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Kiloton-scale xenon detectors for neutrinoless
double beta decay and other new physics searches
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Large detectors employing xenon are a leading technology in existing and planned searches for new
physics, including searches for neutrinoless double beta decay (Ovff) and dark matter. While upcoming
detectors will employ target masses of a ton or more, further extending gas- or liquid-phase Xe detectors to
the kton scale would enable extremely sensitive next-generation searches for rare phenomena. The key
challenge to extending this technology to detectors well beyond the ton scale is the acquisition of the
Xe itself. We describe the motivation for extending Xe time-projection chambers to the kton scale and
possible avenues for Xe acquisition that avoid existing supply chains. If acquisition of Xe in the required
quantities is successful, kton-scale detectors of this type could enable a new generation of experiments,

including searches for Ouff at half-life sensitivities as long as 10%° yr.
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I. INTRODUCTION

In recent years, detectors employing xenon have found
applications in a variety of areas in nuclear and particle
physics [1]. As a noble gas, Xe can be purified to extremely
high levels, providing a high-quality detection medium for
ionization or scintillation light. In addition, this high purity
allows Xe to serve as an ultralow background material for
rare-event searches. Xe can also be liquefied at relatively
high temperature (approximately 165 K at atmospheric
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pressure) and its high atomic number and density lead to
higher stopping power for radiation than lighter gases such
as He, Ne, or Ar. When incorporated into a homogeneous
detector, this high stopping power allows Xe detectors to be
compact, and effectively shields the inner regions of the
detector from external radiation.

The above properties have made Xe-based detectors
among the most sensitive methods for searching for weakly
interacting massive particles (WIMPs) [2—4], neutrinoless
double beta decay (Ovff) [5,6], coherent elastic neutrino-
nucleus scattering (CEvNS) [7], and other rare phenomena
including charged lepton flavor violation [8]. Beyond these
applications in fundamental physics, these properties also
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make Xe an appealing choice for compact radiation
detectors in medical applications, such as positron emission
tomography [9,10].

Despite these advantages, a key drawback to the use of
Xe in large detectors is its high cost relative to lighter noble
gases, and the limited quantities in which it can be obtained
(see Sec. III). While the current market price and avail-
ability of Xe is possible because of large air liquefaction for
the steel industry, this also leads to a relatively inelastic
supply. The resulting price volatility and the supply shock
inherent in a large purchase of Xe for scientific uses limits
the feasible size of Xe detectors based on this supply chain
to several tens of tons. Existing and planned detectors are
already reaching this scale.

However, it may be possible to develop alternative
production methods for Xe that would avoid existing
constraints, removing the fixed ceiling on current produc-
tion and possibly also lowering acquisition costs. Here we
describe ideas for methods of Xe acquisition beyond those
employed by the fundamental science community to date,
which may enable extremely large detectors. If Xe could be
acquired in kton (kt)-scale quantities at cost substantially
below the current market price, it is plausible that Xe
detectors could continued to be scaled to substantially
higher masses. In particular, scaling Xe detectors to the
kton scale may enable searches for Ovff over the vast
majority of allowed parameter space for the decay, searches
for dark matter at larger scale than otherwise possible,
measurements of solar v that are complementary to existing
techniques, and other extremely sensitive searches for
new physics.

In the following sections we briefly describe the scien-
tific motivation for kton-scale Xe detectors (Sec. II), ideas
for acquisition of kt quantities of Xe (Sec. III), and describe
concepts for gas- or liquid-phase kton Xe time-projection
chambers (TPCs) that could reach Ovff half-life sensitiv-
ities as long as 10°° yr (Sec. IV).

II. MOTIVATION
A. Search for 0vff decay in 36Xe

Searches for Ovffi—in which an even-A nucleus decays
via emission of two f particles, but no neutrinos—are
uniquely sensitive to a number of Beyond-the-Standard-
Model (BSM) physics scenarios. Recent community stud-
ies have placed high priority on further development of
sensitive searches for Ouvff (see, e.g., Refs. [11-13]), since
observation of this decay would have far-reaching conse-
quences for fundamental physics. Regardless of the decay
mechanism, observation of Oy would demonstrate that
neutrinos are Majorana fermions [14]. Discovery of
Majorana neutrinos would confirm that a fundamentally
new mass mechanism is realized in nature, which differs
from that responsible for the charged fermion masses. In
addition, if neutrinos do have Majorana masses, then lepton

number violation (LNV) must occur. While both lepton
number and baryon number are conserved in the Standard
Model (SM) itself, the generation of the matter-antimatter
asymmetry in the early universe requires extensions to the
SM that violate conservation of baryon number, which
possibly originate from LNV processes [15]. Searches for
LNV and the origin of neutrino mass are thus tightly
entwined, and may have implications for fundamental open
questions in cosmology.

Due to this motivation, a number of existing searches
have been performed for Oy with isotope masses of ~0.1 t,
reaching half-life sensitivities between 102-10%° yr
[5,6,16—18]. Planned searches at the ton scale aim to reach
~10%8-yr sensitivity in the coming decade [ 19-22]. While the
discovery potential of these ton-scale searches is significant,
it is possible that Oy occurs at half-lives beyond the reach
of ton-scale experiments. In this case, detectors at the kton-
scale may be required to probe the majority of remaining
parameter space for the decay (see Sec. Il A 1).

The key challenge to observe Ovff is the extremely long
half-life possible for the process. The half-life is related to
the neutrino mass as

00 V=1 _ (200 4 1002 88)°
(T, = GY g4 |M™| 2 (1)
e
where G is the two-body phase-space factor, M is the
nuclear matrix element (NME), g, is the axial vector
coupling constant, and m, is the electron mass. The
effective Majorana mass (mygg) is a linear combination
of the masses of the neutrinos (mj for j =1, 2, 3) that
depends on the mixing angles measured in neutrino
oscillation experiments, and on two unknown Majorana
phases, a; and a, [23,24]. Typical values for (mg;) and
T(1)72 given current experimental constraints are described

in Sec. [T A 1.

Two isotopes of xenon, A = 134 and 136, satisfy the
conditions for undergoing 3 decay, with '3Xe being the
most attractive for Ovpp decay searches given its relatively
large ffff-decay Q value [Qgs = 2458.10(31) keV] [25,26]
and natural abundance of 8.9% [27]. Due to the lower Q
value of **Xe (825.8[9] keV) [28] and the expected Q3
scaling in the decay rate [29], Ovf3f decays from '3*Xe are
expected to be subdominant even in detectors employing
Xe not enriched in '3®Xe. Existing or upcoming detectors
searching for the OyBf decay of '3Xe include gas-phase
(e.g., NEXT-100 [30] and PANDAX-II [31]) and
liquid-phase (e.g., EXO-200 [5]) TPCs, as well as liquid
scintillator detectors (e.g., KamLLAND-Zen [6]). The most
sensitive searches to date employing Xe are EXO-200
and KamLLAND-Zen, which set lower limits for the

decay of *Xe of T{% > 3.5 x 10 yr [5] and 77 >

1.1 x 10% yr [6], respectively. Planned ton-scale searches
to be built in the coming years such as nEXO [32] and
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NEXT-1t [22] aim to search for Ouf of 136Xe with a half-
life sensitivity =107 yr.

1. Parameter space for standard decay mechanisms

If the effective Majorana mass (mgg) > 15 meV, then the
upcoming generation of ton-scale experiments will most
likely discover Ovfp. This mass sensitivity corresponds to the
full parameter space allowed in the inverted ordering, as well
as a portion of the parameter space in the normal ordering
where the lightest neutrino mass m; 2 20 meV. However, if
the mass ordering is normal and m; < 10 meV, then Ovfp
may be out of reach of planned ton-scale detectors even if
neutrinos are Majorana particles. In this case, a larger
detector would be required to explore the remaining allowed
parameter space for the decay.

Figure 1 shows the allowed parameter space for Ovff
assuming the normal ordering, using current global fits to
neutrino oscillation data (Nu-Fit v5.0 [33,34]). For each
possible value of m,, the allowed parameter space is
calculated assuming that the two unknown Majorana
phases are uniformly distributed on [0, 2z], following a
similar methodology as Ref. [24]. The color scale in Fig. 1
shows the probability at each value of m, that (mg4;) would
fall below a given sensitivity, under the above assumption
for the unknown phases (and including uncertainties from
the global fits to oscillation data). For m; <1 meV
or m; 2 10 meV, a detector reaching sensitivity of
(mgg) ~ 1 meV would fully probe the allowed parameter
space for Oupf. In the intermediate region with
1 meV < my < 10 meV, cancellations driving (mg) below
1 meV are in principle possible for certain values of a;

{mpgg) [meV]

0vBB half-life [yr]

0.01 0.1 1 10 100
m; [meV]

FIG. 1.

and a,. However, assuming a priori that these phases are
uniformly distributed, there is 5% probability that such a
cancellation would occur at any of the values of m; in this
range. Thus, for all values of m; possible in the normal
ordering, a detector reaching such sensitivity would explore
the vast majority of the allowed parameter space for Ovfp.

