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Abstract As liquid xenon detectors grow in scale, novel
techniques are required to maintain sufficient purity for
charges to survive across longer drift paths. The Xeclipse
facility at Columbia University was built to test the removal of
electronegative impurities through cryogenic filtration pow-
ered by a liquid xenon pump, enabling a far higher mass flow
rate than gas-phase purification through heated getters. In
this paper, we present results from Xeclipse, including mea-
sured oxygen removal rates for two sorbent materials, which
were used to guide the design and commissioning of the
XENONnT liquid purification system. Thanks to this inno-
vation, XENONnT has achieved an electron lifetime greater
than 10 ms in an ∼ 8.6tonne total mass, perhaps the highest
purity ever measured liquid xenon detector.

1 Introduction

The field of dark matter (DM) direct detection has been
led for many years by two-phase time-projection chambers
(TPCs) using liquid xenon (LXe) as a target and detection
medium [1–3]. Within the XENON project in particular,
LXeTPCs with increasing target mass and drift length but
diminishing background rate were developed to search for
the keV-scale nuclear recoils (NRs) produced by hypothet-
ical Weakly Interacting Massive Particles (WIMPs), one of
the leading particle DM candidates [4]. The current experi-
ment, XENONnT [5], uses a LXeTPC with a drift length of
1.5 m inside a cryostat filled with ∼ 8.6 tonne of ultra-pure
LXe. Two-phase LXeTPCs rely on the efficient collection
of ionization electrons produced by recoiling xenon nuclei.
This signal is generated by drifting electrons upward through
the LXe toward an anode, by applying a uniform electric
field. As the electrons drift upward, some are captured by
electronegative impurities, reducing the signal. The fraction
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captured over a given drift increases with the concentration
of impurities and their electron attachment rate constant [6].

If a substantial number of electrons are lost, the signals
are no longer directly proportional to the energy deposited,
requiring correction based on the depth of the interaction.
In particular, signals from ∼ 1 keV nuclear recoils can fall
below the energy threshold, limiting the sensitivity to light
DM and solar neutrinos [7]. The purity is typically expressed
via the “electron lifetime” τe, the time over which the number
of drifting electrons Ne will be reduced by a factor 1/e due
to attachment:

Ne(t) = Ne(0) e−t/τe = Ne(0) e
− z

vd τe . (1)

Here, z is the length of the drift and vd is the drift velocity. The
electron lifetime is related to the concentrations of impurities
and their rate constants of attachment through

τe = 1
∑

kiCi
= 1

kO2CO2

, (2)

where the O2-equivalent concentration CO2 is often used as
the benchmark of purity since O2 is usually the dominant
contributor to charge signal attenuation in LXeTPCs [6]. For
the entirety of this work, the O2-equivalent mole fraction
xO2 (often expressed in parts per billion or ppb) is used inter-
changeably with electron lifetime, according to the relation

1

τe
= kO2CO2 = kO2xO2

ρLXe

MXe
= xO2

257µs · ppb
. (3)

Here, the LXe density ρLXe = 2.88 kg/L is taken at the
approximate operating pressure of 2 bar(a) [8], and MXe =
131g/mol is the molar mass of xenon. The rate constant
kO2 = 1.77 × 1011 M−1 s−1 is taken from Fig. 2 in [6] for
the 140 V/cm drift field used throughout this work.

Electronegative impurities in the LXe increase over time
due to continuous desorption from detector materials. Main-
taining components under vacuum prior to filling the cryostat
with xenon can reduce the subsequent rate of desorption, but
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Fig. 1 The Xeclipse apparatus. The closed vessel of the purity monitor
is shown on the right, and the exposed cryogenic purification system on
the left with its outer vessel removed

to achieve a sufficient electron lifetime, continuous removal
of impurities is required to compensate for their ingress. In all
LXe experiments prior to XENONnT, the removal of elec-
tronegatives such as O2 to preserve ionization signals has
been achieved by passing gaseous xenon (GXe) through a
gas purifier containing a high temperature (≈ 400 ◦C) zir-
conium alloy which absorbs impurities [9]. The xenon must
first be evaporated, and subsequently re-condensed. This is
typically performed with minimal heat input through the use
of highly efficient LXe–GXe heat exchangers, and with flow
driven by GXe pumps [1,3,10].

As TPCs have grown in size to become more sensitive to
DM, so too has the amount of O2-desorbing materials they
contain and the time required to reach equilibrium purity,
requiring more efficient purification to compensate. Improve-
ments have heretofore been achieved through the use of
more powerful GXe pumps and the combination of multi-
ple pumps in parallel [11], but the pressure limitations of
existing pumps, increased heat input, and difficulty main-
taining the required pressure and liquid level stability of the
TPC make further scaling of the current paradigm a chal-
lenge. The use of cryogenic liquid pump technology adapted
for LXe has the potential to greatly improve the mass flow,

due to the factor ∼ 300 higher density of the cryogenic liq-
uid compared to the room temperature gas at a typical pres-
sure of 2 bar(a). To make this paradigm-shift in LXe purifi-
cation possible, however, a method that cryogenically filters
electronegative impurities with high efficiency is required,
while meeting the strict radio-purity requirements of direct
detection. Circulation and filtration in the liquid phase has
been established as a standard purification method in liquid
argon TPC (LArTPC) experiments aiming to study beam and
reactor neutrinos [12–15]. The sorbent beds used by these
experiments for O2 removal characteristically contain sor-
bent pellets with a high-surface-area copper face [15–17]. As
LAr is passed through the filters, impurities react with and
become permanently bound to the copper surface. The high
surface-to-volume ratio of the filter creates a high reactivity,
and consequently filtration efficiency, for a relatively small
sorbent mass. Furthermore, the oxide buildup on the filter,
which eventually begins to deplete its reactivity as pure cop-
per sites become scarcely available, can be straightforwardly
removed using a purge gas containing a small (5%) con-
centration of hydrogen, which induces reduction reactions at
high (≈ 200 ◦C) temperature [16]. While these filters pose
no great threat of background introduction for LArTPC neu-
trino experiments, the low-background nature of DM direct
detection experiments presents a unique challenge. The dom-
inant background in LXeTPC DM searches comes from the
β-decay of 214Pb, a daughter of 222Rn, which is part of the
238U decay-chain and emanates continuously from detector
materials. The emanation of 222Rn tends to increase with the
surface area of materials used, and thus poses a challenge
when weighed against the high surface areas required for
efficient filtration of electronegative impurities.

