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Thermodynamic stability of xenon-doped liquid argon detectors
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Liquid argon detectors are employed in a wide variety of nuclear and particle physics experiments. The
addition of small quantities of xenon to argon modifies its scintillation, ionization, and electroluminescence
properties and can improve its performance as a detection medium. However, a liquid argon-xenon mixture can
develop instabilities, especially in systems that require phase transitions or that utilize high xenon concentrations.
In this work, we analyze the causes of these instabilities and describe a small (liter-scale) apparatus with a unique
cryogenic circuit specifically designed to handle argon-xenon mixtures. The system is capable of condensing
argon gas mixed with O(1%) xenon by volume and maintains a stable liquid mixture near the xenon saturation
limit while actively circulating it in the gas phase. We also demonstrate control over instabilities that develop
when the detector condition is allowed to deviate from optimized settings. This progress enables future liquid
argon detectors to benefit from the effects of high concentrations of xenon doping, such as more efficient
detection of low-energy ionization signals. This work also develops tools to study and mitigate instabilities
in large argon detectors that use low concentration xenon doping.
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I. INTRODUCTION

Liquid argon plays a critical role in a wide variety of nu-
clear and particle physics experiments, including detectors for
hadron colliders [1], neutrinos [2], neutrinoless double beta
decay [3], and dark matter [4,5]. Liquid argon detectors can
be scaled to large size [6,7] and can be made both chemically
and radioactively pure [8,9]. Detectors using liquid argon as
the target medium can sense both scintillation light and ion-
ization electrons. The detection of liquid argon scintillation is
usually achieved indirectly by converting 128 nm UV light to
visible wavelengths by use of fast fluorescent coatings such
as 1,1,4,4-tetraphenyl-1,3-butadiene (TPB) [10]. This light
is then sensed by photomultiplier tubes (PMTs) or silicon
photomultipliers (SiPMs). Charge signals can be collected by
drifting the ionization electrons in single-phase argon time
projection chambers (TPCs) through crossed wire planes or,
in some newer schemes, to arrays of small individually instru-
mented anodes [11]. Dual-phase TPCs can be made sensitive
to low-energy ionization signals by drifting electrons to the
liquid argon surface, extracting them, and amplifying the sig-
nal when the electrons drift through a short (≈ 1 cm) gas
gap toward an anode wire or plane. With gain fields of a few
kV/cm, O(100) photons can be produced for each electron
transiting the gap and individual extracted electrons can be
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resolved [4]. This low-energy sensitivity, in combination with
the recent observation of coherent neutrino nucleus scattering
(CEνNS) in liquid argon [12], opens a new set of applications
for liquid argon detectors optimized for small signals. These
include measuring nonstandard neutrino interactions [13–15],
core-collapse supernova neutrinos [16], CNO solar neutrinos
[17], and nonintrusive monitoring of nuclear reactor fuel cy-
cles [18,19].

The effects of doping argon with small (< 1000 ppm1)
concentrations of xenon have been explored by several teams
over the last decade. Although argon with very low (typically
incidental) xenon concentrations can absorb the 128 nm Ar2

emission wavelength without reemission [20,21], carefully
controlled xenon doping in liquid argon has been demon-
strated to improve the detection of primary scintillation light.
The most pronounced effect is the transfer of energy from
argon excitations to ArXe and Xe2 dimers, which release light
at 147 and 174 nm wavelengths upon dissociation. The en-
ergy transfer is efficient for Xe concentrations above 10 ppm
[22,23], and the 174 nm wavelength becomes predominant.
The immediate benefit of the energy transfer to 174 nm is
its compatibility with quartz-windowed sensing optics, es-
pecially PMTs, and with common UV reflectors such as
polytetrafluoroethylene (PTFE). Large detectors also benefit
from the shift of scintillation light to longer wavelengths due

1Concentrations in this paper are given in mole/mole.
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to the correspondingly longer Rayleigh scattering length in
liquid argon [24,25], although xenon increases scattering of
photons at the unshifted argon dimer emission wavelength
[26,27]. Furthermore, the addition of xenon reduces liquid
argon’s sensitivity to scintillation quenching by impurities
such as N2 because xenon competes with these impurities in
reacting with the long-lived Ar2 triplet and usually releases
the acquired energy through photon emission [28–30]. It was
reported that xenon doping above 100 ppm increases the light
yield of liquid argon at zero electric field by about a factor
of 20–30%, but the precise relationship between doping level
and total photon yield is still being actively studied [31–33].

Xenon doping also alters the time profile of liquid ar-
gon scintillation. The time structure of pure liquid argon
scintillation light contains fast (≈6 ns) and slow (≈1.6 µs)
components that correspond to the decays of singlet and triplet
states of the Ar2 dimer, respectively [34]. The presence of
xenon adds several new pathways for energy transfer that
produce ArXe and Xe2 dimers [31,35], both by reacting with
Ar2 dimers before they decay and by reacting with their ex-
cited atomic argon precursors [31,35,36]. This alters the time
structure of the scintillation light in addition to channeling
energy toward the longer wavelengths. Adding xenon speeds
the emission of scintillation light at all concentrations [37].
The sharper signal allows for reduced waveform acquisition
times and reduces the chance of pileup or accidental coinci-
dence, allowing for new applications as an inexpensive fast
scintillator [38–40].

These benefits have led to the consideration of light xenon
doping by the LEGEND experiment [41], the Scintillating
Bubble Chamber project [42], and large liquid argon TPC neu-
trino experiments including protoDUNE [43,44]. On the other
hand, the relative quantities of the singlet and triplet states in
pure liquid argon depend strongly on the initial ionization den-
sity at the location of the deposited energy and consequently
enable the identification of the initial interacting particle type
[45]. The effect of xenon doping on the ability to discrimi-
nate between electronic and nuclear recoils through the time
structure of primary scintillation light is being debated, with
reports of both beneficial and detrimental effects [46,47].

Xenon doping above 1000 ppm offers additional benefits
to ionization signal detection. First, the presence of xenon in
liquid argon leads to an increase (10–15%) in charge yield
that is attributed to the Penning ionization of xenon by Ar2

dimers [18,33,48]. Second, percent-level xenon doping in liq-
uid argon is expected to concomitantly dope the gas phase of a
dual-phase argon detector with tens-of-ppm xenon. This may
increase the electroluminescence photon yield per extracted
electron. In these detectors, electroluminescence is produced
by the inelastic collision of gas phase argon atoms with elec-
trons moving towards the anode after they are extracted from
the liquid surface under high field. When xenon is present in
the gas, due to its lower excitation energy relative to that of ar-
gon, electrons will transfer energy to it disproportionately and
produce more primary excitation. Finally, significant xenon
presence in the gas can substantially improve the efficiency of
detecting electroluminescent ionization signals in dual-phase
TPCs. The addition of xenon in the gas phase modifies the
chemical reactions following excitation formation and leads

to wavelength shifting in a way closely analogous to the
processes in the liquid [48]. Although the electroluminescent
benefits of xenon doping in a dual-phase argon TPC have
yet to be demonstrated, a few similar experiments allow pre-
diction of the behavior. A proportional chamber operated at
room temperature and atmospheric pressure found that doping
argon with 77 ppm xenon was sufficient to transfer most of the
energy from the 128 nm peak to a 147 nm peak attributed to
ArXe [49]. Doping to 1013 ppm resulted in transfer of most
of the energy to a broad dominant peak at 171 nm, attributed
to Xe2. Another experiment exposed a range of mixtures at
pressures varying from 400 to 1400 mbar at room temperature
to a beam of 640 MeV argon ions [50]. The resulting light is
very similar to that of the proportional counter and a doping of
30 ppm was sufficient to replace the majority of the 128 nm
emission with longer wavelengths. The spectra of gas phase
doped mixtures at room temperature and atmospheric pressure
differ from those of liquid phase mixtures in that there is
a substantial xenon concentration range around 50 ppm in
which the predominant light emission is from the ArXe dimer.
Conversely, in doped liquid this line is quenched by further
transfer of energy to the Xe2 dimer at similar doping ratios
[23]. Although the lifetime of the ArXe dimer has not been
measured, it is expected to be much shorter than that of Ar2

(≈3 µs in the gas phase), and this will improve the detection
of low-energy ionization signals and separating events.