Searches for Ouff directly constrain the decay half-life,
which can be related to (mg) through Eq. (1). However,
significant uncertainties in this conversion arise from the
theoretical uncertainty in the value of the NME [35]. As a
benchmark for reaching 1-meV sensitivity on (), here we
consider the Majorana mass reach of a hypothetical detector
with a given half-life sensitivity, assuming a value for the
NME corresponding to the median model among published
results (see, e.g., the compilation of NME models in
Ref. [32]). The phase-space factor from Ref. [36] and g4 =
1.27 are assumed. For these values, a detector reaching
>10°°-yr sensitivity would reach sensitivity corresponding
to the (mgs) < 1-meV benchmark, as shown in Fig. 1
(Right). While this represents the reach assuming the median
NME model, the full range of NMEs published to date
corresponds to a sensitivity range for (myg;) between
0.6-2.5 meV at 10°° -yr half-life sensitivity [32].

At a OypBp half-life of 10 yr, the expected number of
decays in a sensitive mass m 3¢ iS

Mi3e6 10% yr
R=034d
ecays/yr(lo0 t) < Tos

1 30
=23 decays/(ktyrFWHM)< 0 yr)‘ (2)

Ty
100%
10%
1%
0.01 0.1 1 10 100
m, [meV]

(left) Parameter space for the effective Majorana mass, (1m45), in the normal ordering, as a function of the lightest neutrino mass,

m;. The inverted ordering is expected to be fully covered by planned ton-scale experiments, and the corresponding parameter space is not
shown. At each value of m, the color scale indicates the probability for which (mﬂﬁ) is above a given mass assuming a uniform
distribution for the unknown Majorana phases. The white contours indicate the sensitivity for which 50% (solid), 90% (dashed), 95%
(dashed-dotted), and 99% (dotted) of sampled values for <m/;ﬂ> lie above the curve at each value of m;. (right) Conversion of the (m/,ﬂ>
parameter space to half-life, assuming | M®| = 2.7, which corresponds to the median value among currently published models [32]. The
reach of a planned ton-scale detector containing a mass of approximately 5 t of '3*Xe [32] and a kton-scale detector with approximately
300 t of 13%Xe (see Sec. IV) are indicated.
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Here, the sensitive mass is defined as the product of the
Ovpp event detection efficiency, &, the total detector mass,
Mye, and the fraction of the detector mass consisting of
136Xe, 5, such that m3, = enmge. For "Xe, n = 0.089,
while an enriched detector could have an isotope fraction as
large as n = 0.8-0.9 [6,19,22,37]. In the second line of
Eq. (2), the mass in kt corresponds to 34, and converting
to detector mass would require scaling by ¢ or 7 if either
differs from unity. The above rate approximately indicates
that a total exposure of 21 kt yr is required at a half-life
sensitivity ~10%0 yr, if a perfectly efficient, background-
free detector could be constructed. Based on the detector
concepts considered in Sec. IV B, a practical detector
would require slightly higher quantities of Xe to reach
this sensitivity, i.e., approximately 0.3 kt of 136Xe or 3 kt of
nXe. As described in Sec. III, new ideas would be required
to acquire Xe in sufficient quantities for such a detector.

2. Majorana fermions and LNV

While the above discussion focuses on the standard
decay mechanism, alternative extensions to the SM gen-
erating Ouff have been studied, in many cases with
substantially enhanced decay rates (see, e.g., Ref. [35]
for a recent review). Regardless of the decay mechanism,
searches for Oyff will remain among the most powerful
generic probes for LNV in the coming decades, with
significant complementarity to other precision tests [38].
Extending the reach of such searches to half-life sensitiv-
ities as long as 10°* yr would thus allow more than two
orders-of-magnitude extension in parameter space for LNV
processes, beyond existing and planned experiments.

In an effective-field theory approach, augmenting the
SM Lagrangian with operators with mass dimension > 4
can introduce LNV phenomena. The lowest-dimension
operator of this type, a dimension-5 operator known as
the “Weinberg operator” [39,40], can introduce LNV
associated with the corresponding effective energy scale
for the operator, A. Existing searches can probe effective
scales A =~ 10! TeV [38,40], corresponding to a sensitivity
to the neutrino mass ~100 meV. A search at 10°0-yr half-
life sensitivity would reach effective neutrino mass scales
of 1 meV, corresponding to A = 10'® TeV, i.e., the grand
unified theory scale [23]. Thus, searches for Oy represent
one of the only known laboratory techniques for accessing
possible new phenomena at such high energies (searches
for p decay also present another important parallel path to
phenomena at this scale [41]). If higher-dimension oper-
ators are considered, Ouvff remains among the most
sensitive generic probes for LNV, complemented by paral-
lel searches for flavor-violating processes [38].

3. Heavy neutral leptons and massive scalar emission

As a concrete example of a general class of models
beyond the standard mechanism, the addition of sterile

neutrinos in extensions to the SM can substantially modify
the Oypf decay rate. In the simplest case, considering a
single sterile neutrino with mass m, and neglecting the
contribution from the active neutrinos, the current non-
observation of Ovff decay can produce significant con-
straints on the presence of such sterile v over a wide mass
range [42,43], as shown in Fig. 2.

As described above, such mechanisms may allow dis-
covery of Ouff if, e.g., they substantially enhance the rate
relative to the standard decay mechanism described in
Sec. I A 1. Alternatively, the absence of an observation
of OyBp at half-lives up to 10°° yr could place further
constraints on the presence of such sterile v. However,
some caveats apply to these exclusions. If the active and
sterile neutrinos are purely Dirac fermions, lepton number
cannot be violated through this mechanism and thus Ovff
decay is forbidden. Further, since the heavy and light mass
states are connected via the seesaw relation, if the sterile
states are lighter than the Oy decay momentum transfer,
the Ovpf decay rate will be suppressed. More extensive
discussions on the relation between Ovff decay and sterile
neutrinos are included in Refs. [42,44-46].

B. Other possible applications

While in this work we primarily focus on motivations for
kton-scale Xe detectors for searches for Ovpf and LNV,

Borexino .
0vBB

PIENU

ov3p

30 .
10"yr Projection

1073 1 10° 100
m, [MeV]

FIG. 2. Constraints on the flavor mixing strength |U,|? of a
single sterile neutrino with the electron flavor as a function of its
mass my. The curves represent the current limits from experi-
ments as labeled, with varying levels of model dependencies. The
“Oypp” band denotes the current limit from Ovff decay searches
with a Majorana sterile neutrino from Ref. [42] where the band is
the uncertainty due to nuclear matrix elements. The projected
limits from a kt-scale Ov3f decay search in '3°Xe are also shown,
where the light-shaded region highlights the nearly two order of
magnitude improvement in sensitivity. Previous limits shown in
the figure are from Refs. [42,43].
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here we briefly highlight additional applications that may
be possible with such detectors. A multipurpose detector,
e.g., optimized for searches for Ovff, dark matter, and
possibly measurements of solar or supernova v may be
possible, although further study of trade-offs between
different applications would be required. Regardless of
the ultimate optimization between dedicated and multipur-
pose detectors, the ideas for Xe acquisition described here
may enable a new generation of detectors for a variety of
rare-event searches beyond Ovfp.

1. WIMPs

There is now overwhelming astrophysical evidence that
dark matter constitutes a majority of the matter in the
Universe [23], but its nature has yet to be understood.
WIMPs [47] are a well-motivated class of dark matter
candidates, and LXe TPCs are currently the leading
technology to search for WIMPs in terrestrial detectors
from masses of ~3 GeV/c? to several TeV/c? [2-4].
Recent results from a 1 -t yr exposure of LXe set a
90% C.L. upper limit on the WIMP-nucleon spin-
independent elastic scatter cross section at 5 x 1077 c¢m?
for a 50-GeV/c?> WIMP [2], approximately two orders of
magnitude better than current limits from technologies
other than LXe TPCs at this mass. Data taking with
~6-7-ton liquid xenon TPCs is currently underway with
a projected sensitivity of roughly 1.5 x 1078 ¢cm? for a
50-GeV /c? mass WIMP [48,49]. Additionally, a future 40-t
detector with a total exposure of 200 tyr aims to extend
sensitivity down to 2.5 x 107*° cm? at the same mass [50].
A practical constraint on the sensitivity for such WIMP
searches arises from the atmospheric neutrino background.
CEvNS of atmospheric neutrinos with Xe is indistinguish-
able on an event-by-event basis from the WIMP signal in
LXe TPCs, and hence sensitivity to WIMPs is limited by
the systematic uncertainty on the atmospheric neutrino
background rate. Assuming a roughly 20% systematic
uncertainty on the atmospheric neutrino flux, at 50 GeV
this so-called neutrino “fog” or “floor” corresponds to a
cross section of approximately 10™#° cm? [51] and a total
xenon exposure on the order of a kt yr.

