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Abstract The XENON1T experiment aims for the direct

detection of dark matter in a detector filled with 3.3 tons

of liquid xenon. In order to achieve the desired sensitiv-

ity, the background induced by radioactive decays inside

the detector has to be sufficiently low. One major contrib-

utor is the β-emitter 85Kr which is present in the xenon.

For XENON1T a concentration of natural krypton in xenon
natKr/Xe < 200 ppq (parts per quadrillion, 1 ppq = 10−15

mol/mol) is required. In this work, the design, construction

and test of a novel cryogenic distillation column using the

common McCabe–Thiele approach is described. The sys-

tem demonstrated a krypton reduction factor of 6.4 · 105

with thermodynamic stability at process speeds above 3 kg/h.

The resulting concentration of natKr/Xe < 26 ppq is the low-

est ever achieved, almost one order of magnitude below

the requirements for XENON1T and even sufficient for

future dark matter experiments using liquid xenon, such as

XENONnT and DARWIN.

1 Introduction

With a view to discover a possible candidate of the elusive

dark matter – namely, the weakly interacting massive par-

ticle (WIMP) [1–3] – the XENON dark matter project for

direct WIMP detection has been launched. Using a xenon

dual-phase time projection chamber (TPC), it searches for

an energy deposition in the detector by the elastic scattering

of WIMPs off xenon nuclei. The XENON1T detector with a

total amount of liquid xenon of 3.3 tons has started data tak-

ing and is designed to reach a sensitivity more than an order

of magnitude beyond the current limits with a two ton-year

exposure, probing new dark matter parameter space [4].

The intrinsic contamination of the xenon itself is one

of the most critical contributors to the total background

for large detector masses, and thus for the sensitivity of

the experiment. In the calculation of the projected sensi-

tivity, the electronic recoil background was assumed to be

equal to 1.80 · 10−4 (kg · day · keV)−1, mainly due to radon

intrinsic to the liquid xenon [4]. Another key contributor is
85Kr, a β-emitter with a half-life of 10.76 y and an end-

point energy of 687 keV. Although background reduction

techniques are applied at the analysis level to discriminate

these beta decays from WIMP-induced nuclear recoils, active

removal of krypton is needed before starting the dark mat-
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ter search to reduce the remaining background to a tolera-

ble level. For the XENON1T experiment, a concentration of

natural krypton in xenon natKr/Xe<200 ppq,1 assuming a

ratio of 85Kr/natKr = 2 · 10−11, is necessary to keep the

background from krypton subdominant with respect to the

one from radon, and so to meet the background require-

ments [4]. In future experiments, using multiple tonnes of

liquid xenon as fiducial target, the purity constraints are

even more stringent, e.g., for the XENONnT [4], LZ [5] and

DARWIN [6] experiments, where concentrations well below

100 ppq have to be achieved. Commercially available xenon

gas can be delivered with krypton concentrations in the range

from 1 ppm2 to 10 ppb,3 which is generally not clean enough

for dark matter experiments using liquid xenon detectors.

Separation of krypton from xenon can be achieved thanks

to the different physical properties of xenon and krypton,

such as the difference in vapour pressures or their different

mobilities in porous media. The former property is exploited

in cryogenic distillation while the latter is used in chromato-

graphic systems. The LUX experiment uses gas chromatog-

raphy to achieve a krypton concentration in xenon down

to 3.5 ppt4 after a single-pass through the removal system

and below 200 ppq after two passes at a purification speed

of 0.4 kg/h [7]. Cryogenic distillation has first been utilized

by XMASS, reaching a concentration of 3 ppt [8]. The same

type of distillation column was used in XENON100 to pro-

duce a purified output concentration of 19 ppt at a purifica-

tion speed of 0.6 kg/h [9]. After several cycles of distillation,

even lower concentrations of about 1 ppt were obtained in

XENON100 [10] and PandaX [11].

In this paper, we present a new distillation column,

designed and built with an increased purification speed of

3 kg/h [8.3 standard liters per minute (slpm)]. It features a

minimal loss of krypton-enriched xenon of 1% and a higher

separation performance. Starting with a concentration in the

ppb range, a reduction factor of Fred ≈ 104 − 105 is needed

to achieve the purity required for XENON1T. The reduction

factor is defined as the ratio of the krypton concentration in

the in-gas cF divided by the concentration in the purified

liquid-out sample cB

Fred =

natKr/Xe(in−gas)

natKr/Xe(liquid−out)

≡
cF

cB

. (1)

Section 2 introduces the conceptional design of the

new system based on the commonly used McCabe–Thiele

method [12]. The detection of krypton in xenon is an impor-

tant aspect when characterizing distillation systems, which is

1 Parts per quadrillion, 1 ppq = 1 · 10−15 mol/mol.

2 Parts per million, 1 ppm = 1 · 10−6 mol/mol.

3 Parts per billion, 1 ppb = 1 · 10−9 mol/mol.

4 Parts per trillion, 1 ppt = 1 · 10−12 mol/mol.
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treated in Sect. 3. The development of the distillation column

was divided into three phases. It started with a single stage

distillation setup (Phase-0), already presented in [13], before

starting the construction of a multi-stage test setup (Phase-1)

to investigate different aspects of the separation, summarized

in Sect. 4. The final, and improved, setup for the XENON1T

experiment (Phase-2) was commissioned at the Laboratori

Nazionali del Gran Sasso (LNGS) in Italy and is presented

in Sect. 5.

