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D.S. Akeriba,b,c, H.M. Araújod, X. Baie, A.J. Baileyd, J. Balajthyf,
P. Beltrameg, E.P. Bernardh, A. Bernsteini, T.P. Biesiadzinskia,b,c,

E.M. Boultonh, R. Bramantea,b,c, S.B. Cahnh, M.C. Carmona-Benitezj,
C. Chank, A.A. Chillerl, C. Chillerl, T. Coffeya, A. Curried, J.E. Cutterm,

T.J.R. Davisong, A. Dobin, J.E.Y. Dobsono, E. Druszkiewiczp,
B.N. Edwardsh, C.H. Fahamn, S. Fioruccik,n, R.J. Gaitskellk, V.M. Gehmann,

C. Ghago, K.R. Gibsona, M.G.D. Gilchriesen, C.R. Hallf, M. Hanhardte,q,
S.J. Haselschwardtj, S.A. Hertelr,h, D.P. Hoganr, M. Hornr,h, D.Q. Huangk,

C.M. Ignarrab,c, M. Ihmr, R.G. Jacobsenr, W. Jia,b,c, K. Kamdinr, K. Kazkazi,
D. Khaitanp, R. Knochef, N.A. Larsenh, C. Leea,b,c,∗, B.G. Lenardom,i,

K.T. Leskon, A. Lindotes, M.I. Lopess, A. Manalaysaym, R.L. Manninot,
M.F. Marzionig, D.N. McKinseyr,h, D.-M. Meil, J. Mockm,

M. Moongweluwanp, J.A. Moradm, A.St.J. Murphyg, C. Nehrkornj,
H.N. Nelsonj, F. Nevess, K. O’Sullivanr,n,h, K.C. Oliver-Malloryr,

K.J. Palladinov,b,c, E.K. Peaseh, K. Pecha, P. Phelpsa, L. Reichharto,
C. Rhynek, S. Shawo, T.A. Shutta,b,c, C. Silvas, V.N. Solovovs, P. Sorensenn,

S. Stephensonm, T.J. Sumnerd, M. Szydagisu, D.J. Taylorq, W. Taylork,
B.P. Tennysonh, P.A. Termant, D.R. Tiedte, W.H. Toa,b,c, M. Tripathim,

L. Tvrznikovah, S. Uvarovm, J.R. Verbusk, R.C. Webbt, J.T. Whitet,
T.J. Whitisa,b,c, M.S. Witherellj, F.L.H. Wolfsp, K. Yazdanid, S.K. Youngu,

C. Zhangl

aCase Western Reserve University, Dept. of Physics, 10900 Euclid Ave, Cleveland OH
44106, USA

bSLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, CA 94025
cKavli Institute for Particle Astrophysics and Cosmology, Stanford University, 452 Lomita

Mall, Stanford, CA 94309, USA
dImperial College London, High Energy Physics, Blackett Laboratory, London SW7 2BZ,

UK
eSouth Dakota School of Mines and Technology, 501 East St Joseph St., Rapid City SD

57701, USA
fUniversity of Maryland, Dept. of Physics, College Park MD 20742, USA

gSUPA, School of Physics and Astronomy, University of Edinburgh, Edinburgh EH9 3FD,
United Kingdom

hYale University, Dept. of Physics, 217 Prospect St., New Haven CT 06511, USA
iLawrence Livermore National Laboratory, 7000 East Ave., Livermore CA 94550, USA
jUniversity of California Santa Barbara, Dept. of Physics, Santa Barbara, CA, USA

kBrown University, Dept. of Physics, 182 Hope St., Providence RI 02912, USA
lUniversity of South Dakota, Dept. of Physics, 414E Clark St., Vermillion SD 57069, USA
mUniversity of California Davis, Dept. of Physics, One Shields Ave., Davis CA 95616, USA

nLawrence Berkeley National Laboratory, 1 Cyclotron Rd., Berkeley CA 94720, USA

∗Corresponding Author: cxl370@case.edu; Present address: Center for Underground
Physics, Institute for Basic science (IBS), Daejeon 305-811, Republic of Korea

Preprint submitted to Astroparticle Physics August 6, 2016

ar
X

iv
:1

60
5.

