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Many low background experiments using xenon need to remove radioactive radon to improve their

sensitivities. However, no method of continually removing radon from xenon has been described in the

literature. We studied a method to remove radon from xenon gas through an activated charcoal trap.

From our measurements we infer a linear relationship between the mean propagation velocity vRn of

radon and vXe of xenon in the trap with vRn=vXe ¼ ð0:9670:10Þ � 10�3 at �85 1C. As the mechanism for

radon removal in this charcoal trap is its decay, knowledge of this parameter allows us to design an

efficient radon removal system for the XMASS experiment. The verification of this system found that it

reduces radon by a factor of 0.07, which is in line with its expected average retention time of 14.8 days

for radon.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

Liquid noble gases are increasingly used in low background
experiments due to both their high purity and good performance
as a radiation detector. Xenon (Xe) is a particularly attractive
candidate, as it has the highest mass number, produces scintilla-
tion light in the range of typical photomultiplier (PMT) sensitiv-
ities, and has no long lived radioactive isotopes of its own [1–3].
The XMASS experiment at the Kamioka Observatory in Japan uses
liquid Xe (LXe) to search for possible WIMP Dark Matter recoils. It
uses especially developed low radioactivity PMTs to measure the
ll rights reserved.
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scintillation light from nuclear and other recoils in its LXe volume.
The high scintillation light yield of LXe (comparable to that of
NaI(Tl)) allows for good energy resolution and a low detection
threshold. Its high density and lack of radioactive isotopes provide
excellent shielding against background radiation from without as
well as within the detector [4]. The sensitivity of the XMASS
experiment is expected to be better than 10�45 cm2 for a dark
matter particle mass of 100 GeV/c2 with 100 kg effective volume
and 5 years exposure time. As the power dispersed by the PMTs
submerged in the LXe naturally leads to continuous evaporation of
liquid from above the detector itself, both liquid and gas phase
circulation are part of the XMASS detector design and can be used to
maintain the purity of the detector medium, the LXe.

Thanks to the short half-life times of all its radioactive isotopes
chemically pure Xe does not have any intrinsic radioactivity.
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While efficient means exist to remove admixtures other than
noble gases, trace admixtures of in particular krypton (Kr) and
radon (Rn) with their respective radioactive isotopes and decay
chains have to be taken care of separately. 85Kr(10.756 yr) and
222Rn(3.82 day), Rn’s longest lived isotope, are of particular
concern. While in XMASS Kr was removed by distillation [5] prior
to filling the LXe into the detector, 222Rn is a daughter of 238U and
will be re-supplied continuously from the uranium decay chain in
the structural elements of any type of detector. Some of the
emanating Rn will inevitably decay in the effective volume of the
detector. Self-shielding therefore does not help to reduce this
background, and Rn in the LXe detector medium will have to be
reduced to an acceptable level continually throughout the lifetime
of the experiment.

As both Rn and Xe are chemically inert noble gases, one is
reduced to exploiting small physical differences between the two
elements. Activated charcoal is an effective adsorbent for various
impurities by physical adsorption. Its adsorption of some rare
gases was investigated in [6]. In Kamioka the Super-Kamiokande
group is using activated charcoal to produce Rn free air [7].
Rn adsorption in argon gas was confirmed in [8], and the mechan-
ism of adsorption in charcoal was discussed in [9,10]. However, it
can be expected to be difficult to remove Rn from Xe as atomic size
of Xe and Rn is not very different; parameters that govern the
adsorption of materials in the pores of different charcoal samples.
The charcoal used in the XMASS experiment and throughout all of
our measurements reported in this paper was Shirasagi G2X 4/6,
which is a product of Japan EnviroChemicals, Ltd. The charcoal has
cylindrical shape, and its grain size is 4:75� 3:36 mm. It was
selected from a range of products measured by High-Purity Germa-
nium detector produced by CANBERRA, it had the lowest contam-
ination with radium (0:06770:015 mBq=g), of which Rn is a
daughter.

Activated charcoal traps (hereafter simply referred to as
charcoal traps or traps) can be understood as an analog to
columns in gas chromatography. In this paper we consistently
interpret our measurements in terms of different propagation
speeds for Rn and Xe in our charcoal traps. If a given charcoal trap
is long enough so that Rn moving at its measured propagation
speed needs a couple of Rn lifetimes before it emerges again at
the other end of the trap, the appropriate portion of it will have
decayed naturally and the overall Rn concentration in the Xe
carrier gas moving through the trap is reduced by that amount.
The measured parameters are therefore used to design an appro-
priate system to continually remove radon from the LXe used as
detector medium in the XMASS experiment, and we verified that
this system performs according to expectations.