2 Design of the cryogenic distillation column

The distillation process as described in [12,14] is based on the

difference of vapour pressures of the two components in an

ideal binary mixture, in our case krypton and xenon. Assum-

ing a static liquid xenon reservoir in equilibrium with the

gaseous phase above, the more volatile component (krypton)

is enriched in the gaseous phase. The enhancement in con-

centration can be described by the relative volatility α, which

is deduced by using Raoult’s law to be the ratio between the

vapour pressures of the two components:

α =
PKr

PXe
= 10.8 (at T = −98◦C) [15]. (2)

The volatility can also be interpreted as a measure of the

probability for krypton to migrate into the gaseous phase at

liquid xenon temperatures.

In Phase-0, a single stage distillation system was real-

ized, containing liquid xenon with a gaseous phase above.

Such a system allowed the investigation of the dynamics of a

distillation process in a volume with a single liquid-gas inter-

face and steady state mass flow at very low concentrations of

krypton in xenon in the ppq range [13]. This allowed the first

measurement of the relative volatility at such low concentra-

tions of krypton in xenon, finding that α ≈ 10, consistent

with Raoult’s law even in this regime. The measurements

also confirmed the general prediction that a single distillation

stage is not enough to achieve a separation of 104–105 [14].

Therefore, the distillation column presented here employs

the techniques commonly used in distillation plants, where a

series of distillation stages is used to successively reduce the

krypton concentration to the desired level of purity.

In the simplest configuration, the distillation column is

treated as a system with three sections as shown in Fig. 1.

The feeding section where the xenon is injected to the distil-

lation tower, the rectifying section above where the more

volatile component is enriched, and the stripping section

below the feeding section where the more volatile component

is depleted. Setting the reboiler stage in the stripping section

as the starting point, the binary mixture is evaporated and a

gaseous stream flows upwards at a flow rate of V ′. Assum-

ing that the vapour will condense on the next stage (Plate 1),

Fig. 1 Schematics of a distillation column with partial reflux. In this

diagram, the typical construction of a distillation column using several

distillation plates and partial reflux is shown. It consists of three parts,

the stripping section, the feeding section and the rectifying section. L

and L ′ are the down-going liquid streams while V and V ′ are the up-

going gaseous streams in the different parts. Both are connected to the

feeding stream F . The krypton enriched off-gas stream D is extracted

from the top while the purified xenon is extracted from the bottom with

a flow rate B. The krypton in xenon concentrations of the feed and the

two extraction flows are given by cF , cD and cB , while q defines the

state of matter of the injected xenon

the generated liquid phase on this stage will have the same

composition as the vapour from the reboiler stage, and will

therefore have a higher concentration of krypton compared

to the starting mixture. By repeating this procedure for sev-

eral stages, the fraction of krypton in xenon will successively

increase. On top of the tower, the vapour is partially liquefied

with the help of the re-condenser and fed back to the column

with a flow rate L . A small fraction of the gas is taken out as

krypton enriched off-gas at a flow rate D, while the purified

xenon is extracted at the bottom with a flow rate B. Such an

operation with a partial reflux is called rectification.

The xenon, injected at the feeding section at a flow rate F ,

is added to either the up-streaming vapour V in the recti-

fying section or to the down-streaming liquid flow L ′. This
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Fig. 2 McCabe–Thiele diagram for the XENON1T requirements. The

concentration of the krypton in the gas phase yKr in relation to the

concentration in the liquid phase xKr . The operation lines for the dif-

ferent sections, namely rectifying (blue dotted line), stripping (green

dashed line) and feed line (grey dash-dotted line) of the column are

drawn and allow for the determination of the number of theoretical

stages needed to meet the XENON1T requirements (black solid line).

The definitions of the equilibrium (red solid line) and operation lines

are taken from [12,14]

depends on the state of the injected matter (gaseous or liquid),

which is described by the caloric factor q = (L ′−L)/F . The

design for the XENON1T column foresees the usage of a sat-

urated liquid feed at the boiling point (q = 1). Depending on

the requested krypton in xenon concentration at the bottom

(purified xenon, liquid-out) and at the top (krypton enriched

xenon, off-gas) the number of distillation stages can be cal-

culated using the McCabe–Thiele method [12]. Although the

validity of this method has never been demonstrated at such

low concentrations, we followed it to design our distillation

column. We will later compare our findings with the pre-

dictions. In this method the concentration of krypton in the

gaseous and liquid phase can be calculated to derive an equi-

librium diagram, which is shown in Fig. 2.

Based on the vapour pressures and the relative volatility α,

the relation between the krypton concentration in the gaseous

phase yKr and the liquid phase xKr = 1 − xXe for very low

concentrations (xKr ·(α−1) ≪ 1) in equilibrium is defined as

yKr =
PKr · xKr

PKr · xKr + PXe · xXe
(3)

=
α · xKr

1 + (α − 1) · xKr
(4)

≈ α · xKr. (5)

This relation is called the equilibrium line and is shown in

red in Fig. 2.

By heating from the bottom and cooling from the top, the

equilibrium inside the column is disturbed by the upward

gaseous and downward liquid flows introduced in the col-

umn. The actual concentration of krypton in the gaseous

phase related to the concentration in the liquid phase can be

described, due to the mass flow, by operating lines, defined

below. For each section, an operation line for the diagram

is determined, shown in Fig. 2 marked as gray, blue and

green lines respectively. A forcing concentration gradient is

ensured between the equilibrium line and operating lines,

driving the system towards the equilibrium via mass transfer

between the ascending gaseous stream and the descending

liquid stream.