03
84

4v
1 

 [
ph

ys
ic

s.
in

s-
de

t]
  1

2 
M

ay
 2

01
6



oDepartment of Physics and Astronomy, University College London, Gower Street, London
WC1E 6BT, United Kingdom

pUniversity of Rochester, Dept. of Physics and Astronomy, Rochester NY 14627, USA
qSouth Dakota Science and Technology Authority, Sanford Underground Research Facility,

Lead, SD 57754, USA
rUniversity of California Berkeley, Department of Physics, Berkeley CA 94720, USA
sLIP-Coimbra, Department of Physics, University of Coimbra, Rua Larga, 3004-516

Coimbra, Portugal
tTexas A & M University, Dept. of Physics, College Station TX 77843, USA

uUniversity at Albany, State University of New York, Department of Physics, 1400
Washington Ave., Albany, NY 12222, USA

vUniversity of Wisconsin-Madison, Department of Physics, 1150 University Ave., Madison,
WI 53706, USA

Abstract

The Large Underground Xenon (LUX) experiment operates at the Sanford

Underground Research Facility to detect nuclear recoils from the hypotheti-

cal Weakly Interacting Massive Particles (WIMPs) on a liquid xenon target.

Liquid xenon typically contains trace amounts of the noble radioactive isotopes

85Kr and 39Ar that are not removed by the in situ gas purification system. The

decays of these isotopes at concentrations typical of research-grade xenon would

be a dominant background for a WIMP search exmperiment. To remove these

impurities from the liquid xenon, a chromatographic separation system based

on adsorption 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 mea-

sured 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.

Keywords: Xenon, Krypton, Adsorption, Chromatography, Gas Separation,

Charcoal, Dark Matter
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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
1 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 im-

purities such as 85Kr and 39Ar with half-lives of 10.756 yrs and 269 yrs, respec-

tively. [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 atmosphere [11], from which one can deduce that

about 10−11 of atmospheric Kr is 85Kr. A measurement based on low-level

counting reported 4–22.5 parts-per-trillion (ppt, 10−12) (g/g)2 [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 85Kr in their sample [13]. At these concentrations, the decay of 85Kr 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 85Kr

concentration to below 4 ppt was met using the method described in this paper.

1The energy window calibrated with electronic recoils.
2Concentrations are quoted by the ratio of masses unless quoted otherwise. Parts per

million (10−6), billion (10−9), and trillion (10−12) are abbreviated as ppm, ppb, ppt
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Table 1: Characteristics of Radioactive 85Kr and 39Ar in Xenon.

85Kr [8] 39Ar [9]

decay mode β− β−

half-life (years) 10.756 269

Q-value (keV) 687 565

isotope concentration (g/g) 6± 2× 10−12 10−15

impurity concentration in original xenon (g/g) 1.3× 10−7 unknown

impurity concentration goal (g/g) 4× 10−12 10−9

39Ar is mainly generated by the 40Ar + n→ 39Ar + 2n process in the atmo-

sphere due to cosmic rays, and constitutes about 10−15 of argon in the atmo-

sphere [9]. The isotope emits a beta particle with an endpoint of 0.565 MeV.

The LUX research-grade xenon originally contained about 10−9 of argon. How-

ever, a portion of xenon was retrieved from other experiments, and contained

an unknown 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.

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 distillation column to reduce the krypton level in xenon. Their

distillation 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 concentration below 1 ppt [16].

2. Adsorption-Based Chromatography

Adsorption-based chromatography is widely used for gas separation in in-

dustrial and chemical applications. A common industrial application is the

separation of nitrogen from air, known as “pressure swing adsorption.” Among
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the scientific applications, the Borexino [17] and NEMO-2 [18] collaborations

developed a charcoal adsorption system to remove atmospheric radon from un-

derground laboratory air, while a similar system removed krypton 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 chromatography

central to our application, following the approach presented in [17]. More gen-

eral reviews are available in the literature [20].