Reaching sensitivities approaching the neutrino floor
appears to be achievable with extensions to existing
technologies [50] and with existing Xe supply chains. If
WIMPs are discovered near the v floor, larger detectors
may be needed to study their properties in detail. In the
absence of such a discovery, scaling such detectors to the
kt scale (due to the strong motivation from, e.g., Ovfp
searches) would allow further high-sensitivity searches for
WIMPs, possibly with a multipurpose detector. While
CEvNS and WIMP scattering have the same event-by-
event signature, statistical separation is in principle possible
with large numbers of events, e.g., through the expected
annual modulation of the WIMP scattering event rate
(although this would have to be carefully separated from

the similar known annual modulation of atmospheric muon
production) [52]. For a detector sensitive to the direction of
the recoil, the expected diurnal modulation in the direction
of WIMP recoils and atmospheric v could be separated
[53]. Such directional sensitivity might in principle be
possible in GXe TPCs [54], but has not yet been fully
demonstrated.

2. Alternative dark matter models

Given the lack of detection to date of WIMPs (or other
highly motivated candidates such as axions [55]), a large
number of alternative models have been studied (see, e.g.,
Ref. [23]). For general classes of models where dark matter
(or some subcomponent of the relic density) consists of
much heavier particles than typical WIMPs (> TeV,
including composite particles [56]), these particles could
have evaded detection to date due to their relatively low
flux through existing meter-scale detectors. An extremely
large LXe or GXe TPC could identify such dark matter
candidates if they produce energy depositions in the
keV-MeV range, below the threshold, e.g., of other
kton-scale liquid scintillator v detectors.

In addition, a variety of models have been studied for
dark matter that primarily produce energy depositions in
the MeV range, for either electron or nuclear recoils
[57-59]. Searches for several such dark matter candidates
have been performed by existing detectors originally
designed for v physics (see, e.g., [60-63]), and further
scaling these searches to kton-scale masses would typically
provide several orders of magnitude additional sensitivity.

3. Neutrino detection

Direct detection of neutrino interactions in a kton-scale
Xe TPC is also expected to be possible. Detectable
interactions include coherent nuclear scattering (i.e.,
CEvNS) from Xe nuclei of atmospheric v at keV energies,
as well as elastic scattering of solar v from electrons at MeV
energies. These interactions primarily lead to backgrounds
for WIMP searches and Ouff, respectively, rather than
signals by themselves. However, supernova neutrinos may
also be detectable through these signatures if a sufficiently
close supernova were to occur during detector operations.
The sensitivity to such supernova v for a 40-t TPC has
recently been evaluated [64,65]. A kton-scale TPC with
sufficiently low threshold to observe CEvNS would further
increase the distance and mass range over which such a
burst could be detected. Due to its sensitivity to supernova
neutrinos of all flavors, detection of supernovae v through
CEvNS would provide complementary information to other
larger-scale neutrino detectors observing such a burst [66].

Charged-current interactions of solar v in a kton Xe TPC
are also detectable. The unique signature of such inter-
actions (including multiple deexcitation ys from the excited
136Cs daughter nucleus, and its subsequent 3 decay) allows
their tagging and removal as backgrounds in the rare-event
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searches above (see Sec. IVA 5). However, this signature
may also have the potential for background free identi-
fication of solar v interactions via a delayed coincidence in
Xe TPCs, if intermediate nuclear states are sufficiently long
lived [67]. Detection of such solar v, including precise
measurements of CNO v or the "Be line shape, could
provide constraints on solar models that are complementary
to existing measurements [67]. While such signatures may
already be potentially detectable in ton-scale experiments,
extensions of Xe TPCs to the kton scale would substantially
enhance the statistical accuracy of such measurements.

III. XENON EXTRACTION FROM AIR

Based on Eq. (2), reaching the 10*’-yr half-life sensi-
tivity benchmark for Ovff would require Zkton-scale
quantities of Xe to be obtained (containing = 100-t quan-
tities of 3°Xe). As will be described in Sec. IV, extensions
of existing detector technology to this scale are plausible,
and therefore the production of the Xe itself is the key
challenge to enable such searches for Ovff. The following
sections briefly summarize existing methods for Xe pro-
duction and identify techniques that may provide a path to
acquisition of kton-scale quantities of Xe.

A. Summary of current Xe production

Commercial Xe is produced by separation from the
atmosphere, where it is present at a concentration of
87 + 1 nL./L [68]. The total mass of Xe in the atmosphere
is approximately 2 Gton (assuming the mass of atmosphere
is 5.1 x 10?! g [69]) providing an ample supply from
which Xe could in principle be obtained. Xe is also
naturally present in ground water, and is produced in
nuclear reactors, although we are not aware that extraction
of Xe from either source has been commercialized to date.
Development of processes to extract Xe from nuclear fuel
reprocessing is underway, but is unlikely to produce
enough Xe for the kton-scale detectors considered here
(but, may be of interest for intermediate-scale detectors, as
described in Sec. IV E).

Cryogenic liquefaction followed by distillation is the
current method used to extract Xe from the atmosphere.
The cost of the Xe produced in this process benefits from
the synergistic production of other valuable products such
as liquid oxygen produced for the steel industry. Xe and
other rare gases are concentrated in the oxygen sump and
are distilled to separate the Xe from the liquid oxygen
streams. The dependence of Xe production on the steel
industry lowers the cost, but it also limits the total world’s
production of Xe to 50-100 t/yr [70]. Cost and availability
are acceptable for current experiments at the ton scale,
but both become limiting at the kton scale using the current
Xe production methods.

Increasing the supply of Xe produced by cryogenic
liquefaction beyond that corresponding to the demand for

liquid oxygen by the steel industry is not viable at the scale
considered in this paper. However, any industry that already
processes large amounts of air but does not currently collect
xenon (such as air separation plants using either cryogenic
or pressure swing adsorption) should be considered for the
synergistic possibility of sharing the energy cost of air
movement. There is also growing interest in separating CO,
and water from the atmosphere [71], and these processes, if
practiced at an industrial scale, may enable the addition of
xenon extraction and a sharing of the energy cost to move
and process the air.

The thermodynamic minimum energy to separate Xe
from air is only 42.1 kJ/mol [72], corresponding to a
fundamental lower limit to the cost to produce Xe Z
$0.01/kg (assuming an energy cost of $0.10/kWh).
While no practical process could approach this fundamen-
tal limit, it is approximately 5 orders of magnitude lower
than the current wholesale cost of Xe, allowing the
possibility at least in principle for lower cost production
through other techniques. These simple estimates motivate
the consideration of alternative techniques to cryogenic
liquefaction described in the following sections.

B. Possible alternative techniques

The low concentration of Xe in the atmosphere requires
processing extremely large quantities of air to separate
significant quantities of Xe. The movement and even
minimal compression of this airstream can be the major
energy cost, leading to the high costs described previously.
A variety of alternative techniques that could avoid this
costly compression were considered.

Cryogenic techniques can directly cool the air to separate
the Xe. To optimize the efficiency of such techniques, the
energy used to cool the gas must be recovered with high
efficiency via a heat exchanger that transfers heat from the
input air stream to the output waste stream. As the heat
exchanger approaches 100% efficiency, the cooling power
requirement becomes negligible. The primary challenge
with this method is building a heat exchanger that is
effective enough to accommodate the extremely large air
flow, with low pressure drop, while maintaining an extraor-
dinarily high efficiency. For example, processing of
218 million liters/h of air flow is required to extract 1 t
of Xe per year at 100% efficiency. More sophisticated
versions of this basic idea could employ cryogenically
cooled activated charcoal to capture the Xe, allowing
higher-temperature operation, but still facing similar chal-
lenges related to developing a sufficiently high-efficiency
heat exchanger.

Noncryogenic separation techniques are also possible,
where Xe can be adsorbed by suitable materials directly
from the air stream. In adsorptive processes, atoms are
trapped on the surface of an adsorbent material, either due
to physical or chemical bonding. The amount of adsorbate
present on the surface of a given material depends on the
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process conditions, primarily partial pressure and temper-
ature. Through changes in these parameters, it is possible to
vary the concentration of adsorbate atoms in the output
stream compared to the feed stream. Separation processes
via adsorption have made significant advances in recent
years due to the development of ultrahigh-surface area
microporous materials, such as carbons, zeolites, metal-
organic frameworks, etc. Examples include oxygen con-
centrators [73], CO, capture systems [74,75], and hydrogen
storage [76,77].

Materials that selectively adsorb Xe have been recently
developed and provide perhaps a more promising approach
than cryogenic distillation [78,79]. Extraction of small
quantities of Xe from atmospheric air has been demon-
strated using activated carbon and zeolites [80-82].
Modification and scale-up of these systems might be
possible, but they have already been optimized to some
degree and it does not appear that they will likely be scaled
for the extraction of large quantities of Xe. Metal-organic
frameworks are particularly attractive as they can be
engineered at the molecular level to match desired adsorp-
tion properties.

Beyond the adsorbent material itself, an adsorption cycle
in which the Xe is first adsorbed on the material and then
desorbed from its surface for collection is required. The
most common method is pressure swing adsorption (PSA),
in which input air is compressed to increase adsorption on
the adsorbent, and once saturated, the pressure is decreased
to desorb the Xe. The energy requirement is likely still too
high even in a well-optimized system.