The Xenon Cryogenic Liquid Purification Setup (Xeclipse)
was designed to address the purification challenge posed by
the transition from ton-scale LXeTPCs to the multi-tonne
scale within the XENON project by testing the efficacy of
xenon purification in the liquid phase. The apparatus was
designed to continuously measure the purity of a LXe vol-
ume while recirculating the LXe through both a traditional
gas-phase purification loop and a parallel liquid-phase loop.
By testing a cryogenic filter while simultaneously injecting
O2 at a fixed, known rate, the apparatus can evaluate the
rate of O2 removed by the filter. This paper describes the
system and its results for two sorbent materials tested for
use in XENONnT [5]. Section 2 describes the setup and its
components. In Sect. 3, a model of O2 transport between the
system’s sub-volumes is developed which makes it possible
to disentangle the dominant systematics and infer the rate of
O2 removal by each filter. In Sect. 4, the efficiencies of the fil-
ters are evaluated in view of their 222Rn emanation rates, and
their viability as purification methods in multi-tonne detec-
tors is discussed.
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Fig. 2 Simplified process and instrumentation diagram (P&ID) of
Xeclipse, with the constituent subsystems delineated by boxes. Two
independent vacuum-insulated stainless steel cryostats house the Cryo-
genic Purification System (CPS) and the Purity Monitor (PM). Also
shown are the exterior gas handling systems, including the GXe Purifi-
cation loop using traditional heated getter purification, and the O2 injec-
tor used to control the rate at which impurities are introduced into the
PM. The xenon flow lines are grouped by color to illustrate the typical
configuration. Orange-brown lines carry GXe to the getter, and green

lines carry purified GXe from the getter outlet to the PM through the
heat exchanger and to the LXe pump buffer GXe volume. The vacuum-
insulated LXe circulation lines are shown in purple, and the filter regen-
eration lines are shown in blue. Also shown are key pressure transduc-
ers (PT), temperature elements (TE) and controller (TIC), liquid level
transducers (LT), flow transducers (FT) and controllers (FIC), moisture
transducer (MT), the differential pressure transducer used to measure
the LXe flow (DPT), and the void fraction meter (VFM) described in
the text

2 Experimental apparatus

Xeclipse, shown in Fig. 1 and represented schematically in
Fig. 2, is composed of two major subsystems: one to con-
tinuously measure the LXe’s purity, and one to recirculate
and purify it. The first is a Purity Monitor (PM) [18], con-
tained in the existing vacuum-insulated vessel which previ-
ously housed the XENON1T Demonstrator [19]. The PM is
connected by an inlet and outlet line to the cryogenic purifi-
cation system (CPS), which is housed in a separate vacuum-
insulated vessel. The two insulation volumes are entirely
separated by a wall enclosing the inlet and outlet lines. This
makes it possible to open the outer vessel containing the CPS
and make necessary modifications while the PM is stably full
of LXe.

Xeclipse utilizes the existing infrastructure for handling
and cooling the required∼ 50 kg of LXe from the XENON1T
Demonstrator. The xenon is cooled by a pulse tube refriger-
ator (PTR) which delivers 200 W of cooling power at 165 K,
as detailed in [19]. The GXe purification apparatus described
therein is also utilized, with the capability of drawing xenon
from the liquid and gas phase in any combination, warming

through a heat exchanger, passing through a SAES Monotorr
heated getter gas purifier (model PS4MT50R1), and subse-
quently re-condensing the xenon in the heat exchanger. The
circulation flow is driven by a gas pump with magnetically
suspended pistons driven by linear motors (Chart, model
2S132C-X [20]), and is controlled stably up to ∼ 45 standard
liters per minute (SLPM) through a gas mass flow controller
(Teledyne–Hastings, model HFC-303). This “getter purifi-
cation” apparatus makes it possible to test novel filtration
schemes starting from conditions with measurable purity, as
well as to directly compare with the traditional evaporated-
LXe purification approach.

2.1 Purity monitor

High-precision continuous measurement of ppb-level O2

concentrations is critical to evaluate the effectiveness of a
given xenon purification method. The PM is a proven and
reliable method of measuring the purity with a high fre-
quency and low measurement uncertainty [18,21,22]. The
basic principle is to release a large cloud of electrons and
drift the cloud a fixed distance through a uniform electric
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field. The size of the cloud is measured at the beginning and
end of the drift using the current induced on a cathode and
anode as it moves away from and toward them, respectively.
Each of these two electrodes is equipped with a grid to shield
it from the effects of the cloud except when it is drifting in
the space between the electrode and its grid. The electron
lifetime can be directly calculated from the ratio of the two
induced currents and their time-separation.

The Xeclipse PM, shown in Fig. 3, utilizes the field cage,
cooling systems, and heat exchanger from the XENON1T
Demonstrator [19]. A parallel grid ionization chamber is
installed 22.7 mm above a photocathode where the electron
cloud is released (biased to − 4990 V). The chamber com-
prises a 35.1 cm drift length between the cathode grid (biased
to − 4840 V) and anode grid (biased to 0 V), yielding a drift
field of 140 V/cm. A column of field-shaping rings, with an
inner diameter of 64 mm, encloses the entire drift length, and
an anode is placed 12.8 mm above the anode grid to collect
the electrons. Two charge-sensitive pre-amplifiers (Amptek
A250) read out and integrate the induced current on the
photo-cathode during the initial drift toward the cathode grid,
and the induced current on the anode (biased to 360 V) during
the final drift from the anode grid. The field more than dou-
bles as the cloud passes each grid, ensuring that nearly 100%
of electrons pass through both [23]. A COMSOL simulation
of the Xeclipse field cage and two flat electrodes confirmed
that the field lines within the diameter of the impinging light
all terminate at the anode [24].