Adsorption refers to adhesion of atoms or molecules on a surface. 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 adsorbate. A simple parametrization for

mono-layer adsorption was proposed by Langmuir [21]. The fraction of the sites

occupied (θ) is described as a function of the partial pressure P of the adsorbent:

θ =
KP

1 +KP
. (2)

K is the equilibrium constant, the ratio of adsorption and desorption 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, θ converges to 1,

indicating that all sites are occupied.

At low P (KP � 1), θ depends linearly on P :

S = S0θ = S0KP = bP. (3)

Here, S is the molecular density of the adsorbate on the adsorbed state in mol

per unit mass of adsorbent, and S0 is the maximum value of S. Therefore, S is
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proportional to the partial pressure of the adsorbate in the free state, and the

new constant b is referred to as the Henry constant.

The partial pressure P is proportional to the number density y = N
V of the

adsorbate in the free state by the ideal gas law, which allows us to write:

S = bkBTy = ky. (4)

The new constant, k, is called the adsorption constant, and is a ratio of the

molecular densities of the adsorbate on the adsorbent to that of the gas phase:

k =
Nads/M

Ng/V
. (5)

It quantifies the affinity of the adsorbate to the adsorbent. Differences in the

adsorption constant (or the Henry constant) between adsorbates leads to differ-

ent duration spent by the adsorbates in the desorbed phase. For example, the

adsorption constants of xenon and krypton, calculated from [22] at 300 K, are

1.15 and 0.064 l/g, respectively, different by a factor of 19.

Adsorption-based chromatography utilizes the difference of the adsorption

strength among the adsorbates. In a chromatographic column, a “carrier fluid”

flows through the bed of the adsorbent, carrying along a dilute adsorbate fluid.

The average speed of each adsorbate through the bed is dependent on the frac-

tion of time it spends in the mobile phase. Adsorbates that bond more strongly

to the adsorbent spend smaller fractions of their time in the mobile phase and

thus have lower average speed through the column. The carrier fluid itself is

chosen to rarely interact with the adsorbent. Fig. 1 shows xenon and krypton

exiting a charcoal column at different times.

A commonly used simplified model of the propagation of an adsorbate in

a chromatographic column assumes that the chromatographic column consists

of NH height-equivalent theoretical stages (HETS) as shown in Fig. 2. Each

HETS has a volume V and contains adsorbent of mass m. The number of gas

molecules in each stage is the sum of those in the gaseous and adsorbed phases,

and can be written using the terms defined in Eq. 4:

N = Sm+ yV ≈ Sm = ykm. (6)
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Figure 1: Gas mixture separated by a chromatographic column. The y-axis represents the

concentration in arbitrary units as measured with an residual gas analyzer (RGA). The xenon

is mixed with 10−2 mole fraction krypton to enhance the krypton concentration above the

RGA baseline. The x-axis is minutes since the beginning of the xenon feed, which lasts for the

first 15 minutes. During the first 100 minutes, the helium-krypton mixture exiting the column

is trapped in cooled charcoal. At minute 100, xenon begins to exit the charcoal column, and

the flow is redirected to a condenser, where the xenon is collected. This cycle used 2 kg of

xenon.
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Figure 2: A chromatographic column is approximated as a series of NH height-equivalent

theoretical stages (HETS). Each stage contains a charcoal mass m in a volume V and an

height of H. The mobile phase moves through the column with a volume speed of φ. The

number density of the adsorbate in the mobile phase at the ith stage, yi, depends on φ and

yi−1.

The approximation holds when the number of molecules adsorbed is much

greater than the number in the gas phase.

In the ith stage, the change in the number of molecules in time dt is the

difference between the incoming flux and the outgoing flux:

dNi = yi−1φdt− yiφdt.

where φ is the volume swept by unit time, or volume flow.

A simple differential equation can be written for yi:

dyi
dt

= −NH

τ
(yi − yi−1), (7)

where

τ ≡ kM

φ
(8)

is referred to as “retention time.” Here, M ≡ NHm is the total mass of the

adsorbent in the column.