The determination of the operation lines is briefly reviewed

here for the example of the rectifying section. For a complete

derivation of the formulas on the McCabe Thiele method

we would like to refer to the literature, e.g. [12,14]. The

total mass balance depends on the design specifications as

introduced in Sect. 1. The incoming flow F = 3 kg/h (in-

gas) is equal to the outgoing flows at the reboiler B =

2.97 kg/h (purified xenon, liquid-out) and at the condenser

D = 0.03 kg/h (krypton enriched xenon, off-gas, fixed by

design to 1% of in-gas) during stable operation, giving the

total mass-balance,

F = D + B. (6)

This can also be written in terms of krypton atoms, using

the different concentrations of krypton in the feed cF , in the

off-gas cD and in the liquid-out cB ,

F · cF = D · cD + B · cB . (7)

For an input concentration of cF = 100 ppb and the pre-

defined purified output concentration for XENON1T, cB =

200 ppq, the concentration in the off-gas can be calculated as

cD = 10 ppm for the given flows.

In the rectifying section, the krypton concentration on a

distillation stage yKr in the vapour stream V can be calculated

using the krypton particle balance to get the operating line

(rectifying line)

V · yKr = L · xKr + D · cD (8)

→ yKr =
R

R + 1
· xKr +

cD

R + 1
, (9)

where L is the liquid xenon flux in the rectifying section. R

is called the reflux ratio and describes the amount of xenon

that is fed back as liquid (L) from the top, related to the flow

of extracted off-gas D

R =
L

D
. (10)

For good separation performance, a high reflux ratio R

is mandatory [12,14]. Since R = 191 worked well for the

XENON100 column [8] and was not the limiting factor

in terms of separation efficiency, the same value for the

XENON1T system was used in the initial design. The liq-

uid xenon flux in the rectifying section is calculated as

L = R · D = 5.73 kg/h, which directly defines the amount
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of cooling power needed at the top condenser to be PTop =

147.4 W in order to liquefy the xenon.

The McCabe–Thiele diagram, shown in Fig. 2, was drawn

for a saturated liquid feed (q = 1), indicated by the intersec-

tion line (in this case vertical) of the two operation lines and

a starting concentration of cF = 100 ppb. The number of

black steps in the diagram indicates the number of theoreti-

cal stages and can be determined by taking the liquefaction

processes and the related vapour compositions into account.

A liquid mixture with the krypton content xKr has a vapour

phase with an enhanced krypton concentration yKr, which is

streaming up to the next stage (vertical line) where it gets

liquefied again (horizontal line).

In total, nine theoretical distillation stages are needed to

reach a reduction factor of Fred ∼ 104–105. This allows xenon

with the highest commercially available purity (∼ppm) to be

purified in a single pass through the column. For a saturated

vapour feed (q = 0), the diagram changes slightly and 10

stages are needed in order to achieve the same separation.

In practice, multiple single distillation stages are not prac-

tical. However, by utilizing a structured package material

inside the column, featuring a large surface area for good

liquid-gas exchange through the full height of the column,

the effective exchange is equivalent to a certain number of

theoretical single distillation stages. The height-equivalent of

one theoretical plate5 (HETP) denotes the amount of required

package material to realize one distillation stage. Together

with the number of predicted plates NTP derived from the

McCabe–Thiele diagram, the total height h of the package

tube can be calculated:

h = HETP · NTP. (11)

The HETP value is determined empirically and varies for

different compositions and system parameters. Typical val-

ues for the package type used here are (2–8) cm [16], but it

has not been measured for a krypton-xenon mixture so far.

Furthermore, the partial pressure of krypton in the injected

krypton-xenon mixture is already very low, due to its low feed

concentration cF ∼100 ppb. The investigations on the single

stage distillation setup confirmed the separation process on

the ppq scale for krypton and xenon to be in agreement with

the expectations from the relative volatility [13]. However,

for this concentration regime the McCabe–Thiele approach

has not been validated for larger distillation plants. Due to

these uncertainties it was decided to first realize a smaller

distillation column, using 1 m of package material (Phase-1

column) and increase the amount of material afterwards, if

needed (Phase-2 column). The components of the Phase-1

column were designed to allow an easy upgrade from Phase-

1 to Phase-2.

5 One theoretical plate equals one distillation stage.

3 Diagnostics of krypton in xenon

The measurement of trace amounts of krypton in xenon is

important for the characterization of the cryogenic distilla-

tion column. The XENON collaboration developed several

techniques for trace gas measurements to detect natural kryp-

ton in xenon to the sub-ppt level [10,17,18]. In addition, a
83mKr tracer method was developed where 83mKr with a half-

life of 1.83 h is injected to the feed gas. The measurement of

the decay of 83mKr, which chemically behaves as natural

krypton, at the inlet and the two outlets of the column allows

investigating the stability of the distillation process as well

as its dynamics over time. The method has been successfully

used for the single stage system as well as for the Phase-1 and

Phase-2 columns. It is presented in more detail in [13,19].