The electron cloud is produced by the photo-electric effect
when light impinging on the photo-cathode exceeds its work
function. The photo-cathode was constructed by depositing
50 Å of titanium and 1000 Å of gold on a 2.5 cm outer diam-
eter aluminum disc, which is seated in a larger (4” outer
diameter) aluminum disc. Light (190−2000 nm) is produced
from a Hamamatsu 60 W xenon flash lamp [25] and directed
through a light guide into a quartz optical fiber. The fiber
carries the light into the vacuum chamber through a 600µm
core optical vacuum feedthrough, and is positioned so exit-
ing light is directed onto the gold surface. The flash lamp
releases 1 Joule of energy, liberating ∼ 106 electrons after
losses due to the light guide, fiber, and quantum efficiency of
the photo-cathode.

The output of each of the two pre-amplifiers is shaped
by a spectroscopy amplifier and fed to a digitizer which is
externally triggered using the signal triggering the xenon
flash lamp. The gain on the two amplification chains are cal-
ibrated regularly, by checking the output voltages from a
pulse generator signal at various amplitudes on each ampli-
fier. The responses were consistently linear within the range
0.05−1.0 V (corresponding to 0.02−0.45 pC), which covers
the integral charge of the electron clouds typically produced
at the photo-cathode.

Fig. 3 The Xeclipse Purity Monitor (PM). The field-shaping rings
from the XENON1T Demonstrator [19] surround the parallel-grid ion-
ization chamber. The thin, gold-colored optical fiber is shown along the
right side of the PM, curving in to face the photo-cathode below

2.2 Cryogenic purification system

The first challenge in designing the Cryogenic Purification
System (CPS) was to achieve a stable and sufficiently high
flow of LXe. This demands careful control of the thermo-
dynamic conditions everywhere along the flow path to avoid
saturation (boiling) of the LXe despite large pressure dif-
ferences introduced by several vertical passes. The second
challenge was to allow for the installation, replacement, and
in-situ regeneration or activation of various filters. The com-
ponents of the CPS are detailed here, following their order
along the LXe flow path.

The largest component is the LXe pump and its contain-
ment vessel. The pump is a BNCP-62-000 centrifugal pump
from Barber Nichols [26]. A primary concern for cryogenic
liquid pumps is the phenomenon of cavitation: If the oper-
ating pressure at the pump is too close to the vapor pres-
sure of the liquid, the rotation of the impeller may reduce
the pressure at its inlet such that gas bubbles form and col-
lapse, releasing shock waves that can cause significant wear
on the impeller and instabilities in the delivered liquid flow
[27]. Cavitation can be avoided through careful control of
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the thermodynamic properties at the impeller. The impeller
is submerged in a containment “buffer” vessel 27 cm in diam-
eter and 7 cm in height. Pressure and temperature transducers
measure the pressure in the buffer and the temperature of its
inlet tube, and a 40 mm capacitive levelmeter measures the
liquid level to a precision of 1.3 mm. The pump was con-
trolled using a Toshiba VF-S11 inverter with a typical drive
frequency of 23 Hz.

Starting the LXe pump requires submerging the impeller
in liquid, a process called “priming” [28]. In Xeclipse, this
is achieved by opening a valve that connects the interior vol-
ume of the pump to the GXe volume above the PM, reducing
the pressure such that the LXe is allowed to rise and sub-
merge the impeller. The inverter is then used to control the
impeller rotation frequency and achieve the desired pressure
difference ΔPpump. The inverter was programmed to shut off
the pump if ΔPpump falls below 200 mbar for more than 40 s,
since this indicates that the pump volume has become filled
with gas, or “gas-bound”, preventing LXe flow.

It was discovered that the LXe pump contains a signifi-
cant source of O2-equivalent impurities which is continually
introduced into the xenon. Since the pump is mechanically
sealed rather than magnetically coupled, the rotating shaft
passes from the electric motor directly into the pump casing
containing the impeller. As the pump is running, the GXe
above the pump inlet is therefore in contact with the motor,
which is close to room temperature. A consequently high
concentration of impurities like O2 in this GXe volume can
lead to transfer into the LXe at the liquid–gas interface. To
mitigate this impurity source, GXe is continuously extracted
from the pump buffer and LXe pump itself and fed to the
getter at the port shown in Fig. 2. Clean GXe from the get-
ter outlet is returned to the pump buffer but not to the pump
interior volume. This may result in a low O2 concentration in
the pump buffer GXe, but a relatively high concentration in
the pump interior. The observed impact on the O2 exchange
at the liquid–gas interfaces is detailed in Sect. 3.2.

At a few points in the CPS circuit, such as vertical U-
bends, small static gas volumes have a tendency to form and
grow due to heat input (and low fluid velocity), eventually
causing flow instabilities or loss of ΔPpump (gas binding).
Metering valves were installed at these points, connecting
the gas volumes to the GXe purification loop inlet to prevent
them from growing and thus maintain stable liquid flow.

The LXe purification occurs within the filter vessel. The
CPS is constructed such that this vessel can be substituted,
heated, pumped, or otherwise modified without disassem-
bling any other part of the system. Its structure and dimen-
sions depend on the sorbent material being tested, but it is typ-
ically composed of a stainless steel tube containing a packed
bed of sorbent pellets, encased by stainless steel sintered
discs at the inlet and outlet.

