities will range from precise solar neutrino
studies through neutrino-electron scattering and CEvNS, to
searches for extremely rare processes like double weak
decays of the xenon isotopes **Xe and '*°Xe, particularly
its neutrinoless double beta decay. Additionally, it could
probe a wide range of dark matter candidates, including
WIMPs, down to the elusive neutrino fog—the theoretical
limit where the dark matter signal becomes indistinguish-
able from the irreducible background of solar and atmos-
pheric neutrinos [55].
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