3.1 RGA with coldtrap enhanced sensitivity

For an online measurement of the absolute concentration of

natural krypton in xenon, a system based on [20,21] was

developed at Westfälische Wilhelms-Universität (WWU)

Münster. By using a residual gas analyzer (RGA) behind

a LN2-cooled coldtrap, an enhanced sensitivity for concen-

trations down to the sub-ppb level was achieved. The xenon

gas sample (≈90 ml) was introduced into a spiral gas rout-

ing pipe, which was cooled to 77 K by submerging it in liq-

uid nitrogen. This provides an artificial enhancement of the

krypton concentration as most of the xenon is frozen in the

coldtrap whereas the krypton remains mostly gaseous due to

its higher vapour pressure and low partial pressure. The sam-

ple was injected into a measurement chamber equipped with

a commercial quadrupol mass-filter (Inficon, Transpector 2

H200M) and an oil-free turbo-molecular pumping system. A

custom-made butterfly valve was mounted before the pump,

which allowed the control of the gas load inside the measure-

ment chamber by adjusting the effective pumping speed. This

increased the dynamic range and provided higher sensitivity.

A similar version described in [18] was constructed with a

sensitivity limit of (206 ± 36) ppt, obtained from calibration

with different known krypton concentrations.

Since the expected concentration of the distilled xenon is

at the ppq level, only a lower limit for the separation effi-

ciency can be given. However, this setup provides valuable

online feedback on the performance of the distillation col-

umn since it is connected to the inlet and all outlets of the

distillation system.

3.2 GC-RGMS - Gas chromatography in combination with

residual gas mass spectrometry

The most sensitive device used to characterize the Kr-

removal capability of the distillation columns is the rare gas

mass spectrometer method (RGMS), developed and located
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Fig. 3 P & I Diagram of the Phase-1 distillation setup. The xenon is

injected from storage bottles to the distillation plant, while the purified

xenon as well as the krypton enriched off-gas are collected into sepa-

rate gas bottles by cryo-pumping. The scheme is simplified and shows

only the most important sensors for pressure and flow rates which are

required for the regulation

at the Max-Planck-Institut für Kernphysik in Heidelberg.

It detects trace amounts of natural krypton in xenon down

to the ppq level. The projected detection limit was deter-

mined to be natKr/Xe = 8 ppq [10]. Similar to the coldtrap

RGA technique, a separation of the bulk of xenon from

the krypton component has to be done before the sample

is injected into the analyzer. This separation is realized by

gas-chromatography.

4 The Phase-1 distillation column

4.1 Design and assembly

The Phase-1 distillation column has a total height of 3.5 m

and uses 1.1 m of package material in the distillation tower.

Figure 3 shows the piping and instrumentation diagram (P

& ID) of the system as well as the infrastructure which

allows for different performance studies. The column con-

sists of four main components, the input condenser, the pack-

age tube, the top condenser and the reboiler. At the input

condenser, equipped with a cryo-cooler (Leybold CP-50),

the injected xenon is liquefied with a maximum cooling

power of 100 W at −98 ◦C, before it is passed to the package

tube where the distillation process takes place. The tube is

filled with structured package material made from stainless

steel (Sulzer EX, diameter 45 mm) as shown in Fig. 4 and is

equipped with different feeding ports (labeled LF1-LF3 for

liquid feed injected from the bottom and GF1 for gaseous

feed injected from the top of the input condenser) in order

to allow for different feeding conditions. The top condenser

is equipped with a cryo-cooler (Leybold CP-140T) provid-

ing 200 W of cooling power at −98 ◦C. The reboiler at the

bottom stores and evaporates the liquid xenon using heater

cartridges with a maximum of 300 W heating power avail-

able. The entire setup is housed inside a vacuum insulation

vessel, pumped to 10−5 mbar in order to minimize thermal

losses.

Both condensers are equipped with calibrated silicon

diodes (Lakeshore DT-670D-CU) providing accurate tem-

perature monitoring, while additional Pt-1000 sensors at dif-

ferent locations complete the overall temperature supervision

(not shown in Fig. 3). The most important system parame-

ter is the pressure inside the package tube, measured with
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Fig. 4 Package tube. After a cleaning procedure, the structured pack-

age material is filled into the package tube inside a clean-room

a capacitive manometer (MKS Baratron 121A, labeled as

PI23) while the inlet and the outlet pressures PI21 and PI22

are measured with a capacitive manometer with lower preci-

sion (Swagelok PTU series). The differential pressure along

the package tube is also measured (MKS Baratron 221B;

�P24). The same type of differential pressure sensor (�P25)

is used to obtain the height of the liquid xenon level inside the

reboiler by measuring the hydrostatic pressure of the liquid

in relation to the column pressure.

The mass-balance inside the system is controlled by three

mass-flow controllers (MKS 1479B) labeled as FIC01 for the

in-gas, FIC02 for the purified liquid-out and FIC03 for the

krypton enriched off-gas. The liquid-out and the in-gas flows

are thermodynamically coupled by a plate-heat exchanger

(GEA GBS 100M-200R; HE1). A rupture disc (RD) was

added for the release of accidental overpressures greater than

4 bar. Three 83mKr decay detectors (KD) are implemented at

the in-gas, as well as at the liquid-out and the off-gas lines

[19].

In order to guarantee a high xenon purity, all parts were

either made from electro-polished stainless steel (alloy 316L

and 316LN) or from oxygen-free, high thermal conductivity

(OFHC) copper. All connections were either made by metal

sealed VCR connections or CF flanges, while the fittings

for the VCR connection were orbitally welded to the pipes

to achieve optimal leak-tightness and clean weld seams. All

components were very carefully cleaned and the assembled

system was baked, evacuated and xenon gas was circulated

through a hot getter (SAES PS4-MT15-R-2) in a closed loop

via V6 to further reduce remaining impurities.

