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The Large Underground Xenon (LUX) experiment operates at the Sanford Underground Research Facility
to detect nuclear recoils from the hypothetical Weakly Interacting Massive Particles (WIMPs) on a liquid
xenon target. Liquid xenon typically contains trace amounts of the noble radioactive isotopes °Kr and
39Ar that are not removed by the in situ gas purification system. The decays of these isotopes at concen-
trations typical of research-grade xenon would be a dominant background for a WIMP search experiment.
To remove these impurities from the liquid xenon, a chromatographic separation system based on adsorp-
tion on activated charcoal was built. 400 kg of xenon was processed, reducing the average concentration
of krypton from 130 ppb to 3.5 ppt as measured by a cold-trap assisted mass spectroscopy system. A 50
kg batch spiked to 0.001 g/g of krypton was processed twice and reduced to an upper limit of 0.2 ppt.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Liquid xenon is an excellent target for the direct detection of
WIMP dark matter [1], particularly when instrumented in a time
projection chamber (TPC) as in the LUX detector [2]. Xenon’s high
proton number allows a very short penetration depth of external
gamma and beta radiation [3,4], and the event-by-event position
measurement of the TPC allows these backgrounds to be highly
suppressed in the inner volume of the detector. Because it has no
long-lived radioactive isotopes [5], xenon is intrinsically quiet. The
average single-scatter rate in the energy window of 0.9-5.3 keVee!
inside the 118 kg fiducial mass in LUX is measured to be below
10-3 events per kg/day/keV (differential rate unit, DRUee) [6]. This
rate is dominated by the gamma rays from radioactive impurities
in the 122 Hamamatsu R8778 photomultiplier tubes (PMTs) [7].

Xenon, being distilled from the atmosphere, contains noble
radioactive impurities such as 8Kr and 3%Ar with half-lives of
10.756 yrs and 269 yrs, respectively. [8,9]. Their characteristics are
summarized in Table 1.

85Kr is generated by anthropogenic fission, and released into
the atmosphere primarily during nuclear fuel reprocessing [10].
It contributes about 1 Bq/m3 of the radioactivity from atmo-
sphere [11], from which one can deduce that about 10 parts-
per-trillion (ppt, 10~12) (g/g)? of atmospheric Kr is 8Kr. A mea-
surement based on low-level counting reported 4-22.5 ppt [12].
Research-grade xenon contains about 10~7 natural krypton by
mass. One analysis of boil-off gas of a distillation tower revealed
that 6+ 2 ppt of the krypton impurity is 8Kr in their sample [13].
At these concentrations, the decay of 8°Kr yields a rate of about
6 DRUee, Which overwhelms the potential dark matter signal. To
be comparable to the background rate due to the PMTs, the xenon
in LUX must contain less than 20 ppt krypton. The goal for LUX to
reduce the 8°Kr concentration to below 4 ppt was met using the
method described in this paper.

39Ar is mainly generated by the “°Ar +n — 39Ar + 2n process
in the atmosphere due to cosmic rays, and constitutes about 1 ppq
of argon in the atmosphere [9]. The isotope emits a beta parti-
cle with an endpoint of 0.565 MeV. The LUX research-grade xenon
originally contained about 1 ppb of argon. However, a portion of
xenon was retrieved from other experiments, and contained an un-
known amount of argon. For its background rate to be comparable
to that from the photomultiplier tubes in the fiducial volume, the
argon concentration must be reduced below ppb.

1 The energy window calibrated with electronic recoils.

2 Concentrations are quoted by the ratio of masses unless quoted otherwise. Parts
per million (10-), billion (10-9), trillion (10~'2), and quadrillion (10-13) are abbre-
viated as ppm, ppb, ppt, and ppq.

Cryogenic distillation has been used to separate these light
radioactive noble impurities from xenon. The XMASS detector is
a single-phase dark matter detector containing 800 kg of liquid
xenon. The XMASS collaboration developed a cryogenic distilla-
tion column to reduce the krypton level in xenon. Their distilla-
tion column lowered the krypton concentration by a factor of 1,000
to 1.9 ppt of krypton [14]. A similar system was adopted by the
XENON100 collaboration [15], and dropped their krypton concen-
tration below 1 ppt [16].

2. Adsorption-based chromatography

Adsorption-based chromatography is widely used for gas sep-
aration in industrial and chemical applications. A common indus-
trial application is the separation of nitrogen from air, known as
“pressure swing adsorption.” Among the scientific applications, the
Borexino [17] and NEMO-2 [18] collaborations developed a char-
coal adsorption system to remove atmospheric radon from un-
derground laboratory air, while a similar system removed kryp-
ton from xenon for the XENON-10 experiment [19]. The latter
system processed 20 kg of xenon in 2 months, with the final
krypton concentration below 3 ppt. In this section, we present
a mathematical treatment of adsorption-based gas chromatog-
raphy central to our application, following the approach pre-
sented in [17]. More general reviews are available in the literature
[20].

Adsorption refers to adhesion of atoms or molecules on a sur-
face. The typical binding energy for adsorption is smaller than that
of covalent bonds, and the process is reversible:

R+X =RX. (1)

Here, X is the molecule to be adsorbed, or adsorbate, on the sites
provided by R, the adsorbent.

The equilibrium between the free and the adsorbed states of
Eq. (1) depends principally on a few parameters: the adsorbate, the
adsorbent, the ambient temperature, and the concentration of ad-
sorbate. A simple parametrization for mono-layer adsorption was
proposed by Langmuir [21]. The fraction 6 of the sites occupied is
described as a function of the partial pressure P of the adsorbent:

KP

0= 1+KP 2)

K is the equilibrium constant, the ratio of adsorption and desorp-

tion rates in Eq. (1). It has a dimension of inverse pressure because

the rate of adsorption is proportional to the partial pressure of X.

If P is large, O converges to 1, indicating that all sites are occupied.
At low P (KP« 1), 8 depends linearly on P:

S = S0 = SoKP = bP. 3)
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