Vacuum swing adsorption (VSA) provides another
possible alternative. For VSA, the input air stream is not
compressed and the adsorption happens at atmospheric
pressure. Once saturated, the Xe is desorbed at vacuum
pressures. Because the vacuum is only required for the
much smaller Xe stream, and the overall input air stream
avoids compression, the energy required can be substan-
tially reduced relative to PSA.

Finally, thermal swing adsorption (TSA) does not require
any pressure variations. The air flows over the adsorbent at
ambient pressure and temperature and the Xe is desorbed
by raising the temperature of the bed. Since the energy used
to heat the bed can be efficiently recovered and is a lower-
quality energy (in comparison to PSA or VSA, where
recovering energy used to pressurize gases is more diffi-
cult), TSA can in principle operate at very high efficiency
relative to other methods.

C. R&D for Xe separation via TSA

Based on the considerations above, we consider here a
specific concept for Xe separation based on a TSA cycle
employing a metal-organic framework (MOF) material.
While demonstrating the full feasibility of such a concept is
beyond the scope of this paper, and subject of ongoing

R&D, here we highlight the availability of the key
components and the main aspects of the R&D.

The key design factors that drive the energy efficiency
and capital costs for the process are the specific pressure
drop and the adsorbent properties. Beyond these primary
factors, there are a number of important engineering
challenges that must be addressed for practical implemen-
tations, including: multibed systems, reflux, intensification,
possible gas preprocessing for water or CO,, and heating
methods. However, here we focus only on the two primary
drivers above.

A significant amount of relevant work on materials for
the separation of Xe (e.g., [78]) comes from work to
separate Kr and Xe from the waste stream in nuclear reactor
fuel reprocessing. These studies provide measurements of
the selectivity of the material (ratio of the adsorbed species
divided by the ratio of the gas partial pressures) and its
Henry coefficient (ratio of the concentration of a species in
the adsorbent and the gas phase at equilibrium), which is a
measure of the affinity of the material for the adsorbate of
interest. Figure 3 compares the performance of a number
of materials. The ability to cost-effectively synthesize the
adsorbent in large quantities is also important, and has
potential trade-offs with other parameters. For example, the
HKUST-1 MOF has been produced in large quantities and
is relatively inexpensive, but does not have particularly
high selectivity or affinity for Xe. New MOFs, such as
SBMOF-1, have been designed with tailored pore sizes to
improve the selectivity and/or affinity for Xe, though are
not yet commercially available. A high-performing MOF
like SBMOF-1 has already been synthesized at the ~kg
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FIG. 3. Properties for several selected candidate materials that

adsorb Xe, with colored points highlighting example materials
discussed in the main text. The highest-performing materials are
in the upper right with high selectivity and Henry coefficient.
Data compiled from from Refs. [79,83]. (Inset) Production of
SBMOF-1 in kg quantities from initial R&D work.
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scale (Fig. 3 [inset]), and a cost-effective scale-up to larger
quantities appears feasible through industrial partnerships.
Additional considerations for a given material are the
specific adsorption capacity of the bed, stability of the
material to other species in the gas mixture (e.g., water,
oxygen), the adsorption kinetics, the selectivity to compo-
nents of the air such as CO, and water, and optimizing
the ratio of adsorbent to other thermal mass in the bed.
Previous work [78] and ongoing R&D indicate that
SBMOF-1 may have satisfactory properties, providing a
starting point for investigation of Xe separation at large
scales with these techniques.

The capital cost and energy efficiency can both be
optimized by the choice of packing (i.e., geometrical
arrangement) of the adsorbing material. Typical beds
consisting of a tightly packed, but random, arrangement
of adsorbent beads are simple and cheap to manufacture,
but suffer from high pressure drop and poor mass transfer
kinetics. Structured beds in which the adsorbent is arranged
in a fully controlled geometry can be optimized to improve
the performance by providing a smaller diffusion path,
increasing the mass transfer, and lowering the specific
pressure drop [84,85]. Laminate adsorbent beds have been
produced cost effectively for carbon capture from the air
and are also well suited for Xe capture [86]. Methods to
form the MOF into a structured adsorbent typically require
a binder that does not damage the MOF, or hinder diffusion
into the crystal, has a low heat capacity, and is not required
in large mass fractions to bind the MOF. R&D to date
with SBMOF-1 has explored multiple avenues to build a
bed and demonstrated that a laminate bed that meets the
above requirements appears feasible, with additional stud-
ies ongoing.

Optimization of the process cycle and evaluation of its
economic feasibility can be studied with simulations,
including through industry-standard tools such as
Aspentech aspenONE [87]. Preliminary simulations of a
rapid-cycle TSA using a laminate structured adsorbent were
performed with measured characteristics of SBMOF-1
as the adsorbent material as inputs to the model. The cycle
and the structured adsorbent parameters were adapted from
an existing design for CO, sequestration. While prelimi-
nary, results of these simulations indicate that a pilot plant
producing about 1 t/yr of Xe could generate Xe near the
current production costs. Further improvement in the costs
at larger scale is possible. In particular, an advantage of the
TSA concept is the low-quality energy required (i.e., low-
temperature heat and mechanical air movement), allowing
many possible optimizations for a large-scale plant.

Having identified these basic parameters for the TSA
concept, an intermediate goal is to produce a small-scale
prototype demonstrating Xe separation with a full cycle.
The performance of such a prototype can be used to verify
the accuracy of simulations of the system, which can then
be scaled to project the performance of a larger pilot plant.

Such a pilot plant is likely required to inform projections of
the cost for Xe production in an optimized, full-scale plant.

D. Enrichment

While detector concepts that do not require enrichment
are considered in Sec. IV, in certain cases enrichment may
be desirable for LXe detectors to suppress backgrounds
from solar v at the longest half-lives considered. If enrich-
ment is desired, centrifuge separation likely provides the
preferred enrichment method due to its low operating cost
and power requirements. As an inert, noble gas, Xe is
straightforward to separate in several centrifuge designs in
current use today. Over a ton of **Xe has already been
produced and the current approximate cost is $8—10/g, for
production rates at the ton scale to 90% enrichment. The
optimal enrichment level, taking into account costs, for a
kton-scale detector may be lower than at the ton scale (see
Sec. IV), since enrichment at lower levels is less expensive.
However, if enrichment is desired and costs are not
substantially reduced relative to the ton scale, they might
exceed the acquisition cost of the feedstock itself.

Overall enrichment costs require accounting for the
capital construction costs, operation costs, and economic
value of the enriched products and depleted tails.
Centrifuge enrichment plants require larger capital costs
than other technologies, and therefore extending the time to
produce the Xe will likely have a large impact on the cost.
At the kton scale—and even at the few ton/yr scale—the
enrichment capacity would have to be constructed, since no
idle plants have sufficient capacity. Assuming the supply
chain for the centrifuge parts can support the required scale,
a (likely conservative) cost estimate for enrichment at the
kton scale would be to assume the current cost at the ton
scale. Because the bulk of the cost is in the capital, the cost
of the Xe could be substantially reduced if the production
time can be extended. The enrichment costs could be offset,
perhaps completely, by selling the depleted Xe. Given the
current cost of "Xe and the natural abundance of '3°Xe, the
depleted Xe is approximately of the same value as the “Xe
extracted for the experiment at current prices.

A careful optimization of the cost and performance is
required to determine if enrichment is needed, which is
beyond the scope of the considerations here. Nonetheless,
while expensive, enrichment at the required level may be
feasible with existing technologies, enrichment costs can be
reduced by careful planning.

IV. KTON-SCALE XE TPC CONCEPTS
FOR 0v38 SEARCHES

If Xe acquisition at the kton-scale is successful (Sec. I1I),
scaling either liquid or gas Xe TPC technology to the kton
scale is expected to be technologically feasible. Indeed,
for liquid Ar TPCs where isotope acquisition issues are
not dominant, experiments such as DUNE will employ
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multiple 17-kt TPCs in the coming years (with total active
mass of 40 kt) [88]. As described below, the required scale
for a Xe TPC to reach Oup half-lives as long as 10 yr is
substantially more modest—roughly 3 kt of "Xe (or 300 t
of 13%Xe). While detector backgrounds are challenging for
any Oypf search at this scale, detectors reaching the
required performance would primarily require scaling up
already demonstrated techniques to larger sizes. In the
following sections we review the primary backgrounds that
influence the design of kton-scale Xe TPCs, concepts for
gas- and liquid-phase detectors, and the advantages of such
TPCs compared to other proposed detector technologies.

A. Backgrounds

Based on Eq. (2), at Ty, ~10° yr background rates
<2 events/(kt yr FWHM) are required to give a signal-to-
background ratio 2 1. This represents a substantial reduction
in background rate relative to the current generation of Ovff
detectors, which have projected effective backgrounds
2500 events/(ktyr FWHM) [21,22,32,89]. Homogeneous
detectors such as the gas- and liquid-phase TPCs considered
here may be able to reduce sources of external backgrounds
that are dominant in ton-scale experiments simply by scaling
to the kton-scale. For such detectors, other backgrounds
are expected to become dominant, including those arising
from the tail of the 2u3 spectrum or from elastic scattering
of solar v.