Therefore, a heavily doped dual-phase argon detector that
efficiently detects wavelengths of 147 nm and longer with vac-
uum ultraviolet (VUV) SiPM sensors [51] can operate without
wavelength shifting coatings and achieve improved timing
and position performance for low-energy ionization signals.
Compared to dual-phase xenon TPCs, an argon detector can
have lower background electron emission rates due to the
suppressed impurity outgassing at a lower temperature and
the higher efficiency of extracting electrons from liquid into
the gas. Such an argon detector would be especially advanta-
geous for detecting interactions with low mass particles such
as neutrinos and light dark matter due to their stronger kine-
matic coupling to argon than to heavier targets. The concept
of using heavily xenon-doped liquid argon as a target for
neutrinoless double beta decay searches was also proposed
recently [52].

Xenon doping technology needs to be systematically
developed to realize the benefits of xenon-doped argon. Re-
searchers have reported unwanted xenon clustering [27] and
freezing [47,53] of mixtures but to date no deliberate investi-
gation of the thermodynamic stability of xenon-doped argon
mixtures suitable for detector systems has been reported. In
this paper, we discuss the different instability modes in Sec. II
and explain how the apparatus used in this work mitigates
these at percent-level xenon concentrations in Sec. III. Sec-
tion IV demonstrates the performance of this system and
confirms effectiveness of the mitigation strategies. Section V
concludes this work.

II. INSTABILITY OF ARGON-XENON MIXTURES

Xenon dissolves efficiently in liquid argon up to a sol-
ubility limit of 4–8% that increases with temperature [54].
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FIG. 1. Conceptual illustrations of the distillation instabilities in
xenon-doped liquid argon. Left: The evaporation of a liquid argon-
xenon mixture produces vapor with reduced xenon concentration
and liquid with enhanced xenon concentration, which can lead to
formation of xenon crystals when the solubility limit is exceeded.
Right: Surface tension draws a thin film of liquid onto the detector
wall, isolating it from liquid bulk. Evaporation due to heat provided
by the wall concentrates xenon in the film and leads to xenon ice
formation.

However, instabilities can develop in mixtures with con-
centrations substantially below this limit [27,47], causing
inhomogeneous distribution of the xenon. In extreme cases,
xenon precipitates from the liquid and forms ice on the sur-
faces of solid detector components [47,53].

The origin of instabilities in xenon-doped argon lies in the
vastly different vapor pressures of xenon and argon at a given
temperature. In a low-pressure system at 1 bar, liquid argon
can only exist in a narrow temperature range of 83.8–87.2 K.
At these temperatures, pure xenon exists in the solid form
with a small vapor pressure of ≈25–40 ppm relative to argon.
When xenon is dissolved in liquid argon at any concentration,
its vapor pressure above the liquid mixture is expected to be
no higher than that of the solid vapor pressure at the same
temperature. Consequently, the relative xenon mole fraction in
the vapor is greatly suppressed from that in the liquid. Details
of the xenon partial pressure are given in Appendix A 1.

The large disparity of xenon and argon vapor pressures
can cause subtle but serious problems for xenon-doped liquid
argon detectors. The first and most prominent problem relates
to how a typical liquid argon detector removes contaminants
from the liquid to maintain a high purity for its operation. This
is conventionally achieved by withdrawing liquid, evaporat-
ing it, purifying the resulting gas, condensing that gas, and
finally returning the liquid to the detector volume. A system
may evaporate and condense the argon on opposite sides of
a heat exchanger to reduce cooling requirements, and may
also use a counterflowing gas phase heat exchanger for further
efficiency. As illustrated in Fig. 1 (left), when xenon is present
in the liquid, the evaporated gas leaving the liquid surface will
contain a much lower concentration of xenon than that in the
liquid due to the low vapor pressure of xenon. As this process
continues, xenon becomes concentrated near the evaporating
surface while the extracted gas to be purified and recondensed
is nearly depleted of xenon. This scenario is analogous to a

single stage of distillation. When the xenon concentration at
the evaporation surface exceeds the solubility limit ice will
form and accumulate.

The second mode of instability in liquid argon-xenon mix-
tures is analogous to the first one but more subtle. Even in a
xenon-doped liquid argon detector that does not deliberately
evaporate liquid, unintentional evaporation at liquid surfaces
may still occur. As shown in Fig. 1 (right), detector com-
ponents that contact the liquid surface, such as the vessel
containing the liquid and electrical cables, can transfer heat to
the liquid, as can submerged electronics. Such heat will result
in an unintended evaporation of the liquid and enrich xenon
in the vicinity of the surface of evaporation. If this highly
concentrated liquid cannot mix with the unsaturated liquid
bulk it may eventually lead to xenon precipitation near these
evaporation locations and xenon depletion from the main liq-
uid volume. This effect is augmented by the surface tension
of the liquid, which can transfer a small amount of liquid
away from the bulk while increasing the contact surface with
heating sources.

A third source of instability in an argon-xenon mixture
is the introduction of xenon-rich gas into the liquid argon
volume. A typical liquid argon cryogenic system condenses
warm gas by exposing it to a cold surface; after the gas con-
denses it flows down to the detector volume by gravity. Given
the low vapor pressure of xenon at liquid argon temperature,
such a condensation scheme can only function properly if the
argon gas contains no more than tens of ppm of xenon. When
the xenon concentration exceeds the saturation vapor pressure
excess xenon will solidify on the cold surface encountered by
the gas before it reaches the liquid [47]. This phenomenon
limits the rate of xenon introduction into a liquid argon sys-
tem, which is especially constraining in systems that require
a relatively large quantity of xenon either because of a large
overall volume or a high intended doping concentration.

III. EXPERIMENTAL SETUP

The experiments were carried out using the CHILLAX
(CoHerent Ionization Limit in Liquid Argon and Xenon) test
stand, which was specifically designed to address the chal-
lenges of high-concentration xenon doping in liquid argon and
to study its benefits for both scintillation and ionization signal
detection. The test stand features a unique cryogenic system
that enables efficient condensation of xenon-rich argon at the
percent level and stabilizes the liquid argon-xenon mixture
under a range of operating conditions. The system is also
equipped with diagnostic tools to monitor the xenon concen-
trations in the liquid and in the gas and the accumulation of
xenon ice at different parts of the cryogenic system.