This paper is organized in four sections, including this intro-
duction. In section two we describe experiments designed to
verify the system parameters relevant to radon removal from
gaseous Xe in charcoal traps. These findings are applied to the
design of a dedicated Rn removal system for XMASS in section
three. In this section we also report measurements we made to
ascertain this system’s performance. The final section offers our
conclusions.
2. Rn removal from Xe gas: measurements

2.1. The experimental setup

The following experiments were designed to verify the concept
of a Rn propagation speed vRn for Rn progression through the
charcoal trap that would be sufficiently lower than the average
speed vXe of the bulk Xe component to allow efficient removal of
the radioactive Rn contaminant through its natural decay. While
vXe in the trap is easily obtained as the ratio of overall flow
through the trap fXe to the cross-sectional area Atrap of the trap, vRn

needs to be extracted from the temporal evolution of the Rn
concentration after the carrier gas (Xe) is passed through the trap.
In particular that requires to be able to inject a measurable
amount of Rn into the system and have a reliable means of
monitoring the concentration of Rn in the system.

The first problem of injecting a measurable quantity of Rn into
our Xe carrier gas is easily solved with a commercial Rn gas
source (Pylon RNC Calibrated Radon Gas Source; Ra-226). With
regard to the second problem there fortunately is a lot of
expertise available at the Kamioka Observatory. We employed a
PIN photodiode based electrostatic collection type Rn detector
with a 70 l volume [11]. This detector identifies decays of the Rn
daughters 218Po and 214Po collected onto its photodiode by
measuring the energy of their respective emitted alpha particles.
Given their distinctive alpha energies both isotopes can thus be
monitored independently. While 214Po has a higher collection
efficiency in the electrostatic field leading it to the photodiode, it
also has a longer lifetime that requires longer measurements and
implies a larger time lag. For this reason we mainly analyzed the
218Po data to measure Rn concentration. To monitor the Rn
concentration we integrate the respective 218Po counts over
10 min intervals and use calibrated efficiencies to obtain the
averaged Rn concentration for the respective 10 min interval.

The layout of our system is shown on the left hand side of
Fig. 1. The two main parts were the aforementioned Rn detector
and the charcoal trap. The trap was usually immersed in a coolant
reservoir to keep its temperature stable at �85 1C. It also was
fitted with a heating mechanism which allowed us to bake the
trap at 120 1C. As our measurements showed, this temperature
was sufficiently high to release all previously adsorbed Rn. The
charcoal trap can be isolated from the rest of the system while
circulation would be maintained by means of a bypass to the trap.
The same is true for the getter [12] that can be used to remove
contaminants other than Rn from the Xe, and the aforementioned
Rn source. The bypass to the circulation pump was mostly
adjusted just to arrange for conditions that would allow the Xe
calibrated mass flow controller to maintain the desired flow rate
through the circulation system. Not shown in the diagram are the
Xe supply system and a vacuum station that allows to evacuate
the whole system.

In preparation for a measurement cycle the system was
evacuated, and the charcoal trap was first baked under vacuum.
Next the system was filled with Xe gas and circulation was started
while we were still baking the charcoal trap. At this point the
circulation included all components except for the Rn source. The
pressure was almost atmospheric pressure. Due to the charcoal
adsorption, it moved from 0.09 to 0.12 MPa when we used three
charcoal traps. In particular the getter was always kept in the
system during all circulation to keep the dew point o�70 1C.
While still baking it the charcoal trap was then isolated from the
rest of the circulation system by switching circulation to the
bypass for the trap. In isolation, the trap was cooled down from its
baking temperature of 120 1C to its operating temperature of
�85 1C, which is coolant temperature. During this cooling process
Xe itself got adsorbed in the trap and the pressure in the trap
dropped accordingly. Next Rn was injected into the circulation
system from the Rn source while circulation continued through
the Rn detector and the getter. After Rn injection the measure-
ment cycle started with a measurement of the newly attained Rn
concentration in the circulation system. After some section of the
Rn decay curve was measured and the trap had reached its
operating temperature, the Xe flow was switched from the bypass
to go through the trap. This was done under the control of the
mass flow meter by first opening only the inlet side of the trap
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Fig. 1. Layout of the Xe circulation and Rn concentration measurement system. The charcoal traps are connected at points A and B. The right side of the figure shows the