1. External backgrounds

The dominant backgrounds in planned ton-scale detec-
tors typically arise from external radiogenic backgrounds
[19,21,90]. A key advantage of large, homogeneous liquid-
and gas-phase detectors is the ability to purify the detector
medium in situ, so that y backgrounds from natural U/Th
radioactivity arise only from external sources, i.e., materials
surrounding the Xe. At the kton scale, it remains to be
demonstrated that the Xe (or indeed any other possible
detector material) can be purified to sufficiently remove
non-noble gas radioactivity to the level that backgrounds
from internal U/Th are negligible. However, the ability to
recirculate and purify gas- or liquid-phase noble elements
may provide a path to the required purity. Instead, U/Th-
chain activity within the LXe is expected to be dominated
by 2?2Rn emanation into the Xe (discussed separately in
Sec. IVA 3).

External backgrounds arising from the surface of the
detector are strongly attenuated by the “self-shielding”
of the Xe, with mass attenuation coefficient u/p =
0.038 cm?/g at 2.5 MeV [91]. This attenuation coefficient
corresponds to a linear attenuation length of 8.5 cm for
liquid Xe. For gas, the self-shielding is less effective (at the
same total mass) due to the lower density, with the
attenuation length varying between 2.6-0.5 m for GXe
densities between 0.1-0.5 g/cm® (i.e., pressure between

10°

1071 4

1072 4

10—3 4

Attenuation factor

10—4 4

10-5 T T T T T T T T
0.1 02 03 04 05 06 07 08 09 1.0

Fraction of total mass

FIG. 4. Schematic of self-shielding from external backgrounds
as LXe detectors are scaled to larger size. The attenuation factor,
e~4/* for a y traveling a distance d into the detector vs the total
mass beyond this distance from the walls is shown. The insets
show corresponding cross sections for a square cylinder of the
given mass. The y attenuation length is 1 = 8.5 cm (at 2.5 MeV),
while for visibility in the plot, the red line indicates the distance
for a factor of 10 attenuation (i.e., 2.34).

15-50 bar). Since for both gas and liquid these attenuation
lengths are small compared to the linear dimensions of a
kton-scale Xe TPC, the rate of backgrounds arising from
external sources is substantially reduced in the inner
regions of the detector, as shown in Fig. 4, for the LXe
case. In addition, kton-scale detectors generally benefit
from the reduced surface-to-volume ratio at larger size.
Detailed quantification of this self-shielding of external
backgrounds for example LXe and GXe detector concepts
is described in Sec. IV B.

2. 2upp

Backgrounds from the high-energy tail of the 2uff
spectrum are reducible only through the energy resolution
of the detector, since the signature for 2vff and Ovff is
otherwise identical. This remains true even for advanced
strategies to remove backgrounds, e.g., by identifying
the 3Ba daughter of the decay (i.e., “Ba tagging,” e.g.,
[92-96]). Figure 5 shows the expected signal-to-
background ratio as a function of energy resolution for
136Xe and '3°Te, which are candidate isotopes for large
homogeneous detectors in which the 2v3 background may
be significant. Since the background due to 2uf3f scales
approximately as b,, « ¢°, where ¢ is the detector energy
resolution [97], even small improvements in the resolution
can dramatically reduce the background.

The energy resolution in GXe detectors has been
measured to be as low as o/E = 0.2% at E = 662 keV
and pressures up to 50 bar [100]. When extrapolated to Q s,
even better resolution is possible [101]. Achieving a
resolution of 6/Qps = 0.2% in a large GXe TPC would
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FIG. 5. Signal-to-background ratio for Oyfp with half-life of
1030 yr, relative to backgrounds from the tail of the 2upp
spectrum for a FWHM region of interest (ROI) centered on
Qpp (top) and an asymmetric (0,+1.5¢) region around Qg
(bottom) [98]. The ratios for '*°Xe (blue) and '*°Te are shown
(red), which differ due to the factor of ~3 difference in 2v/3f half-
life [99]. The best demonstrated energy resolution for existing
detectors (solid) and projected sensitivity (dashed) are also
shown.

be more than sufficient to avoid 2vff backgrounds, and
would appear off the left side of the plot in Fig. 5.
Large LXe TPCs developed to date have poorer energy
resolution than GXe TPCs, due to fluctuations in the
fraction of the total energy in the ionization and scintillation
channels and imperfect collection of the scintillation light
[102-104]. Nonetheless, the energy resolution already
demonstrated in existing LXe TPCs such as XENONIT
(o/ Qpp = 0.8%) [105] is sufficient to avoid 2uvff back-
grounds when considering an energy range (0,+1.50)
around Qgg, rather than a FWHM region centered on
Qpp- As described in Sec. IVB 1, for a large LXe TPC
optimized for resolution at Qs and with negligible elec-
tronics readout noise, 6/ Qs = 0.5% should be achievable
with light collection efficiencies 210% [32,104,105]. At
this resolution, the 2uyff background would also be
subdominant over the FWHM region centered on Q.

3. Internal radiogenic backgrounds

In addition to the 2uf decay itself, any other radiogenic
backgrounds that will not be attenuated by self-shielding
must be removed from the Xe. For example, backgrounds
from 2*?Rn are a significant contributor to the total back-
ground in ton-scale LXe TPCs for Ouff and dark matter
searches [32,106]. Of particular concern is the decay of
222Rn daughters to 2'“Bi, which can decay with a branching
ratio of 1.5% via a y with energy of 2448 keV, within 0.4%

of Q. Since Rn is a noble gas, it is more difficult to
remove from the Xe using standard purification techniques
and can continuously outgas from surfaces in the detector,
plumbing, or purifier systems [107-109].

Decays of Rn daughters in the Xe itself can be rejected
with effectively 100% efficiency by identifying coincident
energy deposits. First, a f is also emitted along with the
2448-keV y, which will push the vast majority of such
decays within the active detector region out of the energy
region of interest. Any remaining decays (e.g., for which
the f falls below threshold) can be rejected by tagging the
following 2'*Po a decay from its much higher light-to-
charge ratio [110]. Assuming no improvement is made in
the specific activity of >*’Rn over ton-scale LXe detectors
(where the measured or projected activity is ~1 uBq/kg)
[32,48,111,112], a rejection factor 2105 is required to
eliminate 2'“Bi decays through the >'*Po coincidence in a
kton-scale detector. Conservatively considering only the
coincident 2'%Po a, this requires a 100% efficient veto
for 2.8 ms following a candidate event (corresponding to
~17x the half-life of 164 us for the >'*Po decay), which
is straightforward to implement with negligible livetime
loss [113].

Given the above rejection, the only significant radon-
induced backgrounds then arise from 2!“Bi decays where,
e.g., the 2'“Bi is plated on a surface such as the field rings or
cathode, and the coincident a and f deposit their energy
only in inactive materials. In kton-scale TPCs, the effects
of such ?*’Rn-induced backgrounds are expected to be
significantly mitigated relative to ton-scale experiments,
since ys originating from all such surfaces are attenuated
by the same self-shielding factor shown in Fig. 4. Naively
extrapolating the same specific activity above of
~1 uBq/kg to a kton-scale detector, then the Rn-daughter
plateout on the detector surfaces can produce external
backgrounds comparable to the intrinsic detector material
radiopurity of the Xe vessel itself (see Sec. IV B). In liquid
detectors the self-shielding described in Sec. IVA 1 is also
sufficient to make this background negligible. In GXe
detectors (at both the ton scale and kton scale), additional
tagging of the coincident 2“Bi f from decays occurring
on the cathode is estimated to be sufficient to make the
Rn-induced external background subdominant to external
materials backgrounds [22].

Other radioimpurities that are not noble gases are
expected to be efficiently removed by the in situ purifica-
tion of the Xe, and have been found to be subdominant
to 2*Rn-induced backgrounds in existing detectors.
Nonetheless, more detailed studies are required to ensure
no previously unobserved radioisotopes in existing detec-
tors become dominant sources of background at the kton
scale. Here we assume that all such impurities can be
sufficiently purified from the Xe source material prior to
filling the detector, either through gas-phase heated getters
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for non-noble gas impurities, and distillation or gas
chromatography for noble gas impurities, including *?Ar.

4. Cosmogenic backgrounds

We assume internal backgrounds (including those of
cosmogenic origin) can be sufficiently purified from the
initial Xe feedstock and focus here only on long-lived
species that can be possibly created in situ during detector
operation. The most prominent such cosmogenic back-
ground is '“Xe (T, =3.8 min), which produces f
decays with a Q value of 4.2 MeV, providing a background
at energies relevant for Ouff. For GXe, topological rejec-
tion enables the single 8 from '¥’Xe to be distinguished
from the pf signal (see Sec. IV B2). In addition, the
production of '37Xe through capture of thermal neutrons in
136Xe(n, y)!37Xe reactions can also be identified from the
coincident deexcitation ys with a total energy of 4.03 MeV
[114,115]. By tagging these deexcitation ys, planned ton-
scale LXe detectors are projected to mitigate backgrounds
arising from '3’Xe production within the TPC volume to
<5 evts/(FWHMktyr) [32]. The livetime loss associated
with this veto can be reduced by only vetoing a small
spatial region of the detector. For example, in an LXe
detector the neutral '37Xe is expected to move by only
~2 c¢cm/(3.8 min), assuming recirculation with similar
turnover time and temperature uniformity as existing
detectors [110]. This movement allows a detector volume
containing the expected drift even for several half-lives to
be vetoed, while still constituting a small fraction of the
total detector mass (and thus a negligible exposure loss).