A. Cryogenic system

The liquid mixture is held in a 4.5 inch diameter stainless
steel can with a 6.75 inch ConFlat® (CF) flange that inte-
grates electrical, gas, and optical ports. The detector flange is
supported by a room-temperature cryostat flange through a 1
inch diameter stainless steel tube that also serves as a pathway
for gas and cabling. The detector enclosure is wrapped with
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FIG. 2. A block diagram of the CHILLAX cryogenic argon han-
dling system with the heat exchanger (HX) shown on the left and
the detector on the right; the two volumes are connected both in the
liquid and gas phases. TSU and TSL indicate the upper and lower
thermosiphon evaporators, respectively; t1–t7 are thermometers and
h1–h4 are heaters. The capacitance meter, bubble router, liquid level
meter, and the liquid delivery line into the HX are also shown.

multilayer aluminized mylar film and situated inside a cus-
tomized vacuum cryostat to provide thermal insulation. The
cryogenic system is powered by a SHI CH104 cryocooler (≈
50 W at 85–95 K) that cools two independent thermosiphon
loops. The working fluids (argon is used in this experiment)
of the two thermosiphons are completely separate from the
detector volume containing the argon-xenon mixture. As il-
lustrated in Fig. 2, the upper thermosiphon loop (referred to
as the TSU), provides cold liquid argon to a copper evapora-
tor mounted on the detector flange where an electric heater
(h4) is attached to regulate the flange temperature. The lower
thermosiphon loop (TSL) cools a dual-phase heat exchanger
(HX) that is responsible for gas condensation and is installed
adjacent to the bottom of the detector volume. The TSL liq-
uid argon coolant flows to the inner section of the HX by
gravity and cools the outer annular volume of the HX, where
argon gas with or without xenon condenses. The tempera-
ture and pressure of the argon in the TSL are controlled by
heaters through a proportional-integral-derivative (PID) feed-
back loop.

Gas delivered to the bottom of the outer HX volume con-
denses in the annular volume; the liquid then flows into the
detector through a line connecting the bottoms of the two
volumes. The top of the outer HX volume is also connected
to the top of the detector to form a pressure interlock that

equalizes the head pressures and thus liquid levels of these
spaces. The detector pressure and the corresponding liquid
temperature are controlled primarily by the selection of the
temperature of the TSL liquid, with fine tuning achieved using
a second PID loop that regulates a heater (h3) mounted on
the bottom of the detector can. In steady-state operations, the
feedback loop is capable of limiting pressure variations to
within ±1 mbar of the set point with an average heating power
of ≈0.5 W delivered to the detector bottom. The system was
designed to operate at pressures up to 2.5 bar absolute; both
the xenon solubility and the xenon vapor pressure increase
with pressure, which provides benefits to highly doped sys-
tems and dual-phase operation.

To stabilize the liquid surface in the presence of heating
from the PID feedback and from radiation heat, the detector
is fitted with a bubble router that steers bubbles generated
at the bottom of the detector away from the liquid surface.
The router is shaped like an inverted cup with a gradual slope
on the underside to collect rising bubbles and release them
through a vertical tube ending above the liquid surface. A
thin (1 mm) upwardly sloped slot in the fitting connecting the
lower end of the venting tube to the bubble router provides a
liquid connection between the volumes above and below the
router without diverting rising bubbles from the tube.

The experimental setup is also equipped with an external
circulation loop that can purify the gas and add xenon to
the detector. A metal bellows compressor (Senior Bellows)
extracts gas from the top of the main detector bath through
the 1 inch support tube, pumps it through a hot zirconium
getter (SAES Monotorr), and returns the purified gas to the
outer HX volume to be recondensed. To add xenon to the
liquid argon, a user-specified flow rate of xenon is injected
into the circulation path where it mixes with the circulation
argon gas before being purified and condensed in the HX. To
avoid xenon condensing or freezing before it enters the HX, a
tube-mounted heater (h2 in Fig. 2) near the gas entrance to the
bottom of the HX warms the incoming gas stream to above the
xenon condensation point during xenon addition. After xenon
enters the HX, it condenses and mixes with the liquid argon.
A fine horizontal stainless steel wire screen is positioned in
the HX liquid to trap large bubbles of the injected xenon-rich
gas mixture, preventing them from rapidly rising through the
liquid argon inside the HX and condensing on the cold gas-
exposed surfaces of the TSL boundary. The rising introduced
gas and the thermal expansion of the liquid at the gas entrance
produce an upward moving convective flow that rapidly mixes
the liquid inside the HX annular space.

During steady-state circulation after xenon doping, the dis-
tillation effect retains the high concentration of xenon in the
detector liquid bath. Xenon uniformity in the main bath is pro-
vided by natural convection due to evaporative cooling at the
surface and modest heating at the bottom. The concentration
of xenon in the vapor phase is greatly reduced relative to that
of the liquid phase by the large Henry’s law constant H ≈ 700
(Appendix A 1). Consequently, the gas streams provided to the
HX through the circulation pump and the pressure interlock
contain very little xenon. The low concentration of xenon in
the HX liquid argon is maintained because the continuous
flow of liquid from the HX towards the detector prevents
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diffusion of xenon from the detector into the HX. The
transport of xenon by the liquid flow exceeds its transport
by diffusion by a factor (the Péclet number) of ≈4000 when
calculated for our slowest flow rates (300 SCCM, or cubic
centimeter per minute at STP) under the conservative assump-
tion that xenon diffuses no faster than argon [55]. The low
xenon concentration in the HX also serves to prevent the
formation of xenon ice on the TSL boundary surfaces, which
are the coldest xenon-exposed surfaces of the system, and any
ice that does form there during the doping phase is washed
over and dissolved by xenon-depleted argon.

B. Xenon concentration measurement in the liquid

Liquid argon has a dielectric constant of 1.504 at 1 atm
pressure on its vapor curve; the value for liquid xenon is
1.874 at the same condition [56]. Consequently, the dielectric
constant of a liquid argon-xenon mixture varies with the rel-
ative xenon concentration, and the capacitance between two
well-positioned electrodes can provide a measurement of the
xenon doping level [53]. We installed a custom parallel plate
capacitor 29 mm below the liquid level in the detector cryo-
stat (Fig. 2) to measure the xenon concentration within the
mixture [53]. We assume the capacitance to be linear with the
dielectric constant of the fluid between the electrodes and that
the dielectric constant is determined by the number densities
and polarizabilities of the argon and xenon atoms through
the Clausius-Mossotti relation. More details are given in
Appendix A 2. The calibration factor between capacitance and
xenon concentration was obtained from data acquired during
the doping process, which is elaborated on in Sec. IV A.

The capacitor assembly includes a pair (termed “active”
and “reference”) of parallel plate capacitors that share a com-
mon ground electrode. They are identical except that the space
between the electrodes of the active capacitor is open to the
liquid mixture, while this space in the reference capacitor
is displaced by PTFE, minimizing its sensitivity to xenon
doping. The components are closely matched to produce cor-
related systematic errors. The reported capacitance in this
work is always that of the active capacitor minus the refer-
ence capacitor. Differences between the active and reference
capacitors result in a constant shift in the reported capacitance
by an arbitrary value, making the position of zero capacitance
meaningless in Figs. 3, 4, and 9.

The capacitance is measured with a Texas Instruments
four-channel FDC1004 chip that supplies a 25 kHz voltage
stepped waveform to the (active or reference) sense electrodes
and measures the corresponding charge transfer. The chip is
connected to the electrodes through RG178 coaxial cables
that connect through floating-shield coaxial feedthroughs. The
outer conductors of the cables are driven by an active shield
signal supplied by the chip that excludes the cable capacitance
from the measurement. This method achieved a capacitance
sensitivity of <1 fF after averaging, which corresponds to a
xenon concentration in liquid argon of 0.05%.

C. Monitoring instrumentation

The CHILLAX system is also equipped with a camera to
provide a live view of the detector interior and a sampling

FIG. 3. Changes of measured capacitance (left y axis) and esti-
mated xenon concentration in liquid argon (right y axis) during the
doping process. The heat map represents the raw capacitance data
with the mean after averaging shown in black; red vertical bands
indicate the four doping periods.

system to measure the xenon concentration in the circulated
gas.