Two sorbent materials were tested in this work. The first
is Engelhard Q5 copper-impregnated spheres (equivalent to
BASF “CU-0226 S”) [29], an oxygen getter catalyst com-
posed of copper oxide (13% by weight) deposited on an alu-
mina carrier in 14x28 mm mesh beads with a high (200 m2/g)
surface area. The beads are activated/regenerated by reduc-
tion using a gas mixture of 95% argon and 5% hydrogen
around 200 ◦C, which leaves a pure copper surface that can
readily react with oxygen. The radio-purity of the catalyst
was measured to evaluate the tolerable filter mass for multi-
tonne LXeTPCs [30]. The contamination in 226Ra, the parent
nucleus of 222Rn, was found to be 150 mBq per kilogram of
the catalyst. Measurements also showed that about 1/3 of the
222Rn produced actually emanates from the sorbent material,
about 50 mBq/kg. Later tests of a different sample yielded
∼ 7× higher values for both 226Ra contamination and 222Rn
emanation [30].

The second is a Non-Evaporable Getter (NEG) formed
into small cylindrical pills by compressing a getter alloy
powder composed of zirconium, vanadium, and iron. This
is the same material used inside the high temperature GXe
getters described in Sect. 1, whose 222Rn emanation rate was
measured to be 0.2−1.2 mBq for ∼ 4 kg of sorbent material
in [31]. At such high (≈ 400 ◦C) temperatures, oxygen and
other impurities adsorbed on the surface of the pill quickly
diffuse into the bulk, leaving the pill surface relatively free of
impurities. At LXe temperature, we expect the inward diffu-
sion to be much slower, such that impurities accumulate on
the surface, eventually limiting the sorption rate. The NEG
has a much lower rate of 222Rn emanation, but the total reac-
tive surface area per unit mass is much lower than the Q5
catalyst [30].

To prevent particulates of sorbent media that escape the
filter vessel outlet through the sintered disc from entering the
PM, an additional, finer grade sintered tube particulate filter
is used (Mott, 2300 series, 0.2µm media grade). A differ-
ential pressure transducer measures the pressure difference
across the particulate filter, which is used to calculate the
LXe flow in the circuit. The particulate filter permeability
was calibrated using a controlled flow of GXe between 1 and
4 SLPM, and was found to be 37.0 SCCM/mbar,1 roughly
half of the theoretical value for the sintered media grade and
dimension. The ratio of theoretical LXe and GXe permeabil-
ity was used to convert this to 1.54 L min−1 bar−1 for LXe.

To enable evacuation and regeneration of the filter vessel
containing the Q5 catalyst in-situ, the CPS includes lines to
pass the argon-hydrogen mixture gas through the vessel and
out to air. Resistive heaters attached to the outside of the
vessel are used in a PID loop with a thermocouple to control
the temperature, and a moisture transducer at the outlet to air

1 SCCM: standard cubic centimeters per minute.
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measures the water content, in order to monitor the progress
of the reduction reaction.

To monitor liquid flow stability and watch for cavitation at
the liquid pump, an instrument was designed to measure sat-
uration of the pump outlet LXe. The amount of GXe bubbles
contained in this liquid, expressed as the “void fraction”, is
continuously measured using a capacitive void fraction meter
(VFM). The VFM is a capacitor consisting of several concen-
tric stainless steel cylinders aligned with the flow path. As the
LXe flows through the space between the cylinders, any GXe
bubbles inside reduce the dielectric permittivity and conse-
quently the capacitance. The resulting total capacitance was
calculated by simulation, and then its linear dependence on
the void fraction was confirmed with calibrations using sub-
cooled liquid and pure gas xenon flows. The VFM location
is shown in Fig. 2.

Two isolation valves at the inlet and outlet of the CPS cir-
cuit and one before the filter vessel inlet control the transferal
of LXe between the CPS and PM volumes. The valves are
shown in Fig. 2 along the purple LXe circulation path. The
entire LXe mass can be transferred to the PM by halting the
liquid pump and closing the valves connecting the gas vol-
umes of the CPS and the PM, causing the CPS pressure to
increase due to LXe evaporation, and the LXe to retreat to
the PM vessel, until only GXe remains in the CPS. Subse-
quently, the isolation valves can be closed and the CPS insu-
lation vessel can be opened without substantial heat input to
the PM, and modification or replacement of the filter ves-
sel can be performed without disrupting the PM operation.
Closure of the isolation valves also allows operation in “PM-
only” mode, with all the xenon confined to the PM, to test
the impact of getter purification, oxygen injection, and the
evolution of natural oxygen sources.

2.3 Oxygen injector

An apparatus was designed to inject O2 into the xenon from a
gas bottle at a fixed, known rate. The apparatus consists of a
“reservoir volume” containing an O2-GXe mixture separated
from the GXe-purification loop by a permeable silicone rub-
ber membrane with 9 mm diameter and 1.6 mm thickness.
It can be isolated from or included in the GXe-purification
loop after the GXe is purified by the getter (see Fig. 2). As
purified GXe flows past the membrane, O2 migrates from the
reservoir volume at a rate linear in the difference of O2 partial
pressures on either side, entering the returning gas before it is
re-condensed in the heat exchanger. The permeability of the
membrane was calibrated by filling the reservoir volume with
an equal (1.8 bar) pressure of GXe to purification loop side
without any flow, then adding 900 mbar of O2 to the reservoir
volume, and monitoring the decrease in reservoir pressure
over three days. Fitting a linear trend to the decrease gave
an O2 permeation rate (per unit partial pressure in the reser-

voir volume) of 3.082 ± 0.023 × 10−11g s−1mbar−1. This
measurement matched well with a coarser estimate using a
residual gas analyzer to monitor the O2 peak in the purifi-
cation loop volume under vacuum, with a nitrogen-oxygen
mixture in the reservoir volume.