An analytic solution of Eq. 7 exists for a special case when the column is

initially empty of analytes and the input feed of the mixture looks like a Dirac-

delta function at t = 0:

y(t) =
NNH

H

Γ(NH)

(
t

τ

)NH−1

e−NH
t
τ , (9)
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where Γ is gamma function. Eq. 9 is referred to as an elution curve, and its

integral from zero to asymptote is unity. It has a global maximum at t = NH−1
NH

τ .

For large NH , this is very close to τ , which is also called the “breakthrough

time”. For faster production and finer separation of gases, lower τ and higher

NH are desired.

The height H of a HETS depends on the linear velocity u of the mobile

phase in the column as parametrized by Van Deemter [23]:

H = A+
B

u
+ Cu. (10)

A represents the contribution from Eddy currents in the column, i.e., the many

possible paths the molecules can find in the packed column. B/u represents

diffusion in the longitudinal direction; and Cu represents the dispersion due to

the non-uniformity of u, mostly caused by the porosity of the stationary phase.

Eq. 10 provides guidance as to the optimal flow rate of the mobile phase and the

optimal shape of the column. The minimum H, which maximizes NH , occurs at

u =
√

B
C . A modern summary of the Van Deemter equation and its coefficients

for gas chromatography can be found in Ref. [20].

Eq. 9 assumes that the density of the analyte in the adsorbed state is linearly

proportional to its partial pressure as shown in Eq. 3, and it does not count the

competing adsorption between the multiple adsorbates. Because the goal of our

production system is to process the greatest mass of xenon per unit time, a high

ratio of adsorbate molecules to adsorbent mass is preferred, and the observed

output deviates from Eq. 9. The deviation leads to earlier breakthrough of

xenon and the broadening of the peaks, both of which result in worse separation.

Saturation of the adsorbent sites with xenon limits the mass of xenon that can be

processed in a cycle as we optimize for fast production at adequate separation.

Although chemically inactive, noble gases such as xenon and krypton can

adsorb on activated charcoal or molecular sieve [22, 24]. Polarization of their

electron shells by the induced electric dipoles of the charcoal surface leads to an

attractive potential. Its strong affinity can be explained by the large conductive

microscopic surface area. Activated charcoal is readily available commercially.
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Helium is a good mobile phase because it is chemically extremely stable and

does not compete for adsorption on the charcoal [25]. Helium does not have any

naturally occurring radioactive isotopes, and can be easily removed by freezing

the xenon on a liquid-nitrogen cooled surface and pumping away the helium

carrier gas.

3. System Design & Operation

A schematic diagram of the LUX krypton removal system is shown in Fig. 3.

More technical details are available in [26]. A regulated flow of xenon containing

a trace contamination of krypton is fed into a 60 cm × 60 cm (diameter × height)

column filled with 60 kg of activated OVC 4x8 charcoal from CalgonCarbon R© at

ambient temperature. The xenon is injected into the top of the charcoal column

while the helium carrier gas continues to circulate through the column. The

carrier gas moves the krypton and xenon through the column at different rates

due to the difference in their adsorption strength. The krypton exits the column

first, and flows into a “krypton trap.” The krypton trap is a 1.5-inch-diameter

stainless steel tube filled with 500 g of activated charcoal that is immersed in

a liquid nitrogen bath (77 K). At this temperature the krypton retention time

is much longer than the processing time, and the krypton effectively freezes on

to the charcoal while the helium carrier gas is still highly mobile. The purified

helium gas exits the trap and circulates back into the column. This process

is called the “chromatography cycle,” and lasts until xenon emerges out of the

column. During the chromatography cycle, the mass flow of helium is driven

by a diaphragm pump and regulated by a mass flow controller in front of the

column to stabilize the flow rate and the pressure inside the charcoal column.

The “xenon recovery cycle” is triggered when xenon emerging from the col-

umn is detected by a sampling residual gas analyzer (RGA). The xenon-helium

mixture is redirected from the charcoal column into a condenser. The condenser

is a cryogenic vessel with an internal volume of about 1 m3, cooled to 77 K.