layout of the newly designed charcoal trap for XMASS with the location of its temperature sensors, which was also tested in the left side system.
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until the pressure in the cold trap became too high to maintain
the desired flow rate; at this point the outlet side of the trap was
opened too to allow continuous circulation through the trap.
Circulating through the charcoal trap the system ultimately
settles into a new and lower equilibrium concentration for Rn in
the Xe carrier gas. Once this new equilibrium concentration is
reached and our measurements traced the Rn decay curve again
for a suitable amount of time at the new lower level, cooling is
removed from the trap and the trap is baked once again to restore
the trapped Rn to the system. That the ensuing rise in the
measured Rn concentration always recovered the decay curve
originally measured right after Rn filling is proof that the Rn that
had been removed while operating the trap at low temperature
really had been adsorbed in the charcoal. Circulation through the
trap was continuing throughout this radon release phase of the
measurement. A new measurement cycle may have been started
without adding new Rn by simply isolating the baking trap again
to cool it down during bypass circulation. One measurement cycle
therefore consists of three different phases: bypass circulation,
trapping circulation, and release circulation.

As mentioned before the parameters we want to control in our
system are the overall flow rate fXe as well as length Ltrap and
cross-sectional area Atrap of the trap itself. Control of Ltrap and Atrap

was achieved by simply preparing three identical sections of
charcoal trap that in a sequence of experiments were then
installed either in sequence or in parallel, doubling or tripling
either the length (sequence) or the area (parallel) of the trap. One
such charcoal section had a length of 174 cm and a cross-section
of 0.94 cm2, containing 58.6 g of activated charcoal. The tube
itself was cut from standard 1/2 in. copper tubing.

2.2. Extracting the Rn propagation velocity in the trap

Fig. 2 shows the results of a sequence of measurement cycles
made after one Rn injection and with all three traps arranged in
series, resulting in Ltrap ¼ 522 cm and Atrap ¼ 0:94 cm2 with a total
of 175.8 g of charcoal for these measurements. Note that between
measurement cycles bypass circulation is always necessary in
order to allow the cooling down of the charcoal trap without
starting to trap radon from the reservoir in the 70 l Rn detector
prematurely.

The data points in this figure show the 222Rn concentration in
[Bq/m3] as measured in the Rn detector by 218Po counts. fXe was
different for each measurement cycle and is indicated in the
figure. The figure also shows two decay curves with the proper
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222Rn lifetime fit to the data; the upper dash-dotted one shows
the temporal evolution of the injected Rn concentration when no
Rn is trapped in the charcoal (baking condition) and the lower
dotted one the temporal evolution of the equilibrium concentra-
tion of Rn in the system when the traps are cooled to operating
temperature.

Two important conclusions of all our measurements are imme-
diately evident from this figure. First: for flow rates between 0.25
and 1:50 l=min the equilibrium Rn concentration as a fraction of the
injected Rn concentration (adjusted for natural decay) after Rn
adsorption in the traps is independent of the overall flow rate
through the traps. Second: baking at the end of the cycle releases all
the adsorbed Rn from the trap, and the original Rn concentration
(adjusted for natural decay) is restored. As mentioned before this is
also evidence that Rn really was adsorbed in the cooled traps.

To interpret our measurements we invoke the analogy with
gas chromatography again. Our setup is best understood as
consisting of one mixing reservoir (the 70 l Rn detector) and
one delay line (the charcoal trap). Mixing in the reservoir takes
place between the output of the delay line and the contents of the
reservoir, which are simultaneously fed into the delay line. At the
beginning of a measurement cycle the trap is empty and Rn
loaded Xe enters the delay line. But because of the delay – here is
where the analogy with gas chromatography becomes relevant –
no Rn appears at the output yet. The Rn concentration in the
reservoir drops as essentially Rn free Xe leaves the trap to dilute
the Rn concentration in the reservoir. Since at 1:00 l=min the
volume of the detector is turned over in a little over 1 h, the Rn
concentration in the reservoir (the Rn detector) drops precipi-
tously, and Xe with a now very low Rn concentration is fed into
the delay line. After the proper delay the Rn that was initially fed
into the delay line when the reservoir still had all its Rn will
emerge from the end of the delay line and mix with the by now
essentially Rn free Xe in the reservoir. This raises the Rn
concentration in the reservoir and therewith the Rn level of the
Xe now entering the delay line. While the Rn level at the input to
the delay line is thus rising, the very low Rn concentration that
had previously entered it is still moving through the trap. Upon
emerging from the trap into the Rn detector again this low
concentration will start to lower the Rn concentration in the Rn
detector again, giving rise to the damped oscillations observed in
the onset of the measurements. Thus a sequence of lower and
higher concentration mixes propagating through the delay line
(trap) gives rise to the damped oscillations we see in the onset of
our Rn concentration measurement cycles. Damping is effected by
differentials in the propagation speed of Rn in the trap and mixing,
with differentials in propagation speed arising from both diffusion
and turbulence in the trap. As turbulence plays less of a role at lower
Xe flow rates, the oscillations are more pronounced at lower flow
rates. A measurement cycle ends when we raise the temperature of
the trap to our 120 1C baking temperature and all the Rn adsorbed in
the trap is released again, restoring the original Rn concentration in
the system with its proper decline by decay. Isolating the trap and
cooling it again or Xe recovery and trap modification prepares the
system for a new measurement cycle.