To provide a visual indication of the thermodynamic state,
the detector bath is observed from above by a digital camera
(Raspberry Pi camera module V2) situated above a 2.75 inch
CF sapphire viewport on the detector flange. The camera is
thermally isolated from the detector flange and is electrically
heated to ≈0 °C. Lighting in the detector volume is provided
by two LEDs, one each pointed upward and downward. A
stainless steel dental mirror is mounted above the liquid sur-
face to allow a partial camera view of the underside of the
detector flange. Image data from the camera is transferred
from the vacuum cryostat through a standard 15 pin D-
subminiature connector feedthrough adapted by custom PCBs
to the camera’s flat flexible cable. This design was inspired by
the camera system of the ProtoDUNE-SP experiment [57].

FIG. 4. The temperature of the liquid mixture (top) and the
reference-subtracted capacitance (bottom) measured during the de-
tector volume mixing tests. The changes of capacitance are due to
temperature-driven changes in density rather than xenon concentra-
tion changes.
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The xenon concentration in the gas phase is monitored
by a custom-built sampling system with a Stanford Research
Systems residual gas analyzer (RGA). The sampling system
can sample from three locations in the circulation path: the gas
outlet from the detector, the argon-xenon mixing volume, and
the outlet of the getter. Gas samples are first reduced to a pres-
sure of approximately 2 torr through volume expansion into a
1 liter sampling cylinder, which also serves as a reservoir for
the sampling system. The gas pressure is reduced further by
a factor of 105 by pumping through a 75 µm orifice produced
by Lenox Laser (SS-4-VCR-2-75) before it is sampled by the
RGA.

Calibrations of the sampling system are performed by cre-
ating known mixtures of xenon in argon in the 1 liter cylinder
and then sampling them with an initial pressure of 2 torr to
mimic the sampling conditions of CHILLAX. The calibration
mixtures are created by adding xenon at controlled pressures
to the 1 liter reservoir, which is then diluted with the addition
of pure argon at controlled pressures. Fine control of the
xenon and argon pressures is achieved with volume expansion
and accurate measurements from an MKS 626C capacitance
manometer (100 torr range) and Setra 225 pressure transducer
(3.4 bar range).

Gas samples from the detector outlet were regularly
taken and measured with the RGA system. At ≈2% xenon
concentration in the liquid argon, we measured approximately
30–50 ppm of xenon in the gas by extrapolating from over
a dozen prior calibration samples spanning 5–50 ppm. Due
to a not-yet-understood issue with the sampling system
that caused the measured xenon concentration to drift over
time, we conservatively report the lowest reading obtained.
This result is consistent with the Henry’s law calculation as
explained in Appendix A 1. As discussed in Sec. I, 30–50
ppm of xenon in the vapor is expected to produce significant
benefits for the detection of ionization signals in a dual-phase
TPC. Therefore, we anticipate a 2% argon-xenon mixture
to be adequate for a dual-phase TPC exploring low-energy
ionization signal detection.

IV. MEASUREMENT AND RESULTS

We performed a series of experiments to demonstrate that
the CHILLAX system is capable of promptly incorporating
xenon-rich argon gas into its liquid argon target medium,
and that it can stabilize and actively circulate mixtures of
2.35% xenon-in-argon for several days without degradation.
For contrast, we also operated the detector in modes where the
thermal environment of the detector was allowed to deviate
from optimal condition and observed segregation of the xenon
from the liquid argon through xenon ice growth on specific de-
tector surfaces. These observations confirm our understanding
of the thermodynamic behavior of xenon-doped argon and the
proposed approach to mitigate the instability of such doped
systems. Implications of this work for future xenon doping
efforts are also discussed.

A. Introduction of xenon into liquid argon

The experiment began with the condensation of 454 stan-
dard liters of pure argon gas in the heat exchanger (HX).

The argon liquid was continuously delivered to the detector
volume and formed a liquid bath of 6.6 cm height. The liquid
level in this work is informed by two closely spaced platinum
thermistors that self-heat to different temperatures depending
on the thermal conductivity of their immediate surroundings.
This implementation is used to mitigate possible interference
from xenon doping in a capacitance-based level meter. The
condensation was stopped when the liquid surface was sensed
by the level meter, and this height was visually confirmed
with the camera. Next, a gas circulation rate of 1.5 standard
liters per minute (SLPM) was established, with gas removed
from beneath the detector flange and returned to the HX for
recondensation. The external portion of the circulation path
is plumbed for purification of the gas, but the purifier was
bypassed for this experiment because a high chemical purity
is not required for thermodynamic studies.

The xenon concentration of the liquid mixture was mea-
sured through changes in its dielectric constant, as described
in Sec. III B. Early experiments showed the capacitance me-
ter is also sensitive to density changes caused by subkelvin
temperature fluctuations of the mixture. For this reason, the
doping was performed after the detector had thermally sta-
bilized using the method explained in Sec. III A. A stable
detector pressure at 1.8 ± 0.005 bar with a liquid bath tem-
perature of ≈93 K was achieved through PID control of the
heating power (averaging 0.5 W) applied to the outside of the
bottom plate of the detector can.

Xenon was introduced into the liquid argon volume in four
separate steps. In each step, 8.8 SCCM of xenon gas was
injected into the mixing volume of the circulation path. This
corresponded to 0.6% xenon in the overall gas flow of 1500
SCCM, which is two orders of magnitude higher than the
relative vapor pressure of xenon at liquid argon temperature.
Prior to and during doping, the inlet tube to the HX is heated
to over 200 K to prevent xenon from condensing or freezing
before entering the HX. The heating also enhances liquid
convection and mixing in the HX. For the four doping steps,
the xenon flow continued for 114, 377, 266, and 289 minutes,
increasing the xenon concentration in liquid argon by 0.26%,
0.86%, 0.59%, and 0.64%, respectively.

As shown in Fig. 3, with the exception of the first doping
step, the measured capacitance increased approximately lin-
early during the doping period and stabilized soon after xenon
introduction was stopped. During the first doping, the detector
flange temperature was set below that of the detector liquid
bath and that of the HX, causing argon gas to condense on
the flange and flow down the detector walls. This was seen
visually through the camera and independently confirmed by
the temperature of the detector wall measured a few cen-
timeters above the liquid surface. Under normal conditions,
without argon film flowing down the wall, the temperature
of the wall thermometer is typically 1–2 K above that of
the detector bath due to the imperfect isolation from infrared
radiation. In contrast, when argon liquid film flows down the
detector walls it tightly anchors the wall temperature to the
vapor curve, close to that of the bath. The condensation on
the detector flange likely caused the gas from the HX to flow
into the detector through the gas interlock line. As a result,
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the flow of xenon-rich liquid from the HX to the main bath
was diminished and the xenon concentration in the main bath
rose very sluggishly during and after the first doping step. In
subsequent doping steps, we set the detector flange tempera-
ture above that of the HX and detector bath to encourage gas
flow from the detector into the HX. Xenon introduced into
the HX in this state appeared promptly in the main detector
bath.

After doping ceases we anticipate nearly all of the resid-
ual xenon in the HX to eventually migrate into the detector
volume. This is because both the internal and external circula-
tion loops feeding the HX are supplied with gas evaporated
from the detector main bath surface, which is reduced in
relative xenon concentration by a factor of H (≈700; see
Appendix A 1) compared to the liquid in the bath. When this
xenon-depleted gas is condensed in the HX it dilutes the xenon
concentration there, and the constant flow of liquid from the
HX toward the detector bath transfers the residual xenon into
the detector and also prevents diffusion of xenon from the
detector bath back into the HX. This is confirmed by the
observation of a continued increase of xenon concentration in
the detector bath up to a few hours after the last three doping
steps, followed by a plateau; once the plateaus are reached
only a negligible amount of xenon (1/H in concentration
relative to the detector bath) is located in the HX. During the
second doping, the temperature at the top detector flange ac-
cidentally fluctuated below the vapor curve (while remaining
above the HX temperature) and caused argon gas to condense;
this tended to reduce the detector pressure and triggered the
PID loop to increase power substantially to the bottom heater
(h3) to maintain the system pressure at 1.8 bar. As a result, a
stronger gas flow from the detector to the HX augmented the
usual liquid flow from the HX to the detector volume and pro-
duced a faster transfer of xenon into the detector. For the last
two doping tests, the detector flange temperature fluctuation
issue was resolved and the timescale of the approach to the
plateau was consistent with the nominal liquid flow rate from
the HX to the detector driven by the external gas circulation
rate.