Relative to ton-scale experiments employing enriched
Xe, a reduction in the '¥’Xe background by >10x is
sufficient to make this background subdominant in kton-
scale detectors (assuming comparable depths, e.g., at
SNOLAB [32]). Due to either the single S rejection
possible in GXe, or the improved containment of the
deexcitation ys in LXe (analogous to the improved self-
shielding from external ys described in Sec. IVA 1),
this goal should be achievable. However, if required,
136Xe(n, 7)'¥"Xe production can also be highly suppressed
through the admixture of ~10% by volume of '*'Xe (or,
possibly, other noble elements with high neutron capture
cross sections [116]). Since the thermal n capture cross
section is roughly 2 orders of magnitude higher for 1*'Xe
relative to '30Xe, the resulting number of captures on '3Xe
can be correspondingly decreased. For an enriched detec-
tor, light isotopes such as 3'Xe would be depleted from the
eXe during enrichment, but could be separated from the
enrichment tails and added back at <10% concentration to
sufficiently suppress any backgrounds.

In principle other rare cosmogenic activation products
not identified to date in large Xe detectors could be
produced, e.g., by spallation of Xe or other detector
materials [115,117-119]. Future work would be required

to survey possible activation products of interest, in order to
minimize risk that any such backgrounds may become
significant at the kton scale. However, the homogeneous
nature of a large Xe detector generally allows such back-
grounds to be discriminated from a Oyff signal unless they
produce only a single e~ near Qg (and no other correlated
decay signatures). In GXe, the topological discrimination
between £ and B events would provide further ability to
identify and reject such possible backgrounds.

5. Solar v backgrounds

While not a significant background for ton-scale detec-
tors [22,32], solar v backgrounds become a substantial
challenge at half-life sensitivities approaching 10°° yr.
Charged current interactions produce highly multisite
signatures, and simulations of ton-scale detectors indicate
that the fraction of charged current interaction events
entering the single-site region of interest is < 1077
[32,120], indicating that they are negligible even at the
kton scale.

In contrast, electron-neutrino elastic scattering (ES),
v+ e~ — v+ e, will produce a single f that can mimic
the localized energy deposits from S decays. Near Qgp,
the dominant source of such events arises from ®B solar v
[121,122]. The rate of such events for a terrestrial detector
is ~0.2 evts/(ktyr keV), roughly independent of the
detector material [121]. This translates to a rate of
~4.9(2.0) evts/[ktyr FWHM] at a relative resolution of
0/Qpp = 0.5% (0.2%). This background is also uniformly
distributed within the Xe, and is separable on an event-by-
event basis from Oyfp decays in the same energy range
only if single and double ys can be distinguished.

Given the signal rate from Eq. (2), solar v ES back-
grounds require either: (1) enrichment of the Xe to enhance
the ratio of '*Xe nuclei to electron scattering targets within
the detector; (2) separation between f and S decays near
Qpp; or (3) directional sensitivity to statistically separate
solar v ES originating from the direction of the sun from the
isotropic angular distribution of 3 emission. The trade-offs
between these options, the cost of enrichment, and other
considerations play a major role in the optimal detector
concept, including gas- or liquid-phase operation and
enrichment level, as described below. For example, GXe
TPCs have already demonstrated the required single-f
rejection (Z10x) for a "Xe target through reconstruction
of the e~ topology [22]. Additionally, it may be possible to
reconstruct the initial direction of the g recoil in GXe,
allowing further statistical discrimination. In either LXe
or GXe detectors, some discrimination between £ and
decays may be possible from discriminators based on
Cherenkov light [123]. Finally, Ba tagging with sufficiently
high efficiency and selectivity could also be used to reject
this background.
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B. Detector concepts

1. Liquid phase

A liquid-phase detector would take advantage of the
substantial self-shielding possible in a kton-scale detector.
Optimal reduction of external backgrounds also dictates the
ideal arrangement for the Xe, i.e., a single, homogeneous
drift volume with nearly equal linear dimensions in all
directions. Here we consider a cylinder with height equal to
its diameter. As described below, sensitivity estimates have
been performed to determine the size of such a detector that
would be needed to reach the 10°° yr half-life sensitivity
benchmark. In the following section we consider the two
possible concepts shown in Fig. 6: an ®*"Xe detector
(assuming 90% enrichment fraction) with mass of 0.3 kt,
and a "™Xe detector with mass 3 kt, both of which contain
approximately the same mass of '3%Xe.

Energy resolution: Existing LXe detectors have dem-
onstrated energy resolutions as good as o/Qgs = 0.8%
[105]. As described in Sec. IV A 2, while this is sufficient to
suppress leakage from 2uff backgrounds in the upper
portion of the energy ROI, resolution models [32,104]
indicates that the 6/ Qg4 = 0.5% target can be reached for a
total light detection efficiency (i.e., the fraction of vacuum
ultraviolet scintillation photons producing a detected pho-
toelectron (PE) in the light detector) of > 10%. Reaching
this resolution in a large detector is accordingly driven by
this light detection efficiency, provided other sources of
noise such as readout noise in the charge and light channels
remains subdominant [32,105].

Light collection: Two concepts employed in existing
detectors for light collection were studied for a kton-scale
detector: (1) collection of light with photodetectors on
only the flat faces of the cylinder, with a polytetrafluoro-
ethylene reflector around the barrel [37,50,111]; and (2) an
optically open field cage with light detectors positioned
around the TPC barrel [32,124]. SiPMs can be used to
directly detect Xe scintillation light with negligible readout
noise [125,126], and in the coming years are likely to be
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FIG. 6. Schematic depiction of detector sizes for currently
planned ton-scale liquid Xe TPCs for Ovpp (left, 5 t *"Xe) [19],
and the design concepts considered here that would be required to
reach ~10%° yr half-life sensitivity with either an enriched
(center, 300 t ®"Xe) or natural (right, 3000 t "Xe) liquid TPC.

combined with CMOS electronics into an integrated photon
counter [127]. A light propagation simulation of both
designs 1 and 2 above was performed in Chroma [128]
to determine the achievable light collection efficiency as a
function of absorption length. Since the Rayleigh scattering
length ~30-50 cm is much smaller than the linear dimen-
sions of the detector, the light propagation is diffusive and
photons transit a substantially larger linear distance than the
detector size during propagation. Nonetheless, these sim-
ulations indicate that an absorption length of =80 m
(240 m) for designs 1 (2) is sufficient to reach the desired
total > 10% collection efficiency when combined with
measured SiPM photon detection efficiencies [125,126]
and reflectivities [129-131]. These absorption lengths are
comparable to the lower limits extrapolated from existing
measurements [111,132,133], and are expected to improve
with Xe purity. While light propagation over such long
distances would need to be demonstrated, these estimates
indicate that the required collection efficiencies should be
feasible.

Charge collection: Charge collection in large liquid TPCs
requires low readout noise (<600 e~ per event) to ensure it is
subdominant to the light collection in the overall resolution.
This readout noise has been demonstrated in both existing
single-phase or dual-phase designs [37,104,105]. In addi-
tion, a drift electric field 2200 V/cm is expected to provide
acceptable drift speeds for charge collection [134], while
minimizing the effect of diffusion on the achievable
topological signal/background discrimination. Achieving
electron lifetimes 220 ms (which has been recently dem-
onstrated at the ton scale with liquid-phase purification
[135]) would be sufficient to limit charge loss to <10% in
a kton-scale detector at the fields above. Diffusion effects
are expected to be more significant at this scale than for
ton-scale detectors, with an rms smearing of 3.0 mm
(4.2 mm) for charge drifting from the central region of a
300-t (3000-t) detector [134,136,137], which would be
convolved with the initial 3—4-mm size of single-cluster
PP decay events near Q.

For a 200-V/cm field, the required cathode voltage is
—100 kV (=215 kV) for a single drift region in the 0.3-kt
(3-kt) concepts shown in Fig. 6. These voltages are within a
factor of ~2 of the corresponding voltages in planned ton-
scale detectors [19,111]. While higher-voltage operation
of large LXe TPCs remains an area of active research
[138,139], these values are within plausible targets for
possible high voltage in future detectors. Use of a central
cathode (rather than single drift region) could also reduce
the required voltages and effects from diffusion.

Backgrounds: The backgrounds described in Sec. IVA
were studied for the specific LXe detector concepts above.
A GEANT4 [140]-based simulation of backgrounds origi-
nating in the LXe vessel was performed to quantify the self-
shielding of a large detector. This simulation assumes the
dominant external y backgrounds arise from vessel (either
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due to internal or surface contamination), and uses the
specific activity measured for commercially sourced copper
(1 uBqg/kg for U/Th) [22,37,141]. The mass of the vessel
was scaled from existing experiments by its surface area,
assuming a thin-walled vessel supported by a fluid refrig-
erant as in existing ton-scale designs [19]. Backgrounds
from the refrigerant are assumed to be subdominant to the
vessel itself [32]. Surface backgrounds arising from daugh-
ters of 2>?Rn are similar in distribution to those in the vessel
and are also included as external backgrounds.