3 Oxygen transport model

The PM measures only the average O2 concentration along
the drift of the electron cloud, but the concentration at other
locations in the system is in general not known. Neglecting
the small volumes of LXe-carrying tubes along the flow path,
the O2 can migrate between five known volumes: LXe in the
PM, GXe in the PM, LXe in the liquid pump and its surround-
ing buffer, GXe above the pump buffer liquid, and GXe in
the pump casing itself. Each of these volumes can have a dif-
ferent O2 desorption rate, with a different time-dependence,
and can exchange O2 with one another. In order to understand
these many correlated, unknown rates, we utilize a modeling
scheme with coupled differential equations for the various
volumes, where parameters are fixed by data from opera-
tions in various simplified flow configurations. This section
develops the model, starting from a generic case and then
applying it to the specific case of PM electron lifetimes in
PM-only mode. This validates its basic features and fixes a
nuisance parameter related to O2 equilibration. A model of
interphase O2 exchange is then introduced, and the pieces
are put together to build the full model of O2 transport in
Xeclipse. We then describe the methods employed to disen-
tangle the various nuisance parameters so that the model can
be matched to the PM data and infer the filtration efficiency
of the materials studied.

3.1 Generic model

In general, the rate of change in the number of impurities in
the LXe equals the rate they enter due to all sources present
minus the rate they are removed by purification. For a generic
system with LXe continuously purified at a mass-flow rate ṁ
by a method with efficiency ε, and with new O2 introduced at
a rate Λ (in moles per unit time, sometimes expressed inµg/d
for easy comparison with desorption rates in DM detectors),
the mole fraction x of O2 in the LXe is described by

n
dx

dt
= Λ − nε f

τC
x, (4)

where n is the amount of LXe in moles, τC is the time to
circulate the full mass of LXe m, given by τC = m/ṁ, and f
is a coefficient relating to how rapidly the purity equilibrates
throughout the LXe (a value f = 1 means that the impuri-
ties are homogeneously distributed and equilibrate instantly
across the volume when x changes).

123



Eur. Phys. J. C (2022) 82 :860 Page 7 of 13 860

Fig. 4 PM data from test of
traditional evaporated-LXe
purification at different mass
flows. The data are compared to
a model in which impurities are
exchanged with a surface in the
LXe (Eq. 8), with the surface
concentration shown in purple

When x(t = 0) is high, the second term on the right hand
side of Eq. (4) dominates, giving x(t) ≈ x(0) · e−t/τC (for
f = ε = 1). After some time t � τC, however, the rate of
O2 removal becomes comparable to the sources of new O2

and x becomes flat at

x(t � τC) = τCΛ

ε f n
= ΛMXe

ε f ṁ
. (5)

Often, Λ is not constant, but can be well described by the
time-dependence

Λ(t) = Λ(0)

1 + t/T1/2
, (6)

with “half-life” T1/2 � τC.2 Then, expansion to first order
in T1/2/τC gives

x(t � τC) ≈ Λ0MXe

ε f ṁ

(

1 − t

T1/2

)

. (7)

The usual sources of O2, such as desorption from detec-
tor materials, have a complex dependence on time and tem-
perature [32]. At LXe temperature, the slow decrease in Λ

during purification can in most cases be modeled as Eq. (6),
sometimes requiring a small quadratic correction term. Thus,
the typical trend of measured O2 concentration is an initial
exponential decay with time-constant τC, followed by a lin-
ear trend defined by the reduction of O2 sources with time.
When we inject O2 at a fixed rate large enough to disregard
other sources, the time-dependence is removed and we are
left with Eq. (5), where Λ ≈ ΛI, the O2 injection rate.

The basic features of this generic model were tested using
Xeclipse in “PM-only” mode, with all of the liquid contained
in the PM and the isolation valves closed. The liquid is con-
tinuously purified through the getter (ε = 1 [33]) via the HE

2 Note that this corresponds to the t−1 time dependence that is often
observed for desorption from real surfaces (e.g. [32, p. 66]).

at several mass flow rates, with no O2 injection. Each itera-
tion was begun from an initial electron lifetime near the PM
measurement threshold (40µs) and lasted until an asymp-
totic trend with a small, linear time-dependence (Eq. 6) was
reached. Then, the getter was bypassed in the purification
loop to bring the purity quickly back to the initial low value,
and the next iteration was begun at a different flow speed. An
iteration at 30 SLPM was repeated after each alternate flow
rate to observe the time-dependence of Λ directly. The result-
ing Λ(t) calculated from the 30 SLPM iterations, however,
cannot be straightforwardly interpolated, as it was found to
depend on the purity levels during the intervening iterations.
Periods of low purity in the liquid have the effect of car-
rying Λ back to an earlier, higher value. This makes sense
if, for example, Λ is due to a submerged surface which can
exchange O2 with the LXe such that

dx

dt
= CS

βτD,S→L
− x

τD,L→S
− f x

τC
;

dCS

dt
= βx

τD,L→S
− CS

τD,S→L
,

(8)

where CS is the concentration on the surface, τD,L→S and
τD,S→L are the diffusive exchange time-scales from the liq-
uid to surface, and surface to liquid, respectively, and β is a
coefficient with dimensions that relate the surface and volu-
metric O2 concentrations. Thus, the time-dependence of the
rate of O2 entering the LXe comes from the depletion and
accretion of impurities on this surface via exchange with the
liquid. Figure 4 overlays this model and the electron life-
time data. As the getter is bypassed at the end of each itera-
tion and x is restored to a higher value, CS is consequently
replenished, but is then reduced to a level which depends on
the purification speed of the following iteration. The success
of the model in describing the overall behavior of the time-
dependence of the electron lifetime verifies the dependence
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Fig. 5 Model (blue) of PM O2
mole fraction (gray) in PM-only
mode, before and after stopping
circulation through the getter
(dashed gray vertical line). The
data after the change constrains
the O2 source magnitude Λ, and
the prior data then constrains f .
The dependence of the dynamics
on the two systematics is shown
in the initial “bulk cleaning”
(exponential) phase, the
asymptotic “equilibrium” phase,
and the final (linear) period

on ṁ, a basic feature that can be used to describe the initial
exponential behavior and asymptotic purity of any system
with a fixed purification mass flow.