4.2 Commissioning

Before starting the distillation process, the column is cooled

down and filled with xenon in order to achieve a certain liq-

uid level inside the reboiler vessel, (2–3) cm corresponding to

(3–4) kg, and the input condenser (1 kg) to realize the liquid

feed condition. The regulation circuit stabilizes the pressure

inside the system to about 2.0 bar absolute by adjusting the

heater power in the reboiler and by keeping the applied cool-

ing power at the top condenser constant, thereby establishing

a stable xenon flux along the package tube. The distillation

run is performed by flushing xenon from the storage bottle,

through the getter purification stage, and into the distillation

column. For the storage of purified liquid-out gas, and also

for krypton enriched off-gas, two aluminum gas bottles are

cooled in a liquid nitrogen bath.

4.3 Thermodynamic stability

For an optimal separation of krypton and xenon, the distilla-

tion process needs to be thermodynamically stable such that

the mass exchange between liquid and gas streams are guar-

anteed. Thus, it is working ideally after the pressure in the

system has been stabilized and mass balance is achieved. This

means that the amount of xenon gas that is fed into the column

equals to the extracted xenon gas. Thus, the flows are adjusted

until the balance F = B + D is reached. Figure 5 presents

relevant parameters of an 11 h distillation run, using a liquid

feed condition (q = 1), injected at port LF2 (see Fig. 3). The

first diagram shows the absolute pressure inside the distilla-

tion column (PI23), which was set to 1.9 bar. After five hours

of regulation time, the measured pressure at the sensor was

PI23 = 1.90 bar, matching the set-point with a standard devi-

ation of σP I 23 = 0.006 bar. The differential pressure along

the package tube (�P24) is an important parameter in order

to avoid flooding of the package with liquid xenon which

can reduce the performance. The differential pressure was

measured to be �P24 = (1.0 ± 0.1) mbar leading to a pres-

sure drop of about 0.91 mbar/m of package material, slightly

below the recommended value of 1 mbar/m [16]. Conse-

quently, there is no flooding of the package during this run.

The differential pressure in the reboiler indicates that

the mass-balance and the feeding is working properly.

When the distillation is started, the liquid level changes

due to feeding, liquid extraction at the bottom, and tur-

bulences due to the regulation. After some time it stabi-

lizes at �P25 = (6.0 ± 0.1) mbar (equivalent to a height

of 22 mm). The relative change in the liquid level during

the last 5 h of the distillation was only −0.2%, indicating

very good mass-balance stability. Finally, the third panel

shows the different flow rates at the in-gas and the puri-

fied liquid-out lines. The run was performed at an aver-

age flow rate of FIC01 = 8.5 slpm, with a fraction of 1.1 %

going into the off-gas. The reflux ratio was measured to be

RMeas = 183, slightly smaller than foreseen from Sect. 2.

This can be explained by heat-input to the system from the

outside, by thermal radiation or heat bridges, leading to a

reduced effective cooling power at the top condenser and
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Fig. 5 Thermodynamic

stability of the distillation

process. Shown are the key

parameters during a distillation

run of about 11 h. The width and

small spikes of the

measurements are created by

sensor inaccuracy and do not

reflect the actual performance.

Top Pressure PI23 inside the

package material. Middle

Pressure drop along the package

tube (�P24) and hydrostatic

pressure of the liquid xenon

reservoir in the reboiler (�P25).

Bottom Flow rates in the in-gas

line (FIC01) and in the

liquid-out line (FIC02)

thus a smaller reflux. Nevertheless, the effect on the perfor-

mance is expected to be small according to McCabe–Thiele

diagram calculations.

Additional performance studies were carried out at inc-

reased process speeds of up to 16 slpm which turned out

to be thermodynamically stable. These rates could only be

achieved with the heat exchanger HE1, working at an effi-

ciency of >90%, in agreement with measurements in [22].

Without the heat exchanger, the cooling power provided by

the input condenser would not be sufficient to guarantee a

saturated liquid feed. The final limit on the process speed for

the Phase-1 system is given by the flow controllers which are

capable of a maximum speed of 20 slpm (=7.2 kg/h).

4.4 Separation efficiency

Since the purified output was well below the sensitivity limit

of the coldtrap RGA system, the RGMS technique was used

to measure the reduction factor of the distillation column. A

xenon gas sample was extracted into a transport container and

shipped to MPIK Heidelberg. In order to avoid any contam-

ination of the sample, the container consisted of four metal-

sealed 1/2′′ VCR valves, welded together in series to enclose

three volumes of a total of about 30 cm3 which were filled

with sample gas. The main advantage of three volumes is

the separation of the central volume by the two adjacent

ones from ambient air which contains a 1.1 ppm fraction

of natural krypton. In this way the central volume is well

protected and potential tiny leaks in the valves would show

up in the two adjacent volumes first. Finally, two containers

were used to draw samples from the in-gas and the purified

liquid-out lines. They were mounted to the Phase-1 column,

baked and evacuated for two days to establish a clean envi-

ronment inside the storage container before the samples were

taken.
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Table 1 Results from the concentration measurement of the purified

liquid-out sample. Six measurements using the RGMS system were

performed on the three volumes containing the liquid-out sample. The

sample was drawn during the commissioning of the Phase-1 column

Volume Xe [cm3] natKr/Xe [ppq]

1st 2.24 8 ± 5

1st 2.09 24 ± 6

2nd 2.85 15 ± 4

2nd 1.22 13 ± 7

3rd 0.23 <50

3rd 1.73 28 ± 5

The distillation was performed with a fully saturated liquid

feed at port LF2 at a process speed of FIC01 = 8.5 slpm,

with 1.1% off-gas flow-rate and a reflux ratio of R = 180.