While the processed xenon is frozen inside the condenser, helium gas passes
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through unimpeded and is fed back into the charcoal column to complete the

cycle. A Roots blower (Edwards EH250) and a backing pump (Alcatel Adixen

ACP40) at the output of the column generate 2000 liter per minute (lpm) of

volume flow to accelerate the xenon recovery. The pressure inside the column is

kept at 10–20 mbar. The RGA at the output of the backing pump, whose details

are discussed in Sec. 4, monitors the output gas from the column in real time.

Once all the processed xenon is recovered from the column, a new cycle with

the next batch of raw xenon begins. After several cycles, the helium carrier is

pumped out of the condenser and discarded, and the accumulated clean xenon is

warmed, evaporated, and transferred into a storage cylinder for transportation

to the LUX experiment.

The system is designed to mitigate the possible sources of contamination.

One such source is air: 1 liter of air contains as much krypton as the final

400 kg of xenon after purification to the 4 ppt LUX goal. The system is

vacuum-sealed to minimize contamination from external air. Another concern

is that krypton can dissolve in plastic components or pump lubricant and can

be released at a later time, mixing with the purified xenon. To minimize such

cross-contamination, most of the system is made of stainless-steel tubing and

most of its joints are sealed by metal gaskets. There still are a few non-metallic

components that cannot be removed, such as rubber O-rings and filters. A

rough estimate of the cross-contamination through these components is less

than 1× 10−7 of the total krypton [26].

The separation and the production rates depend on the pressure and the

volume flow rate inside the charcoal column. For our application, we wish to

maximize the mass of xenon processed per batch, and this requirement forces us

to operate in the partially-saturated non-linear regime, where the elution curve

estimation from Eq. 9 no longer holds. The optimal operation parameters for the

maximum process rate and the krypton reduction factor were found empirically

by measuring the output concentration under various conditions. The raw xenon

begins with a krypton contamination at a concentration of 130 ppb, below the

threshold directly visible with a commercial sampling RGA. To visualize the
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Figure 3: Block diagram of the LUX Kr removal system at Case Western Reserve Univer-

sity (CWRU). The xenon supply with its trace krypton enters the charcoal column under the

influence of a circulating stream of helium. The helium first carries out the krypton, which is

collected in a charcoal trap at 77 K. Then the xenon is detected exiting the column and the

valves are set to direct the column output to the condenser, where the xenon is collected at

77 K. After multiple such cycles, the helium is pumped away and discarded, and the processed

frozen xenon is warmed and cryo-pumped into a storage cylinder for transportation. While

the xenon is cryo-pumped, the krypton trap is separately warmed and purged with helium to

clean it for the next round.
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time-dependent concentration of the krypton exiting the charcoal column, a

1:100 mol/mol mixture of krypton and xenon is used. Fig 1 shows the mixture

separated in the system monitored by the RGA. Measurements from different

column pressures, xenon feed rate, and xenon feed mass were compared.

For the chromatography cycle, maximal separation of the peaks is the pri-

mary concern. The pressure inside the charcoal column is directly related to the

diffusion constant of the gas, represented by the B term in Eq. 10. In the sys-

tem, the cross-sectional area of the column is larger than the optimal area based

on the pumping speed, and the system operated in the region where the B term

in Eq. 10 dominated. The results also supported the expectation that a higher

pressure inside the column leads to larger separation of the peaks and a narrower

krypton peak. We find that a 500 mbar column pressure with a 50 standard liter

per minute (slpm) helium flow rate are the optimal chromatography conditions

for our system.

The primary concern for the xenon recovery cycle is its duration. Due to

its strong bonding, xenon moves slowly through the charcoal column, and the

duration of the xenon recovery cycle dominates the overall production rate.

Eq. 8 suggests that the xenon retention time can be reduced by using a higher

volume flow rate. The Roots blower provided a five-fold higher volume flow

rate compared to the system described in [19] at pressures in 5–30 mbar range,

and kept the recovery cycle duration at three hours even though the charcoal

column mass had increased sixfold.

Once the system was built, the optimal operating parameters were found

through a series of tests. The feed rate and the feed mass of xenon can change the

quality of the separation. While we wish to maximize the production mass per

unit time, too much xenon relative to charcoal leads to non-optimal saturation of

the adsorbent and worse separation. Similarly, a high xenon feed rate can locally

saturate charcoal and lead to worse separation. Again, because the adsorption

is nonlinear, the optimal feed rate was found empirically.