Assuming that mixing in the Rn detector volume and flushing
the thin 1/4 gas lines in the system is essentially instantaneous,
the observed oscillation period becomes a direct measure of the
Rn propagation speed vRn in the trap. With the Xe propagation
speed given by the flow rate, we can then readily derive the ratio
of the two.

Fig. 3 is zooming in on the start of the 0:50 l=min measure-
ment cycle of the previous figure. For reference we also add the
Rn concentration as traced by the 214Po decays in this figure. The
time offset between the two traces is due to the longer lifetime of
214Po as compared to 218Po.
Also in Fig. 3 we marked four different times: Tstart marks the
time when the Rn concentration in the Rn detector starts to drop;
this is the time when after re-inserting the now cold charcoal trap
into the system and filling it with Xe from the Rn detector
reservoir through the inlet to the trap the exit from the trap is
opened to resume true circulation. Tvalley and Thill mark the first
two extrema of the oscillatory part of the Rn concentration trace,
and Tmean ¼ ðTvalleyþThillÞ=2 is a point very close to the second zero
crossing of the oscillating trace. In the more strongly damped high
flow rate measurements shown at earlier times in Fig. 2 these are
the only observable extrema, while in other measurements (see
e.g. Fig. 7), where the Rn detector sensitivity became the limiting
factor, sometimes only maxima are observable at all. Thus while the
obvious choice for measuring the period of an oscillation would be
to measure the time between its zero crossings we chose to measure
it between extrema to better accommodate our data.

When interpreting our data we find that TRn ¼ Tmean�Tstart

indeed measures the period of this oscillation, i.e. the mean time
it takes Rn to move through the charcoal trap. This is verified on
data where many oscillation periods are recorded, like the
f Xe ¼ 0:25 l=min data shown at late times in Fig. 2.

Fig. 4 summarizes the measurements of TRn as a function of the
length of the charcoal trap. For each of the measured Xe flow rates
the three measurement points up to trap lengths of 522 cm are
simply the multiples of the fundamental length of 174 cm of each
of our three traps. The measurement points at higher path length
are obtained from the higher oscillations wherever they were
reliably observable—i.e. at lower fXe. In line with our under-
standing of the oscillation mechanism each higher oscillation is
interpreted as a renewed pass of a Rn concentration enhancement
through the system, thus adding one more path through the
charcoal trap. For the f Xe ¼ 0:25 l=min data shown in Fig. 2 we
were able to extract four oscillation periods, resulting in the three
additional entries at multiples of the three trap serial combina-
tion’s fundamental length of 522 cm. Thus Fig. 4 also validates our
interpretation of the oscillation pattern.

Fig. 5 finally summarizes the vRn obtained from the fits of TRn

vs. path length shown in Fig. 4. From the fit shown in this figure
we extract vRn=vXe to be ð0:9670:10Þ � 10�3 at a temperature of
�85 1C with our choice of Shirasagi G2X 4/6 for the charcoal traps.
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Also shown – but not used in the previous fit – is the result
obtained with the Rn removal system designed for use in XMASS
on the basis of above measurements, which will be discussed in
the remainder of the paper.
3. Radon removal system design for the XMASS LXe detector

3.1. System requirements

The XMASS detector in its current incarnation has a 700 l gas
volume above and in equilibrium with its 1100 kg (� 380 l LXe)
of liquid that fill the whole of the detector volume in this single-
phase experiment.