Although nearly all the doped xenon was delivered to the
detector, the exact xenon distribution within the detector vol-
ume is complicated by the bubble router plate (Sec. III A)
that divides the detector bath. Above it is the super-router
region containing the bath surface and concentration meter;
below it is the sub-router region in contact with the bottom of
the detector can, where liquid arrives from the HX. For the
height of our liquid surface, the sub-router volume is 14%
of the total detector bath volume. In principle, the bubble
routing plate can lead to unequal distribution of xenon in these
two volumes, as a unidirectional liquid flow through a small
passage would oppose xenon diffusion. However, the bubble
routing plate is not sealed to the bottom flange of the detector
can, and bubble production beneath the router plate and their
passage through the bubble routing tube produces a breathing
motion that drives an oscillatory exchange of liquid between
the two volumes.

To estimate the difference in xenon concentration between
the super-router and sub-router regions we conducted a series
of tests to enhance liquid mixing. The tests followed a long

period (overnight) of steady operation at 2.35% doping in
which a concentration difference could have developed. Then
rapid mixing was driven by applying a large heating power of
30 W to the detector bottom flange for several minutes while
maintaining a safe detector pressure. This created vigorous
bubbling both through the bubble routing tube and around
the lower lip of the bubble router, enhancing liquid exchange
between the two volumes. We presume that during this strong
heating a large fraction of the liquid supplied to the sub-router
region arrived from the super-router region by passage around
the lower lip of the router.

This process was repeated three times in rapid succession;
between subsequent tests we allowed about 30 minutes for
the detector temperature and pressure to return to the stan-
dard measurement condition. As illustrated in Fig. 4, for all
three tests, the measured capacitance values returned to the
premixed ones within measurement uncertainty, suggesting
that any xenon concentration difference between the regions
above and below the bubble router was negligible. Note that
the changes of measured capacitance during these tests re-
flect changes of density (via temperature changes) rather than
changes of xenon concentration. Therefore, the entire detector
bath volume is used for a calculation of xenon concentration
(right y axis in Fig. 3) and for the calibration of the capacitance
meter. If insufficient liquid mixing between the sub-router
and super-router regions allowed the sub-router region to be-
come xenon depleted, our calculation would underestimate
the xenon concentration in the main detector bath by as much
as 14%, so our reported results should be seen as conservative.

B. Stability of the argon-xenon mixture

A xenon concentration of 2.35% was present in the liq-
uid argon volume after the completion of the xenon doping,
which is only a factor of 3 below the solubility limit of
xenon in liquid argon at the operating temperature. This high
xenon concentration, together with the continuous circulation
of the detector gas, augments the instability of xenon-doped
liquid argon. As described later in this section, when the
thermal profile of the system is not carefully controlled, xenon
can segregate from the liquid mixture. We also demonstrate
that with proper control of the temperature field the liquid
mixture can be stabilized for at least multiple days without
separation.

In the first test, we created a uniform temperature field
in the system to reduce undesired heat flow by maintaining
a stable detector flange temperature of 0.3–0.5 K above that
of the liquid. This slightly higher temperature prevents argon
gas from condensing on the detector flange while introduc-
ing minimal heat flow from the flange to the liquid through
the conduction of the walls. Additional steps were taken to
improve the homogeneity of the temperature field across the
whole system. Upon completion of the last doping step we
gradually stopped heating the tubing at the inlet of the HX
condensing volume (h2 in Fig. 2) and reduced the external gas
circulation rate to 300 SCCM.2 To offset this heat reduction at

2The mixture showed long-term stability both at 1500 SCCM
(Fig. 3, 60–140 hours) and 300 SCCM (Fig. 5, blue curve).
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FIG. 5. Time dependence of the xenon concentration in the liq-
uid mixture measured with the capacitor meter (top) and xenon
ice accumulation on the detector walls (bottom) during the three
stability tests: blue: near-zero thermal gradient between the top and
the bottom of the detector; red: large thermal gradient (75 K); black:
small thermal gradient (10 K). The ice ring image thickness values
in the zero-gradient test (blue squares in bottom figure) are nearly all
analysis artifacts due to the absence of ice rings.

the HX, the temperature of TSL was increased accordingly
to maintain a stable detector pressure of 1.8 bar and a low
average heating power on the detector bottom of about 0.5 W.
With these changes, the HX temperature became significantly
lower than that of the detector bath and an unambiguous inter-
nal gas circulation pattern was established in which gas flowed
continuously through the pressure interlock tube toward the
HX, while liquid flowed continuously from the HX to the
detector.

Figure 5 (top, blue curve) shows the measured xenon con-
centration inside the detector volume over a period of 4 days
in this first test. The concentration was stable at 2.35 ± 0.05%
throughout this period. The capacitance measurement exhib-
ited both step and gradual-drift artifacts at the ±0.05% xenon
concentration scale, and these are small enough to allow its
use without correction. Both types of artifacts were seen
when the capacitance meter inputs were disconnected from
the detector, and their magnitude was affected by the choice of
computer used to acquire the data from the capacitance meter.
Images of the liquid surface and the nearby detector walls at
different times during the test are shown in Fig. 6 (top row),
and no changes are observed.

Additional tests were carried out in which significant ther-
mal gradients between the detector flange and the liquid
volume were allowed. In the second test, we removed gas from
the TSU and did not actively control the temperature of the de-
tector flange. In this scenario, the detector flange receives heat
from the room-temperature vacuum flange and from radiation,
while it is also cooled by upward flowing cold argon gas and
by thermal conduction through the detector can toward the
liquid. The detector flange equilibrated at 168–170 K, pro-
ducing a 75 K thermal gradient and a significant heat flow of

FIG. 6. Images of the detector bath near the liquid surface at
different times from the beginnings of test 1 (top row), test 2 (middle
row), and test 3 (bottom row). The bright ring features in the middle
and bottom rows are xenon ice and the liquid surface is a few mm
below the ring position.

1428 mW through the detector walls toward the detector bath.
Over a testing period of 2 days, the xenon concentration de-
creased continuously to approximately 0.4% (Fig. 5, top, red
curve). Meanwhile, we observed a slow, continuous growth
of xenon ice on the inner surface of the detector wall and
the coaxial cables serving the capacitive concentration meter.
The ice began as a thin ring a few mm above the liquid and
grew to several mm in height and thickness while significantly
overhanging the liquid surface, as illustrated in Fig. 6 (second
row). The xenon ice ring appeared to have the same size and
shape on all sides of the detector can and the rings around
different cables were similarly matched in appearance. We
estimated the thickness of the ice ring image (at around 11
o’clock in the camera view) by measuring its width in image
pixels as a function of time. The result is shown in Fig. 5
(bottom, red curve). Ice was notably absent on the thin G10
laminate board strip of the liquid level meter, which is a poor
thermal conductor. All of these observations confirm heat flow
into the liquid as the primary driver of the mixture instability.

In the third test, the temperature of the detector flange
was maintained at 10 K above detector bath by the TSU,
mimicking a detector that regulates the temperature profile
but fails to do so precisely. Similarly to the second test, the
xenon concentration decreased over time but with a reduced
slope, and in this condition a xenon ice ring also grew above
the liquid surface but at a slower rate (Fig. 5, black curves).
Results from the second and third tests empirically suggest a
xenon ice formation rate that increases with the power deliv-
ered conductively to the liquid surface and that is proportional
to the concentration of dissolved xenon. This is consistent
with the distillation mechanism explained in Sec. II.