A measurement in PM-only mode with and without getter
purification is used to determine the value of f . Purification
of the LXe through the getter at 33 SLPM was started from an
initial purity below the PM measurement range (τe < 40µs)
and continued until the electron lifetime began to flatten.
Then, the flow through the getter was stopped, and the elec-
tron lifetime was allowed to decrease again due to intrinsic
O2 sources. The resulting data is shown in Fig. 5 overlayed
with the model of Eq. (4). Here, since the PM contained
45.0 kg of LXe, τC = 3.8 h and n = 343.2 mol. The late-
time data without purification constrains Λ, in this case to a
constant value of 3.4 × 10−7 mol/d = 10µg/d, which, when
simultaneously considering the earlier trend during purifica-
tion, leads to an estimate of f = 0.937. Physically, a value
f > 1 would indicate that LXe for purification is drawn from
a region of higher than average O2 concentration (e.g. near
an O2-desorbing surface). The observed value is consistent
with nearly homogeneous distribution of impurities through-
out the LXe, and relatively rapid mixing of new impurities.
Since natural convection driven by the total heat transfer from
the vertical steel wall induces much higher fluid velocities in
the PM than either getter or liquid purification [34], the impu-
rity mixing coefficient f is taken to be due to convection, and
thus constant with respect to circulation speed. We therefore
use this value in the full model in Sect. 3.3 as well. Further-
more, we assume that the homogeneity and mixing rate of
impurities in the pump buffer LXe volume is at least as good
as in the PM, as it is a smaller volume with a higher heat
input per unit surface area. This would translate to a value
closer to unity. Since this pump buffer mixing coefficient is
< 10% different from the f measured here, cannot itself be
easily measured, and is degenerate with several other model

parameters, we use the same value f = 0.937 in the pump
buffer as well.

3.2 O2 exchange at the liquid–gas interface

When the LXe is purified but the GXe above it is not, equi-
librium is disturbed such that O2 will migrate from the GXe
to the LXe, constituting one of the sources of O2 included in
Λ in the above cases. In the CPS pump buffer, however, the
GXe volume is continuously purified to mitigate the afore-
mentioned introduction of impurities at the LXe pump. Thus,
the mole fraction of O2 in the pump buffer GXe is much less
than the LXe due to the smaller mass, resulting in a net pos-
itive O2 exchange from the liquid to the gas volume, which
must be considered in the model of LXe purity. Here, a model
based on free convection is developed to describe interphase
transport of O2 in xenon. The model is validated using the
PM in PM-only mode with continuous purification of the
PM GXe. Then, we apply the model to the CPS pump buffer
to account for interphase transport in our evaluation of filter
efficiencies.

For a given mole fraction of O2 in LXe x , the equilibrium
mole fraction of O2 in the GXe above xG,eq for which net
zero O2 transfer takes place at the liquid surface is given by
the Henry’s law volatility constant:

KH = xG,eq

x
, (9)

which is calculated to be 62.5 for O2 in xenon using the
method described in [35].

Using a boundary layer approach [34], we assume the
concentration CBL (in moles per unit volume) in the bound-
ary layer just above the liquid surface to be in Henry’s-Law
equilibrium with the liquid so that

CBL = ρG

MXe
xG = ρG

MXe
KH x . (10)
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The total transport rate of O2 driven by the difference in
concentrations between this boundary layer and the concen-
tration higher in the gas mixture CG is then given by

ṅO2 = hA(CBL − CG) ≈ hAKH
ρG

MXe
x, (11)

where A is the area of the liquid surface and h is the convec-
tion mass transfer coefficient (discussed below) [34]. Here it
is assumed that the O2 concentration in the bulk of the GXe
is much lower than near the surface (CG � CBL) due to the
rapid purification of the GXe volume. The rate of change of
x due to interphase transport ẋS is given by dividing Eq. (11)
by the amount of LXe, giving

ẋS = hA

V
KH

ρG

ρL
x = hA

2.44V
x = x

τS
, (12)

where we define the characteristic time of the mass trans-
fer process at the liquid surface τS ≡ V

hA · KH
ρL/ρG

, with the

substitution ρL/ρG
KH

= 2.44 for saturated xenon at 2 bar(a),3

applicable in both the PM and pump buffer.
The coefficient h is determined from the dimensionless

Sherwood number Sh = h
D/L , where D is the mass diffusiv-

ity of O2 in the GXe, calculated to be 5.8 × 10−6m2/s, and
L is the “characteristic length” of the convection surface. For
the problem of free convection from a horizontal plane where
the gas above the plane contains a lower concentration of the
species in question, L is given by the area of the plane divided
by its perimeter [34]. The Sherwood number depends on the
dimensionless Rayleigh number Ra, which can be calculated
from the thermodynamic properties of the system. The corre-
lation function Sh(Ra) has been evaluated using a variety of
experimental and numerical methods under conditions sim-
ilar to those in Xeclipse [36–40]. We use Sh = 0.54 Ra1/4

from [36].
Ra is a product of the Schmidt number Sc and the Grashof

number for mass transfer Grc. The Schmidt number is the
ratio of the kinematic viscosity of the GXe (viscosity per
unit density), calculated to be 7.82 × 10−7cm2/s, to the mass
diffusivity of O2, thus Sc = 0.0616. The Grashof number
for mass transfer is given by (following the assumptions of
Eq. (11))

Grc = gβ∗(CBL − CG)L3

ν2 ≈ gβ∗L3

ν2 KH
ρG

MXe
x, (13)

where g is the gravitational acceleration, and β∗ =
−(1/ρG)(∂ρG/∂CO2) is the “specific densification coeffi-
cient” evaluated at the surface, calculated using the CoolProp
package (saturated xenon with τe = I1 ms and 2bar(a), con-
stant over the range of O2 concentrations measured.) [41].