The samples were drawn after the system was stable for six

hours. The off-line analysis showed a concentration in the

in-gas line of

cF = (136 ± 22) ppt, (12)

which was calculated from the average over three mea-

surements.6 For the liquid-out sample, portions of each of

the three storage volumes were measured two times each,

for a total of six measurements. The results are shown in

Table 1.

The concentration of krypton in the purified liquid-out line

is thus

cB < 26 ppq at 90% confidence level (CL). (13)

This is the first demonstration that cryogenic distilla-

tion is capable of producing xenon with impurities at the

ppq-level. The krypton concentration is more than a fac-

tor 30 lower than ever achieved with the XENON100 col-

umn. Furthermore, it fulfills the requirements for XENON1T

(natKr/Xe < 200 ppq) and for future multi-ton experiments

like XENONnT, LZ or DARWIN, requiring a krypton content

below 100 ppq [4–6]. Although the RGMS system is sensi-

tive down to 8 ppq [10], only a limit on the concentration of

the purified gas is given due to the spread in the different mea-

surements. The actual output of the distillation plant might

be even purer, but uncertainties in sample retrieval, storage

and transport might lead to an increase of the krypton content

6 This gas was already distilled before. Thus it exhibits a low krypton

concentration.

over time. The reduction factor is conservatively estimated

to be

cF

cB

= Fred > 5.6 · 103 (90% CL). (14)

This reduction was achieved with a stripping section of

55 cm. Applying the McCabe–Thiele diagram, as shown in

Fig. 2, to the obtained numbers above, leads to 3.6 stages

for the stripping section. Taking into account, that operating

with a fully saturated liquid feed the input condenser does

not count as an additional distillation stage and thus can be

neglected, a HETP value for a single distillation stage of

15 cm or less can be derived.

5 Performance of the final distillation column

In order to increase the separation efficiency, the final setup

(Phase-2) was extended to 2.8 m of package material with

additional 3 possible feed ports LF4 to LF6, reaching a total

height of about 5.5 m as shown in Fig. 6. Two additional

improvements were made: It turned out that the Phase-1

column was not able to purify xenon with high concentra-

tions of O(10 ppm) of helium, argon and krypton, or elec-

tronegative impurities like oxygen and water, due to ther-

modynamic instabilities. Thus, both condensers (input and

top) were modified to improve the gas collection for the pro-

Fig. 6 Phase-2 setup during commissioning at WWU Münster. The

final height is about 5.5 m. The system was transferred and remounted

at the underground laboratory LNGS in Italy

123



275 Page 10 of 12 Eur. Phys. J. C (2017) 77 :275

Fig. 7 Thermodynamic

stability of the final XENON1T

distillation setup. The plots

show the key parameters for a

distillation test at LNGS over

several days. The width and

small spikes of the

measurements are created by

sensor inaccuracy and do not

reflect the actual performance.

Top Pressure PI23 inside the

package material. Middle

Pressure drop along the package

tube (�P24) and hydrostatic

pressure of the liquid xenon

reservoir in the reboiler (�P25).

Bottom Flow rates in the in-gas

line (FIC01) and in the

liquid-out line (FIC02).

Thermodynamic stability is

reached after about 24 h

cessing of highly contaminated xenon. Furthermore, a third

differential pressure gauge was implemented to measure the

liquid level inside the input condenser, to allow for a more

precise monitoring of the xenon feed. After the successful

construction and commissioning of the Phase-2 column at

WWU Münster, the system was dismounted, shipped to the

Gran Sasso underground laboratory LNGS and re-assembled

underground.

5.1 Thermodynamic stability

Figure 7 shows the key parameters of the first long-term dis-

tillation run over several days at the Gran Sasso lab. About

212 kg of xenon were distilled with a fully saturated liquid

feed at port LF5 at a flow rate of FIC01 = 8.5 slpm (Fig. 7,

bottom) with 1% off-gas flow rate. The pressure stabiliza-

tion works as efficiently as for the Phase-1 setup, stabilizing

a few hours after starting the process, as shown in the top

panel of Fig. 7. However, achieving a stable mass-balance is

more complex since the Phase-2 setup has a longer package

tube and the position of the feeding port, where the xenon is

injected to the package tube, was also moved upwards. The

overpressure inside the input condenser is therefore required

to be much higher, to push the liquid upwards compared to the

Phase-1 system. After about 24 h, the optimal settings were

found and the liquid level inside the reboiler vessel (�P25,

Fig. 7, middle) remained constant at 6.2 mbar corresponding

to a filling height of about 23 mm. The differential pressure

along the package tube was measured to be about 2.4 mbar,

corresponding to a pressure drop of about 0.86 mbar/m, sim-

ilar to the Phase-1 system.

In further distillation studies at LNGS, higher flow rates of

up to 16.5 slpm were operated stably while processing xenon

with a krypton concentration of O(1 ppm). Furthermore,
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xenon with high concentrations of O2/Xe ≈ 1300 ppm and

N2/Xe ≈ 2600 ppm was successfully processed. The stud-

ies indicate that the modifications of the gas collection in

both input and top condenser were successful and allow pro-

cessing xenon with a high content of impurities other than

krypton.

5.2 Separation efficiency

During the commissioning run at WWU Münster, xenon arti-

ficially doped to a krypton concentration of O(10 ppm) was

used to estimate the reduction factor of the Phase-2 column

with the coldtrap-RGA method. Both the in-gas sample and

the purified liquid-out gas were measured during the distil-

lation process with 8.0 slpm. The concentration of natural

krypton in the purified xenon was found to be below the sen-

sitivity limit of the coldtrap-RGA system of (206 ± 36) ppt.