The accumulation of solid xenon on the detector wall above
the liquid surface during the prolonged holding tests can be
quantitatively understood by comparing the power conducted
along the vessel wall from the detector flange to the liquid
with the power implied by the proposed separation mecha-
nism above the mixture meniscus shown in the right of Fig. 1.
The values and rates of change of the xenon concentration
are compared at early and late times in each holding period to
estimate the timescales τ of xenon depletion from the mixture.
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TABLE I. Thermodynamic parameters of the two stability tests
shown in Fig. 5 (red and black curves), which are denoted by the
temperature drops along the detector wall of �T = 75 K and �T =
10 K, respectively. The timescales τ are determined from the slopes
of the xenon concentration nXe at the indicated times. Qsep is the
implied power of single-pass evaporative separation and Qwall is the
heat conducted through the vessel wall.

�T (K) Time (h) nXe (%) τ (h) Qsep (mW) Qwall (mW)

10 20 2.3 470 61.7 162
10 135 1.7 493 58.8 162
75 5 2.08 27.7 1049 1428
75 50 0.42 30.6 949 1428

The known mass of the mixture in the detector vessel and
the tabulated heat of evaporation of argon [58] at the 1.8 bar
operating condition allow calculation of the separation powers
Qsep from τ , under the assumption that the separation mech-
anism operates as simple single-pass distillation. The heat
conducted by the wall Qwall is determined from the dimen-
sions of the vessel wall using cryogenic conductivity integrals
of stainless steel [59]. Table I shows the resulting values.

The close match of the time-scales in early and late times
within each holding period suggests a single-pass separation
mechanism is processing the mixture at a rate that is largely
independent of the quantity of dissolved xenon. The sepa-
ration powers Qsep show that a substantial fraction of the
conducted heat is driving the separation mechanism, and that
this fraction rises with �T .

We also tested the condition where the detector flange
temperature was set below the temperature of the detector
bath. As described in Sec. IV A, argon gas can condense on the
detector flange, and the downward flowing liquid argon film
dissolves xenon ice from the detector walls and moves xenon
back into the detector bath. Figure 7 shows the measured
xenon concentration in the liquid mixture after the second test,
when the detector top flange was cooled to about 1 K below
the liquid bath temperature. Gradual increases of the xenon

FIG. 7. Recovery of xenon concentration in the liquid mixture
following the second test by condensing argon gas on the top detector
flange, beginning near hour 10.

concentration were a result of xenon ice dissolving in the
downward argon film flow, and the abrupt increases coincided
with large pieces of xenon ice falling into the liquid. Within
10 hours the xenon concentration in the liquid mixture was
restored to the level measured prior to the second test. This
result suggests that xenon ice buildup on the detector wall
is responsible for nearly all of the xenon segregating from
the liquid mixture. This procedure was performed after each
stability test discussed above to reset the initial condition.
Note that operating the system in this subcooling mode slows
or stops the liquid flow from the HX to the detector, and
extended operation in this mode can lead to an increase of
xenon concentration inside the HX and depletion from the
detector bath.

C. Implications for future xenon doping efforts

The concept of doping liquid argon with a small fraction
of xenon to improve its performance as a scintillation and/or
ionization detection medium has attracted broad interest. This
work provides an extensive experimental study of the insta-
bility modes that may develop in a xenon-doped argon system
during operation in steady-state circulation and xenon intro-
duction stages. Although the experiments were performed
at high doping concentrations, the instabilities explored
have implications for doping efforts at both high and low
concentrations.

In ideal situations, xenon-doped liquid argon is stable until
the xenon concentration reaches the solubility limit. In reality,
inhomogeneity of xenon concentration in a xenon-doped liq-
uid argon detector can develop at much lower xenon doping
levels. The primary cause of this instability is phase changes
of the mixture. A net evaporation of the liquid mixture creates
a distillation scenario that increases the xenon concentration
in the liquid; in extreme cases, the local xenon concentration
can rise to above the solubility limit and ice will form, which
can lead to a mechanical or electrical failure of the detector.
Similarly, condensation removes xenon from both the gas and
the liquid by creating a solid phase if the introduced xenon
partial pressure is above the saturation vapor pressure at the
condensation temperature.

Therefore a xenon-doped liquid argon detector should
avoid unnecessary and unintended phase changes to improve
the system stability. For example, if a detector can directly
purify the liquid [60] instead of evaporating the liquid for
purification, the main distillation instability may be avoided
entirely. As demonstrated in this work, argon can still be
circulated in the gas phase by evaporating directly from the
detector bath when the system condition is properly con-
trolled. In this case, an induced liquid convection beneath the
evaporating surface prevented over-concentration of xenon at
the evaporation surface and stabilized the detector. However,
this simple method only extracts and purifies argon and other
gas components of similar or higher vapor pressure, while
much less volatile species such as water are unable to leave the
liquid. An alternative purification scheme is to draw the liquid
mixture into an isolated hot chamber where the temperature is
maintained above the xenon triple point. There the liquid boils
completely, no xenon residual accumulates, and no distillation

045503-9



E. P. BERNARD et al. PHYSICAL REVIEW C 108, 045503 (2023)

occurs. This implementation requires careful engineering so
that evaporation only takes place inside the hot chamber;
earlier evaporation in cold liquid transfer lines will result in
the familiar problems of xenon concentration, ice formation
and possibly clogging.

In lightly doped systems with large detector liquid vol-
umes, such as a large liquid argon TPC, the traditional
circulation scheme may be used in which the liquid mixture
is evaporated in a small evaporation volume and the produced
gas is fed into the circulation path. In this design, the xenon
concentration within the liquid at the point of evaporation
simply rises through distillation until the xenon concentration
of the evaporated gas matches the doping level of the liquid in
the detector. In this equilibrium state, the xenon concentration
in the detector liquid is a factor of H (Henry’s constant, see
Appendix A 1) lower than that of the liquid at the point of
evaporation. For a system operating at atmospheric pressure,
the saturation limit of 5% and H = 1240 set a theoretical max-
imum of 40 ppm for the liquid doping level, which is sufficient
to provide useful energy transfer [22,23]. However, special
precautions should be taken in the design of the evaporation
volume where the xenon concentration is near the solubility
limit and instability can develop.

Unintended phase changes can occur in a detector system
and their mitigation is more challenging. Variations in either
temperature or pressure can locally displace the liquid surface
from the vapor curve and provoke phase changes. The first as-
pect of preserving the system stability is local control of heat
flux, with the expectation that heat flux into the liquid results
in enhanced evaporation and heat flux out of the gas results
in condensation. The second aspect is to mechanically design
the system so that where heat flux occurs natural convection
can relieve the local temperature and xenon concentration
excursions. The flow of xenon within the liquid is strongly
analogous to that of heat. The diffusion constant of xenon in
liquid argon is O(100) times lower than the thermal diffusivity
of liquid argon, and at the length scale of our detector both
diffusive flows are strongly subdominant to those of con-
vection [55,58]. Note that convection is primarily driven by
density changes from thermal expansion, not increased xenon
concentration. Consequently, designs that yield good thermal
homogeneity will also tend to yield good xenon homogene-
ity. As discussed in Sec. II and demonstrated in Sec. IV B,
unwanted ice formation is most likely to occur where heat is
introduced to portions of the liquid that cannot mix convec-
tively with the bulk of the bath, which can be mitigated by
controlling heat and liquid flows. This phenomenon was also
observed above a charge amplifier mounted to a horizontally
oriented circuit board submerged just below the liquid surface
in another experiment [53]. The board geometry impeded
convective mixing of the concentrated liquid resulting from
the heat input of the charge amplifier, leading to localized
xenon ice formation.