3 The LXe in the pump buffer is slightly sub-cooled but the change in
density is negligible.

To test this model, the interphase O2 exchange in the PM
was measured in PM-only mode and compared to the model’s
prediction. The rate of increase of impurities in the LXe with
no circulation was subtracted from the rate while purifying
the GXe volume above it. The difference in these two rates
is equal to the rate of O2 migrating from the LXe to the GXe
in the latter case, which was found to be 4.2µg/d.

To make a prediction using the model, we insert the O2

concentration at the time of this measurement into Eq. (13)
to get Grc. This, along with L = 36.5 mm for the PM liquid
surface yields Sh = 0.46 and h = 1.61 × 10−4 m/s, result-
ing in a predicted O2 mass flow of 2.6µg/d (using Eq. (11)).
This correspondence within a factor of 2 between the pre-
dicted and observed rates is smaller than the variance between
Sherwood numbers in the literature.

3.3 Full transport model

Putting together these characterizations of circulation speed,
impurity sources, and liquid–gas O2 exchange, we can now
construct a full model of O2 transport in Xeclipse in order
to extract the efficiency of the tested filters. The flow con-
figuration includes the circulation of liquid between the PM
and CPS, with simultaneous continuous injection of O2 via
the GXe in the PM, and continuous purification of the pump
buffer GXe volume through the getter. Utilizing the elements
of the generic model in Eq. (4), this system can be described
by

n
dx

dt
= n

f

τC

[
(1 − ε)xP − x

] + ΛI (PM),

nP
dxP

dt
= n

f

τC
(x − xP) − nP

xP

τS
+ ΛP(CPS pump buffer).

(14)

Here, x and xP are the O2 mole fractions in the PM LXe
(measured) and the pump buffer LXe (not measured), respec-
tively. The amounts of LXe in the PM n, and in the pump
buffer nP are known from the two levelmeters. The O2 injec-
tion rate ΛI is known from the pressure in the O2 injector
reservoir volume (Sect. 2.3) and the recirculation time τC is
measured. The coefficient f = 0.937 (Fig. 5) is used in both
equations. The remaining unknown values are τS, the sum
of unknown O2 sources entering the pump buffer LXe ΛP

(generally time-dependent), and the efficiency of the filter ε.
The steady-state measured mole fraction x(t � τC) can be
derived (setting dx

dt = dxP
dt = 0) as

x(t � τC) = τC

f n

[

ΛI + ξ(1 − ε)

1 + ξε
(ΛP + ΛI)

]

, (15)

where ξ = f τS
τC

determines the O2 removal at the pump buffer
liquid surface. For ε = 1 (perfectly efficient filtration) or
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Fig. 6 Injection procedure
performed with an empty tube
substituted for the O2 filter, in
order to measure the rate of
interphase transport in the LXe
pump buffer. The colored
regions indicate the three
continuous injections. The
decrease in PM O2 mole fraction
x during each period is mainly
due to the reduction of the
dominant O2 source in the pump
buffer volume ΛP throughout
the period shown, though the
depletion of O2 in the finite
injector reservoir volume also
plays a significant role during
the “Injection 3” period. The
LXe flow in the circuit was
0.32L/min for the full period

τS � τC (extremely efficient removal via the GXe), the coef-
ficient multiplying (ΛP + ΛI) in Eq. (15) goes to zero, and
we are left with the equilibrium purity of Eq. (5).

A measurement procedure was developed to decouple the
pump buffer O2 source ΛP from the filter efficiency ε and the
timescale of interphase transport in the pump buffer τS. The
LXe pump is started from a low purity near the measurement
threshold of the PM, with purification of both GXe and evap-
orated LXe through the getter running in parallel. When an
approximately constant purity is reached, an O2 injection is
begun by pressurizing the reservoir volume of the O2 injec-
tor. The O2 partial pressure is then increased several times,
waiting each time until a new equilibrium is reached. Thus,
several increasing values of x(t � τC) in Eq. (15) are mea-
sured for known values of ΛI, producing a line whose slope
is independent of ΛP.

In reality, ΛP is time-dependent, complicating this rela-
tionship. We thus solve the differential equations in Eq. (14)
numerically, assuming a decreasing ΛP as in Eq. (6), with a
small quadratic correction, such that the source reduces by
half in about 0.5−1.0 d. The procedure still performs well
at decoupling ΛP from the degenerate parameters, since this
time-scale is much longer than τC and τS (both < 1 h).

The timescale of interphase transport in the pump buffer
was measured by replacing the filter vessel with an empty
stainless steel tube and performing the above procedure. This
is equivalent to setting ε = 0 in Eq. (15), giving

x(t � τC) = τC

f n

[

ΛI + ξ(ΛI + ΛP)

]

. (16)

The measured electron lifetime trend cannot be modeled
without including the liquid–gas exchange of O2. Eq. (16) is
used to model the measured electron lifetimes, with a time-

dependence for ΛP as in Eq. (6). The result is shown in Fig. 6,
with h = 8.3 × 10−5 m/s and τS = 0.42h.

This value is compared with the theoretical prediction
using the procedure of Sect. 3.2, yielding values h =
1.49 × 10−4 m/s and τS = 0.55h, demonstrating that inter-
phase transport can explain the observed O2 removal. The
value τS = 0.42h is used for all subsequent runs to evaluate
ε.

4 Measurements of filtration efficiency

With τS now fixed, the procedure above can be carried out to
disentangle the remaining systematic ΛP from our parameter
of interest ε. The filter is installed, and circulation with the
LXe pump proceeds until an equilibrium purity is reached.
Then, injections at several fixed values of ΛI are performed,
and the new equilibrium is measured. A time-dependent
model is used to evaluate ε and ΛP(t). During each of these
tests, PM LXe evaporated through the heat exchanger is com-
bined with GXe extracted from the CPS pump buffer and
circulated through the getter in parallel. The effect of the
traditional evaporated-LXe purification is fully fixed by the
measured GXe flow and f . It also plays a very minor role
in the dynamics compared to the far more efficient cryo-
genic purification, and thus is omitted from the equations of
Sect. 3.3 for simplicity.