Single-site vs multisite separation was assumed to be
comparable to existing ton-scale detectors, in which the
rejection is sufficient to separate events within the 2'*Bi
photoelectric interaction peak from Compton scatters with
wider spacing (i.e., =3 mm) [120]. The effect of diffusion
on this rejection with longer drift distance remains to be
studied in detail. However, even if the achievable SS/MS
rejection is reduced relative to that assumed here, the
required background level can still be reached by modestly
increasing the standoff from the vessel walls (which in a large
detector leads to only a small additional reduction in the
fiducial mass). The results of this simulation indicate that a
linear distance > 42 cm from the vessel walls is sufficient to
reduce the external y and >*’Rn backgrounds to less than 10%
of the Ouvpf decay rate from Eq. (2). As an example, for a
300-t detector approximately 57% of the total mass (170 t)
lies further than this distance from the vessel, while for a 3-kt
detector this increases to 78 % of the detector mass (i.e., 2.3 kt
of "Xe or 210 t of 13%Xe).

137Xe backgrounds are included after scaling the
expected production rate per unit mass estimated for
ton-scale detectors [32] by the improved vetoing that will
be possible in a kton-scale LXe TPC. We assume a veto
rejection inefficiency ~1073, which corresponds to the
probability that one of the ZMeV deexcitation ys from
the production of '37Xe can exit through the 42-cm standoff
from the vessel walls without interacting. A more detailed
simulation of this vetoing would be expected to further
improve the possible rejection efficiency, although this
background is already subdominant for the conservative
assumption above.

For the volume of the detector that is greater than this
standoff from the vessel walls, the dominant backgrounds
arise from ES of ®B solar v and the tail of the 2upp
distribution, as described in Sec. IVA. The B solar v
background is the primary challenge, especially in a "Xe
target where the entire detector mass contributes to the
backgrounds, while only an ~10% mass fraction provides
the signal. Reduction of this background may be possible
through single-f vs 3 separation based on the difference in
the ratio of Cherenkov to scintillation light for the two
event types [123]. Cherenkov light can be separated from
scintillation via timing. Simulations of a kton-scale detector
indicate that the longer-wavelength Cherenkov photons
arrive primarily within <20 ns of the interaction time, prior
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1 § m— Signal
= 1) = Background
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FIG. 7. Simulated arrival time following the interaction of
Cherenkov and scintillation photons for a kton-scale LXe
detector. The inset shows the difference in expected detected
Cherenkov photons for a single e~ (background) and ff (signal)

to the arrival of the bulk of scintillation photons between
20 ns and several hundred ns (see Fig. 7). This timing
resolution is easily within the capabilities of the integrated
digital photon counters described above [127]. The
Chroma-based light simulation was also used to quantify
the rejection that may be possible for the two light
collection geometries considered. For the optimal timing-
based f vs pf separation of simulated 2.5 MeV events,
a background acceptance of 35% (i.e., a roughly ~3x
background rejection factor) was found at a Oypf signal
efficiency of 65%. This rejection power was similar for
both collection geometries and consistent with past sim-
plified studies for kton-scale LXe TPCs [123].

An example of the dominant estimated backgrounds in
the central detector region is shown in Fig. 8 (left) for the
300-t *Xe concept. The "Xe concept would have solar v
backgrounds that are roughly 10x higher, but substantially
reduced backgrounds from '¥’Xe and external ys. For the
assumed 6/ Qs = 0.5% resolution, the 2v3f background is
subdominant in the FWHM region around Q.

2. Gas phase

A GXe TPC at the kton scale was also considered. In
comparison to the LXe concept, a GXe detector can more
easily suppress the two irreducible backgrounds present at
the kton scale, i.e., ES of solar v and the high-energy tail of
the 2vpp distribution. First, a GXe TPC can substantially
suppress the solar v background by discriminating f from
pp events through their topology. Tracks produced by
single e~ arising from a solar v ES in a gas TPC can be
identified through a single high-density energy deposit (i.e.,
“blob”) at the end of their track, while a Ovff event would
produce two blobs. Previous simulations have shown that
with a gas pressure of 15 atm, this topological single e~
discrimination could reject solar v backgrounds with 90%

112007-13



A. AVASTHI et al.

PHYS. REV. D 104, 112007 (2021)

‘, - Solarv
1 -~ 2vBB
0.20 1 “'. — . External y (incl. 222Rn)
— B —— 137Xe
o \
s [ —— 0vBB (103 yr)
= “ =«+ Bkg. only
T 0.15 4 = Total
hvj
L
S 0.10
]
c
3
O 0.05 4
0.00 = T T
2420 2440 2460 2480 2500
Energy [keV]
FIG. 8.

0.12'
0.101
0.08 1
0.06 -

0.04

Counts [keV~1 kt™1 yr=1]

0.02 A

0.00 T T T
2420 2440 2460 2480

Energy [keV]

Example background model for a LXe concept (left) and GXe concept (right). For the LXe concept (left), the estimated

spectrum is shown for an enriched detector in the fiducial region > 42 cm from the vessel walls assuming mge, = 300 t, 7 = 0.9,
o/ Qpp = 0.5% (fiducial mass 170 t), and Cherenkov-based single § rejection with the efficiencies specified in the text. The GXe concept
(right) assumes a "™Xe detector with mgy = 3 kt, n = 0.09, 6/Qps = 0.2%, with no fiducialization. In addition to the expected
backgrounds, a potential Oyf signal with a half-life of 103 yr is shown. The error bars show an example toy dataset near the median
discovery potential for a livetime of 20 yr. The units on the vertical axis are in terms of the fiducial detector mass (kt) and would require

scaling by the enrichment factor to convert to isotope mass.

efficiency [22]. In addition, GXe detectors at pressures <50
bar avoid the event-by-event fluctuations in the deposited
charge and light energy seen in LXe, enabling substantially
better energy resolution and requiring only the deposited
charge to be collected. This energy resolution is sufficient
to fully eliminate the 2yff background if resolutions
demonstrated in small-scale detectors can be extended to
the kton scale. While no significant dependence of the
energy resolution on density is expected for pressures
between 15-50 bar [100], topological rejection is expected
to degrade at pressures above the 15-bar pressure planned
for ton-scale detectors [22]. Further work quantifying this
topological rejection vs pressure is required to determine
the optimal operating pressure for a kton-scale detector.

While the above backgrounds are substantially sup-
pressed relative to the LXe design, the lower level of
self-shielding due to the lower density in a GXe detector
increases the impact of external backgrounds. External ys
arising from the vessel materials become the dominant
background in such a detector, and would be a primary
driver of its design.

External backgrounds: We consider a detector containing
room-temperature GXe at 15 atm, in the shape of a square
cylinder to maximize self-shielding of the Xe. Optimizing
the trade-offs with higher-pressure operation—which
increases self-shielding and reduces the vessel size, but
for which topological discrimination has not been studied in
detail—are beyond the scope of the concepts considered
here, but may provide more optimized designs. At this
pressure, a Xe vessel radius of 12 m is required for a 1-kt
detector (or 17 m for a 3-kt detector). A pressure vessel
of such a diameter is likely to present a substantial engineer-
ing challenge and further study would be required to

demonstrate its feasibility. However, solutions in which
the cavern itself provides the mechanical support for a
thin-walled Xe vessel may be possible. In addition to
conventionally mined caverns, such possibilities include
use of a solution-mined salt cavern that would naturally
support the required pressures [142].

To provide adequate shielding against external ys origi-
nating in the Xe pressure vessel, the vessel walls are
assumed to be composed of three layers. Starting from
the outside, a thick outer layer of stainless steel is assumed
to maintain the high-pressure internals (or, possibly, an
alternative thinner vessel mechanically supported by the
cavern walls). Regardless of the detailed design, back-
grounds arising from the pressure vessel walls would be
prohibitive if not shielded further. To shield external y
radiation from the pressure vessel itself, a 2-m-thick layer
of ultrapure and Rn-scrubbed water is assumed to surround
the Xe. GEANT4 simulations indicate this water thickness is
sufficient to shield external ys originating from the pressure
vessel itself, such that the residual U/Th contamination in
the water shield provides the dominant external back-
ground. We also assume that a thin nylon balloon [143]
is placed between the water and the steel, to limit radon
from the steel from emanating into the water. Finally a thin
copper shell (with 2-mm thickness) is assumed to separate
the water from the innermost region of GXe, with the same
specific activity as assumed above for the LXe concept
(1 uBq/kg for U/Th).

Due to the relatively small effect of self-shielding in
the GXe design, alternative concepts employing multiple
smaller modules with the same total mass might provide a
more optimal design. In this scenario, improvement in
material backgrounds by more than an order of magnitude
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relative to ton-scale detectors would be required to reach the
required external background levels at half-lives ~10°° yr.