Certain phase changes cannot be avoided in a detector. In
a xenon-doped argon scintillating bubble chamber, the liquid
mixture must undergo frequent heating and cooling cycles for
the system to operate, so the resulting inhomogeneity in the
xenon concentration and its mitigation have to be carefully
considered. Also, at the xenon doping stage of an experi-

ment, the introduced xenon gas must be condensed and mixed
with liquid argon. We have shown that direct condensation of
argon-xenon gas mixtures with xenon partial pressures well
above the xenon vapor curve is feasible. This was achieved
by introducing the gas mixture into an actively cooled and
rapidly mixing liquid argon bath while preventing xenon from
freezing before it enters and mixes in the liquid volume. This
approach allows significantly increased doping rates, thus
reducing time, during xenon introduction in a detector that
requires large quantities of xenon.

This work also demonstrates that xenon frost or ice at-
tached to surfaces above the liquid surface can be returned to
the detector bath without emptying and warming the detector.
As discussed in Sec. IV B, when detector components above
the liquid were cooled to below the liquid temperature, ar-
gon condensed on these cold components and dissolved solid
xenon while flowing toward the bath. Although this procedure
recovered nearly all of the xenon in this work, this may not
be the case for more complex detector geometries that cannot
be flushed by the liquid argon reflux. In those cases, alterna-
tive means of wetting the detector structures might be used,
such as a rapid step in pressure (to force condensation), tem-
porarily raising the liquid level, agitating the liquid surface, or
spraying the exposed structures.

Finally, diagnostic tools are necessary to continuously
monitor the xenon concentrations at critical locations of a
system. The capacitance meter used in this work achieved a
sensitivity of 1 fF with a commercial readout meter, which
corresponds to 0.05% of xenon doping in liquid argon. The
sensitivity can be improved by using larger electrodes and
upgraded capacitance measurement methods. However, to
measure ppm-level concentrations, a more practical approach
may be to design the cryogenic system to allow a liquid
sample to be isolated and completely evaporated, and then to
measure the partial pressures of argon and xenon in the gas.
The SRS RGA200 system used in this work is capable of mea-
suring ppm levels of xenon in argon gas, despite difficulties in
performing robust measurements.

V. CONCLUSION

We designed and constructed a system to investigate ther-
modynamic instabilities associated with xenon doping in
liquid argon. The apparatus is capable of condensing xenon-
rich argon gas at the percent level and stabilizing the resulting
liquid argon-xenon mixture with over 2% xenon doping (≈3
times below saturation limit) for several days with no evidence
of degradation. We also demonstrated that instability in these
mixtures develops when the thermal profile of the system is
not accurately controlled, which caused xenon to concentrate,
solidify, and separate from the liquid mixture. This work may
be used to design further tests to support the successful doping
of large liquid argon detectors. Additionally, it demonstrates
the feasibility of operating a dual-phase argon detector with
heavy xenon doping to enhance its sensitivity to low energy
ionization signals such as those expected from low mass dark
matter interactions and the nuclear scattering of low energy
antineutrinos from nuclear reactors.
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APPENDIX

1. The solubility and partial pressure of xenon-argon mixtures

Henry’s constant relates the equilibrium partial pressure of
xenon in the gas above a liquid mixture to the concentration of
xenon within the liquid. Here we use the theory of chemical
solutions and tabulated solubility and vapor pressure data to
predict the Henry’s constant for xenon-doped argon mixtures
at low temperatures.

Following the review by Tegeler et al. [61] of precision
measurements of pure argon, we adopt the vapor pressure fit
determined by Gilgen et al. [62]:

ln

(
PsAr

PcAr

)
= TcAr

T
(a1q + a2q3/2 + a3q2 + a4q9/2), (A1)

where PsAr is the saturated vapor pressure, PcAr = 4.863 MPa
is the critical pressure, TcAr = 150.687 K is the criti-
cal temperature, T is the temperature, q = 1 − T/TcAr,
a1 = −5.9409785, a2 = 1.3553888, a3 = −0.46497607, and
a4 = −1.5399043.

The vapor pressure of solid xenon is approximated by a fit
to measurements over the range 76.2 to 104.0 K as

ln PsXe = a/T + b, (A2)

where a = −1960.37 K and b = 18.9607 [63]. The solubility
limits and vapor pressures of xenon-doped argon mixtures
were measured near atmospheric pressure by Yunker and
Halsey [54]. The saturation limit is given by

ln
(
nsat

Xe

) = 1.6463 − 406 K/T . (A3)

The vapor pressure PmixAr above such mixtures is almost en-
tirely [within O(10−4)] due to argon, and is depressed relative
to that of pure argon by Raoult’s law. An additional correction
to the vapor pressure is due to the larger attractive forces
among xenon atoms in the liquid mixture, giving

ln

(
PmixAr

PsAr

)
= ln (1 − nXe) + αn2

Xe/T, (A4)

where nXe is the xenon mole fraction and α = 269.2 K [54].
The effect of Raoult’s law is about ten times the magnitude
of the α term at 4% xenon concentration. The same work also

FIG. 8. Top: The vapor pressure of pure liquid argon (solid line)
and liquid argon saturated with xenon (dashed line, scale on left axis)
as a function of temperature; the solubility limit of xenon in liquid
argon is also shown (dot-dashed line, scale on the right axis). Bottom:
Henry’s constant at different temperatures (dashed line, left axis),
and the xenon concentration in the gas phase above a liquid with
1–8% (from bottom to top) xenon doping by mole fraction (scale on
the right axis).

demonstrates that the solid phase that forms at the saturation
limit is at least 99.5% xenon and that the mixture is well
modeled as a regular solution. The vapor pressure predicted by
Eq. (A4) approximately matches a report of 8.45 bar measured
above a 12.5% mixture at 116 K [64]. The evaluated vapor
pressures of pure argon and saturated argon-xenon liquid mix-
tures as a function of temperature are shown in Fig. 8 (top);
the xenon solubility limit from Eq. (A3) is also drawn.

The evaluation of xenon partial pressure above an argon-
xenon mixture is more complex. At the point of xenon
saturation onset at thermodynamic equilibrium three phases
exist, leaving one degree of freedom (either pressure or tem-
perature), as specified by the Gibbs phase rule. In this state
the xenon chemical potential is equal among the three phases.
Assuming the solid phase is pure xenon and neglecting any
interactions between xenon and argon in the gas phase, the
xenon vapor pressure above the mixture at the saturation limit
is given by PsXe [65]. This holds even if no solid phase is
exposed to the gas phase. As for unsaturated liquid mixtures,
we find no published experimental measurement or numerical
simulation of the xenon partial pressure above the mixture, so
we simply estimate the xenon partial pressure by scaling with
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Raoult’s law. That is,

PmixXe

PsXe
� nXe

nsat
Xe

. (A5)

This likely underestimates the actual xenon partial pressure
above unsaturated mixtures because their attraction to a xenon
atom is less than that of a saturated mixture at the same
temperature.