A series of tests using the enriched krypton mixture leads to the following

parameters for chromatography in the system. The column is kept at a pressure
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of 500 mbar during chromatography, with a 50 slpm helium mass flow. A 2-kg

batch of xenon is injected over 20 minutes. The krypton output peaks at about

40 minutes after the start, and lasts until xenon emerges from the column, at

about 115 minutes. The detection of xenon triggers the recovery cycle. First,

the output flow is re-directed to the condenser, and the vacuum backup pump

reduces the column pressure below 100 mbar. When the pressure is low enough,

the Roots blower activates and recovers the clean xenon from the column into

the condenser. A constant helium flow of 15–20 slpm keeps the pressure inside

the column at 10–20 mbar. The recovery cycle lasts three hours, and one full

cycle processes 2 kg of xenon in 5 hours. A typical source cylinder contains

about 50 kg of xenon, which is processed in 25 cycles. The processed xenon is

accumulated in the condenser. When the source cylinder is empty, the helium in

the condenser is pumped out, and the processed xenon is warmed and transferred

via pressure gradient into a storage cylinder that is cooled by liquid nitrogen.

A total 395 kg of xenon was processed for LUX in four months, between the

15th of September 2012 and the 10th of January 2013. Most of the processes

were executed automatically with minimal operator intervention. The process

of pumping away the helium and transferring the xenon to a storage bottle was

done manually, and typically took one day.

Less than 1 kg (or 0.2%) of xenon was lost, mostly due to operator errors. In

comparison, separation by distillation generates about 1% of “off gas” — xenon

concentrated with the krypton removed from the end product.

4. Product Sampling & Assaying

Two sampling RGAs are used to monitor the composition of the gas in the

system in real time. One RGA is mounted after the output of the vacuum pump

to monitor the gas exiting the charcoal column before it enters the Kr trap or

the condenser. The second RGA monitors the gas outputs of the Kr trap and

the condenser.

In addition, at every transfer from the condenser to the storage cylinder, a
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sample of the processed xenon is collected from the storage cylinder. The sample

reflects the average gas concentrations from the multiple cycles that went into

the storage cylinder.

The processed xenon from a single cycle can be sampled, too. A four-liter

evacuated cryogenic bottle is attached to a spur from the path from the vacuum

pump to the condenser. The valve to the bottle opens to the xenon stream

during the xenon recovery phase, and the sample is collected until the pressure

of the system is equalized by the helium in the stream.

The krypton content of the processed xenon samples is measured indepen-

dently off site using a high-sensitivity assaying system at the University of

Maryland. The system utilizes a liquid nitrogen cold trap to separate impu-

rities from the xenon. When the xenon sample flows through the cold trap, the

bulk xenon freezes as it contacts the surfaces cooled by a liquid nitrogen bath,

while impurities such as krypton mostly pass through in observable quantities.

The changing concentration of the impurities over the process of the assaying is

shown in Fig. 4. The absolute level of impurities is deduced by comparing the

krypton to calibration samples. The sensitivity to krypton is 0.3 ppt [27, 28].

We claim no krypton detection when the krypton partial pressure does not

trace the flow rate over time as shown in Fig. 5. An upper limit is set by

assuming that a signal one standard deviation above the noise can be detected.

Higher flow rates produce larger signals and allow for the best sensitivity.

The assay results from the production run are summarized in Fig. 6. The

average concentration of krypton dropped from 130 ppb to 4 ppt. The average

reduction factor is 3 × 104, including batches that were processed twice. The

best reduction factor from a single processing is also about 3 × 104. One of

the double-processed batches had < 0.2 ppt of krypton, a limit set by the

assaying sensitivity. More tests are necessary to determine whether fundamental

chromatography or cross-contamination limited the reduction factor.