The concentration in the supply bottle was determined to be

(20.2 ± 5.4) ppm. This gives a reduction factor of

Fred > 9.4 · 104 (90% CL), (15)

proving the design value of 104–105.

During the commissioning run at LNGS, 212 kg of xenon

were processed (see Fig. 7), and several samples for mea-

surements with the RGMS system were drawn. The in-gas

was stored in four gas bottles. Three of them were measured

with a commercial gas-chromatograph and have an average

concentration of (453 ± 53) ppb. For the fourth bottle a cer-

tificate from the delivering company stated a concentration

of less than 1000 ppb of krypton.

The sample container for the purified xenon was connected

to the XENON1T purification system, which is designed as a

gas manifold and allows extraction of samples. The purified

liquid-out sample was measured to have a concentration of

(730 ± 140) ppq. Assuming a uniform probability for the

unknown concentration of the fourth bottle between 0 and

1000 ppb, the reduction factor is

Fred = (6.4+1.9
−1.4) · 105. (16)

This reduction was achieved with a stripping section of

192 cm height. The resulting McCabe–Thiele diagram,

adapted to Fig. 2, for the given numbers above, leads to 7

stages for the stripping section and thus to a HETP value

for a single distillation stage of about 27 cm. This value is

significantly higher than stated for the Phase-1 column. This

may be evidence for reaching the limits of the description

by the McCabe–Thiele method for ultra-low concentrations.

Another possibility is, that systematic effects affecting sam-

ple collection, transport and preparation contaminated the

liquid-out sample. The absolute concentration in the liquid-

out line during the distillation process may be lower and thus

Table 2 Results on the krypton concentration measurements of differ-

ent experiments

Experiment Technique natKr/Xe [ppq]

XENON100 Distillation 950 [10]

PandaX Distillation 1000 [11]

XMASS Distillation 2700 [24]

LUX Chromatography <200 [7]

XENON1T Phase-1 Distillation <26

XENON1T final Distillation <48

the reduction factor might be even higher and the HETP value

lower. In a forthcoming paper [23] we will present an inde-

pendent determination of the HETP value using the 83mKr

tracer method [13,19].

Absolute concentrations <48 ppq (90% CL) were achi-

eved with the final system when distilling xenon with

input concentrations of about 50 ppb during further distil-

lation runs. The achieved krypton concentrations are com-

pared with other LXe-based dark matter experiments in

Table 2.

6 Conclusion

A novel distillation column was designed and constructed for

a process speed of 8.3 slpm (=3 kg/h) and a krypton reduc-

tion factor of 104–105 to reach natural krypton in xenon

concentrations <200 ppq. Although the design followed the

McCabe–Thiele method, the development was done in two

phases to ensure the validity of the construction for ultra-

low concentrations. The first setup using 1.1 m of pack-

age material (Phase-1) was followed by the improved final

setup (Phase-2), using 2.8 m of package material, currently

installed in the underground laboratory LNGS as a subsystem

of the XENON1T experiment. Both systems are thermody-

namically stable at the design values. Higher process speeds

of up to 18 slpm (=6.5 kg/h) were also shown to be stable.

The separation performance was investigated using differ-

ent coldtrap RGA and RGMS techniques and the reduction

factor of the final setup at LNGS has been measured to be

Fred = (6.4+1.9
−1.4) · 105. The krypton concentrations delivered

by the final system were measured to be <48 ppq, fulfilling

the XENON1T requirement of <200 ppq. The lowest con-

centration achieved so far was <26 ppq, obtained with the

Phase-1 column. This is almost an order of magnitude lower

than needed for XENON1T.

The cryogenic distillation column is being operated at the

XENON1T experiment and allows for processing 3.3 tons of

xenon to produce an ultra-low krypton contamination at the

ppq-level.

123



275 Page 12 of 12 Eur. Phys. J. C (2017) 77 :275

Acknowledgements We gratefully acknowledge support from the

National Science Foundation, Swiss National Science Foundation,

Deutsche Forschungsgemeinschaft, Max Planck Gesellschaft, German

Ministry for Education and Research, Foundation for Fundamental

Research on Matter, Weizmann Institute of Science, I-CORE, Initial

Training Network Invisibles (Marie Curie Actions, PITNGA-2011-

289442), Fundacao para a Ciencia e a Tecnologia, Region des Pays

de la Loire, Knut and Alice Wallenberg Foundation, Kavli Foundation,

and Istituto Nazionale di Fisica Nucleare. We are grateful to Labora-

tori Nazionali del Gran Sasso for hosting and supporting the XENON

project. The Helmholtz Alliance for Astroparticle Physics supported

S.R. and travel for I.C.

Open Access This article is distributed under the terms of the Creative

Commons Attribution 4.0 International License (http://creativecomm

ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,

and reproduction in any medium, provided you give appropriate credit

to the original author(s) and the source, provide a link to the Creative

Commons license, and indicate if changes were made.

Funded by SCOAP3.