Great care was taken in choosing detector materials with respect
to controlling the radioactivity emanating from all materials used in
the XMASS detector. From the pertinent measurements on the
relevant materials we estimate that less than 12 mBq=700 l are
emanating directly into the gas volume above the detector, originat-
ing mainly from the signal and high voltage cables of the PMTs.
12 mBq is also our upper limit estimate for emanation into the
liquid, mainly coming from the PMT bases. If we achieve Rn
reduction by a factor 10 or better in the gas, there should therefore
be no noticeable addition to the activity in the detector from that
source any more. At this level of 10% of background from the PMTs
the remaining Rn would contribute of order 10�5 dru to the overall
background level in our fiducial volume.

With the half-life of 222Rn being 3.8 d, the TRn for Rn to stay in
the trap must be longer than 12.7 days. Assuming a flow rate
f Xe ¼ 1:00 l=min¼ 1:7� 10�5m3=s of gaseous Xe to be liquefied, a
trade off between Ltrap and Atrap can be made for this system and
our choice of charcoal (Shirasagi G2X 4/6), but the volume of the
system has to be

LtrapAtrap ¼ f Xe

vRn

vXe
TRnZ17 560 cm3

using our measured value from above for vRn=vXe. This implies a
total charcoal mass of more than 4.8 kg.

3.2. System implementation

As the trap needs to be cooled, constraints on the dimensions
of the system mainly come from the bath for the refrigerant and
its insulation requirements. With an eye also to the flexibility a
modular design offers, we chose to arrange two tubes of modest
diameter in series, with enough room in the bath to add two more
such tubes if needed. Each of these tubes is made from stainless
steel, is 90 cm long, has an inner cross-sectional area of 113 cm2,
and contains 2750 g of charcoal. Thus the two tubes amount to
5.5 kg of charcoal in the trap. To contain the charcoal and its dust
and avoid contamination of the detector, the entrance and exit of
each tube are sealed with a 0:003 mm metal filter mesh.

A schematic view of the system is shown on the right hand
side of Fig. 1. This figure also shows the locations of temperature
sensors in and around one of the charcoal tubes in the trap. One
measures the gas temperature at the inlet of the tube, while the
other three measure its surface temperature from the outside.
Around each tube a heating wire is wrapped to allow for baking of
the tube and the charcoal contained in it. Fig. 6 shows different
views of the system.

Given above system parameters and f Xe ¼ 1:00 l=min we can
calculate that vRn will be 1:47� 10�3 m=s in the charcoal hous-
ings and for our system TRn becomes ð14:7471:60Þ days. This
corresponds to 3.8 half-lives of 222Rn or an expected reduction by
a factor of 1/14.6.

3.3. System performance test

To verify the system performance the newly designed trap was
installed into the circulation system as in Fig. 1, and Rn was
introduced into the Xe again. As usual, the trap had been isolated
under baking conditions, but then was cooled to �90 1C) for this
test. While its intended operating temperature in XMASS detector
is �100 1C, �90 1C is closer to the �85 1C previously used to
establish vRn=vXe. For those previous measurements the tempera-
ture was limited by the cooling system. During the test the
temperature sensors indicated in Fig. 1 showed uniform readings
within 70:3 1C even if warm Xe gas was circulated in the trap.

The results of this performance test are shown in Fig. 7.
Despite a very high initial Rn concentration of 1000 Bq/m3 at
the start of the measurement cycle and integrating the Rn
detector count rates over 12 h intervals the measurement was
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clearly limited by the sensitivity of our 70 l Rn detector. It cannot
measure Rn concentrations less than 10 mBq/m3. Clearly visible
are the initial fast reduction of Rn in the system, as well as the
first and second oscillation maximum. These allowed us to extract
TRn again, which for this system evaluated to ð14:7570:50Þ days,
which is in line with expectation—as evident in Fig. 5, where a
star marks the measurement.

3.4. Measurement of radon emanation from system

Adding 5.5 kg of charcoal to a dedicated low background
system, one concern has to be Rn emanation from the charcoal
itself. However, the signal of Rn emanation from charcoal at low
temperature is probably below the detection limit due to adsorp-
tion by charcoal itself. In order to make a conservative measure-
ment of Rn emanation from the charcoal it has to be kept at
baking temperature. For the high Rn concentrations artificially
introduced for our previous measurements all Rn seems to be
recovered from being trapped in the charcoal when the charcoal
temperature is raised to 120 1C.