This calculation predicts a much larger (by a factor 1/nsat
Xe)

partial pressure of xenon gas above the liquid than is esti-
mated by multiplying the vapor pressure of solid xenon at
the mixture temperature by nXe. As suggested in the original
solubility experiment [54], argon-xenon solutions are regular
but not ideal, based on the fact that xenon is not completely
miscible in argon at the temperatures of interest. For dilute
regular solutions, the vapor pressure of the solute (xenon)
follows Raoult’s law but is shifted by a term accounting for the
different energies of a solute molecule within an environment
of pure solute versus a solute molecule within an environment
of (nearly) pure solvent [65]. Since the vapor pressure over
pure solid xenon matches that over the mixture at the point of
saturation, the upward shift in vapor pressure is 1/nsat

Xe.
Henry’s constant is then

H = lim
nXe→0

(PmixAr + PmixXe) × nXe

PmixXe
. (A6)

Our calculated Henry’s constant and the estimated xenon
mole fraction in the gas at different temperatures and differ-
ent xenon concentrations in the liquid are shown in Fig. 8
(bottom).

2. Consistency of capacitance signals and temperature changes

As discussed in III B, a parallel plate capacitor is imple-
mented to measure nXe, the fractional xenon concentration
in the liquid mixture. The measured capacitance may also
change from thermal expansion of the mixture or from
unwanted thermal expansion of the capacitor components.
Temperature (and corresponding density) changes are an ex-
pected consequence of the xenon doping process because the
mixture is held at constant pressure and the vapor pressure
shifts with the addition of xenon according to Eq. (A4). The
capacitance changes due to temperature may be separated as

dC

dT
= Cvac

dεr

dT
+ dEsys

dT
, (A7)

where Cvac is the capacitance of the evacuated capacitor and
εr is the relative dielectric constant of the liquid mixture. The
first term results from density or compositional changes of
the liquid mixture and the second term results from unwanted
mechanical changes of the capacitor components or other
temperature-driven systematic errors.

The capacitance and temperature both vary approximately
linearly over the period from 2.1 to 2.2 hours during the re-
covery to equilibrium following the third volume mixing test,
as shown in Fig. 4. The xenon concentration is unchanging
during this time. The resulting slope is

dCmeas

dT

∣∣∣∣
vap

= −15.465 fF/K, (A8)

FIG. 9. The capacitance sensor change during the evaporative
lowering of the xenon-doped argon mixture. Argon was removed
from the liquid mixture at an approximately constant rate during the
displayed period. The slow rise in capacitance prior to 0.35 hours is
due to the increasing concentration of xenon in the liquid bath. The
large reduction in capacitance prior to 0.5 hours is due to the liquid
level crossing the capacitive sensor. The inflection centered at 0.45
hours is due to fasteners at the center of the capacitance sensor, which
reduce its sensitivity at that level height.

where the constraint that the mixture followed the vapor curve
is noted.

We now evaluate the right side of Eq. (A7) for comparison.
The effects of the electrode edges and holes complicate an
accurate estimate of Cvac from capacitor geometry. The par-
allel plate approximation gives a value of 7.61 pF. A more
accurate measure is obtained from the large change in capac-
itance upon the evaporation of the doped liquid mixture at
the end of the experiment. The mixture was evaporated at an
absolute pressure of 1.7 bar by venting it through plumbing
to the atmosphere. The vented gas consisted almost entirely
of argon, raising the concentration of xenon in the remaining
mixture. This continued until the liquid level height was far
below the capacitive sensor. The sensor was thus exposed to
an increasingly xenon-concentrated liquid bath, followed by
passage of the liquid level through the sensor, followed by ex-
posure of the sensor to nearly pure argon gas. These stages can
be seen in the capacitive signal shown in Fig. 9. A total change
in capacitance of -2.98 pF was seen through the evaporation
process. The xenon doping early in the experiment increased
the bath capacitance by 92.62 fF; subtracting this suggests that
the capacitance change on evaporation would have been -2.89
pF had the bath not been doped.

Mixtures where the interactions between species have neg-
ligible effects on their electric polarizabilities are described by
the Clausius-Mossotti relation, which in our case is

3ε0

ρ

εr − 1

εr + 2
= (1 − nXe)αAr + nXeαXe, (A9)

where ε0 is the permittivity of free space, ρ is the number
density of the mixture, and n and α are the mole fractions and
electric polarizabilities of the atoms. This accurately relates
the dielectric constant (or, equivalently, index of refraction) to
density for argon and other simple gases to within a percent
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over a wide range of temperatures and pressures [66,67]. For
xenon, the match is to within a few percent [68]. The electric
polarizabilities of argon and xenon are of similar magnitude
and allow for the assumption of linear changes in εr with the
addition of small fractions of xenon. Their values calculated
from liquid dielectric constants and densities measured on the
vapor curve at 1 atm pressure are αAr = 1.8163 × 10−40 F m2

and αXe = 4.4409 × 10−40 F m2 [56,58]. These allow calcu-
lation of the relative dielectric constants on the vapor curve
at 1.7 bar of 1.4903 and 1.0029 for the pure argon liquid and
gas, respectively. We finally determine the capacitance of the
sensor in vacuum using

Cvac = Cliq − Cgas

εr,liq − εr,gas
= 2.89 pF

1.4903 − 1.0029
= 5.929 pF.

(A10)

The evaluation of Eq. (A7) continues by noting that, as the
mixture is only lightly doped, the thermal expansion of the
mixture can be closely approximated using tabulated values
for pure argon. The predicted value is written as

dCpred

dT

∣∣∣∣
vap

= Cvac
dεr

dρ

dρ

dT

∣∣∣∣
vap

= Cvac
(εr − 1)(εr + 2)

3ρ

dρ

dT

∣∣∣∣
vap

, (A11)

where εr and ρ−1 dρ

dT are evaluated on the vapor curve at the
experimental pressure of 1.8 bar. This gives

dCpred

dT

∣∣∣∣
vap

= −15.849 fF/K, (A12)

which agrees with the measured value of Eq. (A8) to within
three percent. This confirms that the capacitor is largely
insensitive to changes in temperature except as they are me-
diated through the dielectric constant of the liquid, and that
capacitance changes resulting from doping are predominantly
caused by changes in the dielectric constant.

3. The effect of doping on mass density

Understanding changes in mass density as a function of
xenon concentration is important to designing systems to han-
dle these mixtures. The mass density is

ρm = ρ[nXemXe + (1 − nXe)mAr], (A13)

where mAr and mXe are the atomic weights of argon and xenon.
The fractional change in mass density on the vapor curve in
the small doping limit is

lim
nXe→0

ρ−1
m

dρm

dnXe

∣∣∣∣
vap

= lim
nXe→0

(
mXe − mAr

mAr
+ ρ−1 dρ

dnXe

∣∣∣∣
vap

)
,

(A14)

where the first term accounts for mass density increase due to
the larger xenon mass and the second term accounts for num-
ber density decrease from thermal expansion and the larger
xenon van der Waals radius. The second term is evaluated
from changes in dielectric constant. Differentiating ρ with
respect to nXe in Eq. (A9) gives

lim
nXe→0

ρ−1 dρ

dnXe

∣∣∣∣
vap

= lim
nXe→0

(
αAr − αXe

αAr
+ 3

(εr − 1)(εr + 2)

dεr

dnXe

∣∣∣∣
vap

)

� −0.275, (A15)

where εr is evaluated on the vapor curve at the experimental
pressure of 1.8 bar and the change in relative dielectric con-
stant,

lim
nXe→0

dεr

dnXe

∣∣∣∣
vap

� 3.941 pF

Cvac
, (A16)

is determined from the doping calibration constant and the
vacuum capacitance. Evaluating Eq. (A14) gives

lim
nXe→0

ρ−1
m

dρm

dnXe

∣∣∣∣
vap

� 2.286 − 0.275 = 2.011. (A17)

This shows that the effect on mass density from atomic mass
substitution is about eight times that of the combined effects
of thermal expansion from the shifting vapor curve and the
larger xenon van der Waals radius. We make no estimate of the
accuracy of this value but note that to change its sign would
require a nearly complete reversal of the sign of the changing
capacitance signal.
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