References

1. G. Steigman, M.S. Turner, Cosmological constraints on the prop-

erties of weakly interacting massive particles. Nucl. Phys. B 253,

375–386 (1985)

2. G. Jungman, M. Kamionkowski, K. Griest, Supersymmetric dark

matter. Phys. Rept. 267, 195–373 (1996). arXiv:hep-ph/9506380

3. G. Bertone et al., Particle Dark Matter – Observations, Models and

Searches (Camebridge University Press, Camebridge, 2010)

4. E. Aprile et al. (XENON Collaboration), Physics reach of

the XENON1T dark matter experiment. JCAP 04, 027 (2016).

arXiv:1512.07501 [physics.ins-det]

5. LZ collaboration, LUX-ZEPLIN (LZ) Conceptual Design Report.

arXiv:1509.02910 [physics.ins-det]

6. DARWIN collaboration, DARWIN: towards the ultimate dark mat-

ter detector. Prepared for submission to JCAP. arXiv:1606.07001

[astro-ph.IM]

7. D.S. Akerib et al. (LUX Collaboration), Chromatographic separa-

tion of radioactive noble gases from xenon. arXiv:1605.03844v1

[physics.ins-det]

8. K. Abe et al. (XMASS Collaboration), Distillation of liquid

xenon to remove krypton. Astropart. Phys. 31, 290–296 (2009).

arXiv:0809.4413 [physics.ins-det]

9. E. Aprile et al. (XENON Collaboration), Dark matter results from

225 live days of XENON100 data. Phys. Rev. Lett. 109, 181301

(2012). arXiv:1207.5988 [astro-ph.CO]

10. S. Lindemann, H. Simgen, Krypton assay in xenon at the ppq level

using a gas chromatographic system and mass spectrometer. Eur.

Phys. J. C 74, 2746 (2014). arXiv:1308.4806

11. Z. Wang, L. Bao, X. Hao, Y. Ju, Design and construction of a cryo-

genic distillation device for removal of krypton for liquid xenon

dark matter detectors. Rev. Sci. Instrum. 85, 015116 (2014)

12. W. McCabe, J. Smith, P. Harriott, Unit operations of chemical engi-

neering, 7th edn., vol. 665 (McGraw-Hill International Edition,

New York, 2005)

13. S. Rosendahl et al., Determination of the separation efficiencies of

a single-stage cryogenic distillation setup to remove krypton out

of xenon by using a Kr-83m tracer method. Rev. Sci. Instrum. 86,

115104 (2015)

14. L. Lohrenegel, Einführung in die thermischen Trennverfahren, vol.

47 (Oldenbourg Verlag München Wien, 2007)

15. National Institute of Standards and Technology. www.nist.gov

16. Sulzer Chemtech Ltd, Structured packings: energy-efficient, inno-

vative and profitable, version: 22.13.06.40 V.15 (2015)

17. E. Aprile, T. Yoon, A. Loose, L.W. Goetzke, T. Zelevinsky, An atom

trap trace analysis system for measuring krypton contamination in

xenon dark matter detectors. Rev. Sci. Instrum. 84, 093105 (2013).

arXiv:1305.6510 [physics.atom-ph]

18. E. Brown, S. Rosendahl, C. Huhmann, C. Weinheimer, H. Kettling,

In situ measurements of krypton in xenon gas with a quadrupole

mass spectrometer following a cold-trap at a temporarily reduced

pumping speed. JINST 8, P02011 (2013). arXiv:1212.5136v1

[physics.ins-det]

19. S. Rosendahl et al., A novel Kr-83m tracer method for characteriz-

ing xenon gas and cryogenic distillation systems. JINST 9, P10010

(2014). arXiv:1407.3981 [astro-ph.IM]

20. D. Leonard et al., A simple high-sensitivity technique for purity

analysis of xenon gas. Nucl. Instrum. Meth. A 621, 678 (2010).

arXiv:1002.2742v2 [physics.ins-det]

21. A. Dobi et al., Detection of krypton in xenon for dark mat-

ter applications. Nucl. Instrum. Meth. A 665, 1–6 (2011).

arXiv:1103.2714v4 [astro-ph.IM]

22. K.L. Giboni et al., Xenon recirculation-purification with a heat

exchanger. JINST 6, P03002 (2011)

23. S. Rosendahl et al., Investigation of the dynamics of cryogenic

distillation by the Kr-83m tracer method when purifying xenon

from krypton (to be published)

24. K. Abe et al. (XMASS collaboration), XMASS detector. Nucl.

Instr. Meth. A 716, 78–85 (2013). arXiv:1301.2815 [physics.ins-

det]

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/hep-ph/9506380
http://arxiv.org/abs/1512.07501
http://arxiv.org/abs/1509.02910
http://arxiv.org/abs/1606.07001
http://arxiv.org/abs/1605.03844v1
http://arxiv.org/abs/0809.4413
http://arxiv.org/abs/1207.5988
http://arxiv.org/abs/1308.4806
www.nist.gov
http://arxiv.org/abs/1305.6510
http://arxiv.org/abs/1212.5136v1
http://arxiv.org/abs/1407.3981
http://arxiv.org/abs/1002.2742v2
http://arxiv.org/abs/1103.2714v4
http://arxiv.org/abs/1301.2815

	Removing krypton from xenon by cryogenic distillation  to the ppq level
	XENON Collaboration[aff1]1,[collabaff1]
	Abstract 
	1 Introduction
	2 Design of the cryogenic distillation column
	3 Diagnostics of krypton in xenon
	3.1 RGA with coldtrap enhanced sensitivity
	3.2 GC-RGMS - Gas chromatography in combination with residual gas mass spectrometry

	4 The Phase-1 distillation column
	4.1 Design and assembly
	4.2 Commissioning
	4.3 Thermodynamic stability
	4.4 Separation efficiency

	5 Performance of the final distillation column
	5.1 Thermodynamic stability
	5.2 Separation efficiency

	6 Conclusion
	Acknowledgements
	References