4.1 Copper-impregnated spheres (Engelhard Q5)

The procedure described in Sect. 3.3 was carried out for a
filter vessel composed of a stainless steel tube with 10.2 mm
inner diameter and 238 mm length, filled with 18 g of Q5 con-
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Fig. 7 Model (blue) of PM O2
mole fraction x (gray) during the
injection sequence performed
with copper-impregnated
spheres in the O2 filter vessel.
The colored regions indicate the
different injection rates. The
time dependence of the O2
source ΛP is constrained by the
equilibrium mole fractions
before and after the injection
sequence. The efficiency ε used
is 0.92

Fig. 8 Model (blue) of PM O2
mole fraction x (gray) during
the injection sequence
performed with non-evaporable
getter pills in the O2 filter
vessel. The colored regions
indicate the different injection
rates. The time dependence of
the O2 source ΛP is fixed by the
equilibrium mole fractions
before and after the injection
sequence. The efficiency used is
0.66

tained between two 1/2 inch VCR snubber gaskets. Begin-
ning from a purity near the measurement threshold of the
PM, the LXe pump is run until the electron lifetime begins
to plateau. Then, O2 is continuously injected at several fixed,
known rates (shown in Fig. 7) to evaluate the filter efficiency
ε in Eq. (14). Here x(t), n, nP, τC, and ΛI are measured; f
and τS are fixed at 0.937 and 0.42 h respectively using the
measurements described in Sect. 3, and ΛP and ε are esti-
mated by matching the data. The resulting model is shown in
Fig. 7. The rate of O2 removal due to the purification of the
pump buffer gas volume is fixed using h = 2.7 × 10−4 m/s
from the filter-less run. A t−1 time-dependence is used to
model the O2 introduction from the LXe pump, with a half-
life decreasing from 0.35 d to 0.83 d. The value found for
the Q5 filter efficiency ε is 0.92. Thus, at the liquid flow of
0.15L/min used in this test, the O2 concentration in the xenon
exiting the filter was 8% of the concentration at the inlet.

4.2 Non-evaporable getter

The same procedure was performed using a custom filter ves-
sel from API [42]. The valved stainless steel vessel contains
300 g of NEG pills (4 mm diameter x 3 mm thickness, 0.196 g
per pill) and is equipped with sintered discs at the inlet and
outlet. This material is comparable to SAES St 707™, the
alloy used inside SAES high-temperature gas purifiers [43].
The resulting model is shown in Fig. 8. The interphase trans-
port rate in the pump buffer is again fixed at τS = 0.42 h. A
decreasing time-dependence (Eq. 6) is used to model the O2

introduction from the LXe pump, with half-life increasing
from 0.25 d to 0.55 d over the five day range. The value used
for the NEG filter efficiency ε is 0.66. Thus, at the liquid
flow of 0.2L/min used in this test, the O2 concentration in
the xenon exiting the filter was 34% of the concentration at
the inlet (Table 1).
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Table 1 Table of key parameters evaluated in the Xeclipse system:
the coefficient of purity equilibration f , the convection mass transfer
coefficient h, and the efficiency of O2 removal ε for the two filters,
filled with copper-impregnated spheres (CIS) and non-evaporable getter
(NEG) pills

Parameter name Value

f 0.937

h 8.3 × 10−5 m/s

ε (CIS) 0.92

ε (NEG) 0.66

4.3 Discussion

Both filter media demonstrated a significant removal rate
of O2 from the LXe stream at the flow tested. Injection
rates as high as 260µg/d were successfully compensated by
filtration, implying the viability of these filters for purifi-
cation of multi-tonne LXeTPCs, with expected desorption
rates O(10−100µg/d). In both cases, the filter efficiency ε

was found to be inconsistent with unity, meaning that the
O2 concentration at the filter outlet was not zero. Thus, a
higher filter mass or reduced LXe flow would improve ε,
since both equivalently increase the contact time for the
sorption reaction to take place. When varying the rotation
frequency of the LXe pump, the pump has a much higher
tendency to become gas-bound, so no systematic modula-
tion of flow speed was permitted, but tests confirmed that the
filtration efficiency decreases with increasing flow between
0.1−0.2 L/min. Therefore, at the ≈ 2 L/min LXe flow speed
required for multi-tonne experiments, maintaining similar fil-
tration efficiency likely requires an increase in the filter mass
by a similar factor. For the copper-impregnated spheres, this
would likely amount to a 222Rn emanation rate too large
for the experimental goals of XENONnT [5], though the
efficiency would again be close to unity. The NEG, how-
ever, falls easily within the radiopurity requirements of the
experiment, even with such an increase in filter mass. An
approach combining an initial copper-impregnated sphere fil-
tration followed by a change to NEG filtration is also viable,
since the high purification speed allowed with the former can
bring many tons of LXe to a high purity in a short time, and
the resulting 222Rn would decay away after the switch.

The copper-impregnated spheres were successfully regen-
erated before use, and the NEG filter was successfully reac-
tivated by heating and pumping. Both filters tested success-
fully captured O(1−10 mg) without showing any decrease
in efficiency, further confirming their viability for long-term
operation of multi-tonne LXeTPCs without requiring fre-
quent reactivation.

5 Conclusion

We have designed and tested filters that can efficiently purify
LXe to the level of O(10 ppt), and which can be adapted
for application to multi-tonne LXeTPCs while maintaining
the extremely stringent radiopurity required for dark mat-
ter direct detection. The two filter media tested, copper-
impregnated spheres and NEG pills, both captured elec-
tronegative impurities at the rate required to offset sources of
O2 in such detectors, and could be successfully regenerated
for long-term use.
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