In addition to krypton, the assay measured the levels of other impurities

including nitrogen (57 ppb), oxygen (16 ppb), argon (1.3 ppb), and methane

(< 1 ppb). All are lower after the production. Residual helium from the pro-
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Figure 4: (top) A xenon sample (LSB3) in which an 18.2 ppt krypton signal is detected. Each

line corresponds to the partial pressure of a gas in the sample. The initial rise in partial

pressures is due to freezing a small amount of xenon in the cold trap, while the later rise and

fall in the partial pressures is due to opening and closing a leak valve to begin and end the

assay process. (bottom) The flow rate into the cold trap is indicated.
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Figure 5: A xenon sample (LSB7) in which a krypton signal is not detected. The flat krypton

partial pressure is shown in bold solid, and the scaled flow rate is shown in black. No krypton

was detected in this sample and set a limit of 40 ppt based on the signal noise and flow rate

during the sample. The same sample was later remeasured with higher sensitivity, and 4 ppt

of krypton was found.
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Figure 6: Progress of krypton removal runs for 395 kg of xenon for LUX. The x-axis rep-

resents the run numbers, each corresponding to 2 kg of xenon, in chronological order. The

y-axes represents the krypton level in two different scales; the mass concentration (left), and

the radioactivity rate (right). The xenon procured for LUX initially contained 130 ppb of

krypton. The production reduced the average contamination down to 4 ppt. Runs after 229

are the reprocessing of the batches that are marked with the magenta lines and had a krypton

concentration higher than our target value. The thick colored lines refer to the LUX Storage

Bottle batch number, each corresponding to about 50 kg. The krypton level marked with the

dot-dashed lines indicate upper bounds for batches with no detected krypton in the assay.
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cessing is a concern because it can degrade the PMTs by diffusing through the

quartz windows. Assays indicated that the helium concentration was reduced

to 3.2 ppb, far below that in air, and it presented no threat.

Analysis of the WIMP search data from the 2013 run of the LUX experiment

independently constrained the 85Kr contamination in the xenon by searching for

its decay signature. A small fraction (0.434%) of 85Kr decays can be tagged by

their unique signatures: a 173 keV beta followed by a 514 keV gamma from de-

excitation of a 85Rb metastable state with 1.015µs half-life [5]. Analysis of the

data saw no such events, and set a 90% confidence upper limit of < 0.26 mDRU,

or < 5.4 ppt Kr content. If we assume the 3.5 ppt krypton concentration from

the assay above, the number can be interpreted as an upper limit of 31 ppt

85Kr/Kr ratio in the atmosphere, consistent with the expected upper limit of

atmospheric concentration of 20 ppt.

5. Conclusion

An adsorption-based gas-charcoal chromatographic system was built at the

Case Western Reserve University and used to reduce the krypton concentration

in the LUX target xenon. The processed xenon contained 3.5 ppt of krypton,

surpassing the LUX goal. The average reduction factor was 3× 104, and about

the same reduction was achieved from a single pass. The best batch from the

double-production contained less than 0.2 ppt, the measurement sensitivity. The

chromatography system was capable of processing and storing 50 kg of xenon a

week with minimal human intervention. The processed xenon has been used for

the scientific runs of the LUX experiment [2].

A krypton removal system that can produce lower krypton levels with higher

production rate is required for larger xenon-based dark matter experiments such

as the LUX-ZEPLIN (LZ) experiment. LZ is a scaled-up successor to LUX,

planned to operate in 2020 [29]. It is designed to reach a WIMP-nucleon cross

section sensitivity of 2 × 10−48 cm2 with 7 tonnes of active xenon mass from

a 10-tonnes total xenon mass. An irreducible electron-recoil background is set
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by elastic scattering of solar pp neutrinos, whose rate is comparable to 0.2 ppt

krypton dissolved in xenon. The LZ collaboration aims to reduce its krypton

concentration below 0.015 ppt. This requires a reduction factor of 107, which

we believe is achievable with double processing of each batch, as shown in this

article–in particular, the LSB1 batch shown in Fig 6. If the target is met, LZ is

expected to directly measure the scattering of solar pp neutrinos on electrons and

coherent elastic scattering of 8B neutrinos on nuclei, in addition to substantially

extending the sensitivity to WIMP dark matter interactions.
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