Energy resolution: Sufficient energy resolution 6/ Qps <
0.5% is required to avoid 2uff backgrounds. In addition,
improved energy resolution can mitigate other broad
spectrum backgrounds arising e.g., from solar v and
137Xe. At relative resolutions <0.4%, separation between
the Ou3p peak and the 2'“Bi y line at 2448 keV also starts to
become possible, mitigating the dominant background
from U contamination in external materials and 2?’Rn
daughters on external surfaces or in inactive shielding.
Although demonstrating that such resolution can be
achieved in a kton-scale detector is still required, we
assume here that 6/Qys = 0.2% can be reached, which
has already been demonstrated in small-scale detectors
even at energies substantially below Qg [100].

Charge collection: Several possibilities exist for charge
collection in a large GXe TPC. Existing GXe designs
[22,30] at the ton scale employ charge amplification via
electroluminescence. Similar anode and cathode designs
are in principle possible at the kton scale, although the
required instrumented area becomes substantially larger
than demonstrated to date. Maintaining the required topo-
logical rejection will likely require subdividing the detector
volume into multiple drift regions to limit charge diffusion
during drift. Such a design limits the required high voltage,
at the cost of additional instrumented area and materials
within the Xe volume. Detailed optimization of the number
of drift regions, anode/cathode design, etc., are beyond the
scope of the concepts considered here, and we assume
performance similar to ton-scale designs can be extended to
the kton scale.

A summary of the expected backgrounds for a 3-kt GXe
detector employing "*Xe following the concept above is

1031 1031

shown in Fig. 8 (right). Compared to the LXe case, external
y backgrounds become more prominent due to the
decreased self-shielding, while solar v backgrounds are
substantially reduced through the topological discrimina-
tion, avoiding the need for enrichment. The use of "Xe
also suppresses the '¥’Xe background due to the natural
presence of lighter isotopes such as 3'Xe and *Xe that
capture the majority of thermal neutrons.

C. Sensitivity

Based on the background models for the LXe and GXe
concepts described in Secs. IVB I and IV B 2, sensitivity
studies were performed for both the °Xe and "*Xe concepts
as a function of the detector mass and are shown in Fig. 9. To
calculate the exclusion sensitivity for each detector concept,
toy Monte Carlo datasets were drawn from the background-
only model and the 90% C.L. lower limit on the half-life was
determined from a fit to the toy datasets in the Oy ROI
based on the profile of the negative log likelihood over the
number of Ovpf counts. For simplicity the normalization
of all background components in the fit was fixed and only
the signal component was allowed to vary. This procedure
provides a good approximation to a fit over the entire energy
range, since sufficient statistics are available to determine the
normalization of the background components with subdomi-
nant uncertainty from signal sidebands (in energy, topology,
or distance from the detector walls) [22,32]. In addition to the
exclusion sensitivity, the discovery potential was calculated
following the same procedure to determine the half-life at
which the no-signal hypothesis could be rejected at 3¢ by the
median toy dataset, assuming a Oyff signal were present.

Beyond the scaling with detector mass, the variation in
sensitivity with various detector parameters was studied
including enrichment fraction, energy resolution, and
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FIG. 9. Estimated sensitivity vs detector mass for a "Xe GXe detector (left), a "Xe LXe detector (center), and an **Xe LXe detector
(right). The 90% C.L. exclusion sensitivity (blue) and 3¢ discovery potential (red) are shown. For the LXe case where the solar v
backgrounds are more significant, the solid lines show the results with no Cherenkov-based single § discrimination, while the dashed
lines indicate the corresponding sensitivity using the Cherenkov-based rejection efficiency described in the text. The benchmark half-life
goal of 10°° -yr sensitivity (dotted black) is reached for a ~3-kt "*Xe GXe detector and an ~0.3-kt ®*Xe LXe detector, while the "Xe
LXe detector with the same sensitive mass reaches ~40% lower sensitivity due to the solar v background.
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FIG. 10. Sensitivity vs enrichment fraction for a LXe detector
containing a fixed amount of '**Xe equal to the 300-t concept at
90% enrichment fraction. The corresponding detector mass is
indicated on the upper axis. Enrichment fractions above 50% are
sufficient to reach nearly optimal sensitivity. Dashed and dotted
lines correspond to the same event selections as assumed
in Fig. 9.

livetime. The GXe sensitivity was not found to vary
strongly with enrichment since solar v backgrounds were
subdominant, although higher enrichment fractions permit
a smaller overall detector size at the same sensitivity. In
contrast, enrichment fractions >50% were found to be
required for the LXe detector to reach an exclusion
sensitivity > 10°° yr as shown in Fig. 10. For both
concepts, the sensitivity follows a background-limited
scaling with livetime, ¢, at long times (i.e., ~+/7), with
the bulk of the sensitivity achieved in ¢ = 10 yr, but a 30%
relative increase in sensitivity for t = 20 yr operation. For
the LXe (GXe) concepts, worsening the energy resolution
relative to the baseline numbers assumed above still
allowed a sensitivity > 0.8 x 10*° yr to be achieved for
a relative resolution < 0.7% (< 0.5%), respectively.

D. Comparison to other technologies

The detector concepts and simplified sensitivity studies
presented above indicate that either a kton-scale GXe or
LXe detector may be able to reach sensitivities at, or near,
the 10**-yr half-life benchmark. If Xe can be acquired in
the required quantities, there are several advantages to
incorporating it directly into a TPC relative to other
possible detector technologies. In the context of the
previous discussion in Secs. IVA and IV B, we briefly
summarize those advantages here:

(i) Modular detector designs based on Ge ionization
detectors or cryogenic bolometers do not directly
benefit from the self-shielding possible in homo-
geneous detectors since materials carrying back-
grounds (detector supports, electronics, cabling,
etc.) are placed within the sensitive volume. Scaling
to larger size thus does not directly reduce these

backgrounds and substantial improvement in radio-
purity of materials would be required relative to
existing designs.

(ii) Similar quantities of Xe could be doped into a large
liquid scintillator detector (which could also employ
130Te, avoiding the isotope acquisition challenge for
Xe). Such a detector would benefit from significant
self-shielding and the ability to avoid external y
backgrounds. However, the <0.5% relative energy
resolution needed to make the 2ypfB background
negligible does not appear to be feasible in such a
scheme. In addition, the typical loading fractions by
mass of only 1-10% result in relatively large solar v
backgrounds. The highest loading fractions possible
with this method (even using ®Xe) are expected to be
lower than achievable even for a "*Xe TPC. Existing
projections for such designs correspond to ultimate
sensitivities between 102-10% yr [98,144—146)].

(iii) Ideas have been proposed to dope Xe into large LAr
detectors at percent levels [147]. While in principle
possible, the increased LAr mass relative to a
Xe-only TPC would substantially increase the solar
v background. The presence of *’Ar is likely to also
be a significant background in a large detector of this
type [148,149]. Finally, the larger detector size may
not be optimal for reaching the required energy
resolution.

(iv) Alternative ideas using ’Se in an ion-drift TPC [150]
or large array of pixellated sensors [151] may avoid
the isotope acquisition challenges for Xe and might
meet the resolution and background requirements.
However, unlike large liquid noble TPCs these
technologies are still under development and a de-
tailed comparison with Xe TPCs is not yet possible.

E. Alternative Xe-based concepts

For simplicity, in this work we have focused on Xe
acquisition and detector concepts capable of reaching the
longest possible half-lives. However, intermediate-scale
detectors are possible and also can provide significant
discovery potential. For example, an *"Xe detector with
~50-t mass may be able to reach half-life sensitivities
>10?° yr. Production of the required Xe, either through the
ideas presented here—or, at this scale, possibly from Xe
captured from nuclear fuel reprocessing—may allow
planned LXe detectors for dark matter [50,106] to be filled
with ®Xe, probing portions of the allowed parameter space
for Ovff in the normal hierarchy. Other approaches include
construction of an ~300-t scale GXe or LXe TPC that could
initially be filled with "™Xe, running in parallel to the
acquisition and enrichment of a similar quantity of *""Xe.
Such an approach would provide a staged method for
scaling to the ultimate sensitivity possible, while also
lengthening the time over which Xe production can occur
to minimize capital costs.

112007-16



KILOTON-SCALE XENON DETECTORS FOR NEUTRINOLESS ...

PHYS. REV. D 104, 112007 (2021)

V. SUMMARY

Acquisition of kton-scale quantities of Xe may enable
rare-event searches with extreme sensitivity to Ovff, dark
matter, or other new BSM physics. Extensions to existing
Xe TPC technology reaching sensitivity to Oy half-lives
as long as 10°° yr appear plausible. The primary challenge
to realizing such detectors is to acquire Xe in the required
quantities. Since it appears infeasible to scale existing
supply chains to the quantities needed for such a detector,
fundamentally new methods for Xe acquisition may be
required. In this work, we have described ideas for air
capture of Xe using advanced adsorbent materials in a TSA
process optimized for minimal energy consumption. While
further R&D is required to determine the feasibility of such
an approach (or of other possible alternatives), studies to

date suggest that capture of kton-scale quantities of Xe,
potentially at reduced cost relative to existing methods,
may be possible. If successful, an abundant and less
expensive supply of Xe would be likely to enable far-
reaching applications in both fundamental physics and
beyond.
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