The emanation measurement was made after the new trap was
installed to the circulation system of Fig. 1, and before any Rn was
injected. To get a realistic result relevant for the intended operating
conditions of the trap Xe was used as carrier gas for the measure-
ment and circulated at a rate of 1:00 l=min. Since for this measure-
ment we cannot artificially raise the Rn level, the integration time
for each bin was increased from 10 min to 1 day, and instead of
quoting Rn concentration we use the number of Rn decays directly.

Fig. 8 shows the result of this measurement. To interpret it we
use the following equation:

dNðtÞ

dt
¼�lNþacþadet ð1Þ

where N(t) is the number of 222Rn atoms in the Rn detector, l is
the 222Rn decay constant, and ac and adet describe the emanation
of 222Rn from the charcoal and the Rn detector respectively. Here the
term for the Rn detector is meant to include all system components
other than the trap. The solution to this simple differential equation is

NðtÞ ¼
atot

l
ð1�e�ltÞþN0e�lt ð2Þ

222Rn decay¼ atotð1�e�ltÞþlN0e�lt ð3Þ

where N0 is the number of Rn atoms at the start of the measurement
and atot ¼ acþadet . The contribution from the N0 nuclei already
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present when the measurement starts will decay away, and ulti-
mately a steady state will be reached where the number of Rn decays
saturates at atot .

The fit to the measured data is also shown in Fig. 8, as well as
lines that show how the fit itself gets decomposed into the two
terms contributing to it. The measured total emanation derived from
this fit is ð15:0370:61ÞmBq, but it still contains the contribution
from the Rn detector itself. In a background measurement during
which pure Xe was circulated through the Rn detector bypassing
the charcoal trap, this contribution was measured to be ð4:547
0:20ÞmBq. This means that ð10:4970:64ÞmBq are emanating from
the 5.5 kg of charcoal and its housing at 120 1C.

While the decay rate of 226Ra is independent of temperature,
the dynamics of its daughter 222Rn emerging from the charcoal
into the Xe gas surrounding it are likely to be altered at low
temperature. In that sense we consider the measured value as an
upper limit for the Rn emanation from our newly constructed
charcoal trap. Assuming this worst case we next want to evaluate
its impact on the trap’s efficacy.

During operation, the newly emanating Rn will continually be
added throughout the trap to the Rn that entered the trap with
the circulating Xe, but unlike under the condition of the previous
measurement (baking) the trap will now be cooled and adsorb its
proper share of that mix. Using our above measured vRn in the
trap we estimate the effect of uniform emanation along the length
of our trap on the overall performance of the trap. We will assume
that all the measured emanation originates exclusively from the
charcoal and uniformly throughout the charcoal volume.

The emanation into a volume element Atrap dl at l, where l is
the distance from the entrance to the trap, is ac=grAtrap dl. Here
ac=g is the emanation per unit mass of charcoal, and r is the
density of charcoal averaged over the entire trap. The time it takes
Rn at l to exit from the trap is ðLtrap�lÞ=vRn, during which time a
fraction of that Rn will decay, so that the surviving Rn is given as

ac=dl ¼ ac=grAtrape�lðLtrap�l=vRnÞ dl: ð4Þ

Therefore, the total additional Rn output attributable to emana-
tion from the charcoal in the trap integrates to

ac=out ¼

Z Ltrap

0
ac=grAtrape�lðLtrap�l=vRnÞ dl

¼ ac=grAtrap
vRn

l
ð1�e�lðLtrap=vRnÞÞ: ð5Þ

To simplify the expression Eq. (5) can be rewritten substituting
Atrap ¼ V=Ltrap, rV ¼M, and Ltrap=vRn ¼ TRn, as follows

ac=out ¼
ac=gM

lTRn
ð1�e�lTRn Þ ð6Þ

where M is the total charcoal mass in the trap so that ac=gM

becomes the total emanation from the charcoal, which above we
measured to be 10.49/5.5¼1.91 mBq/kg at baking temperature.
Using TRn ¼ 14:75 day and M¼ 5:5 kg, the total Rn output due to
emanation from this trap is estimated to be ac,out r3:1 mBq. Note
that ideally we would measure Rn emanation at low temperature,
but trapping would further reduce the Rn available for measurement
in a situation where already we are limited by the sensitivity of our
Rn detector.

3.5. Expected effect on XMASS

Above we considered insertion of this trap into the gas line
that takes gas from above the detector to liquefy it and thus
compensate for evaporation from the liquid volume of the
detector. This we refer to as gas–liquid circulation. If one wants
to control the flow rate through the trap without artificially
boiling off more liquid, lines exist to circulate Xe gas from above
the detector directly, which would be referred to as gas–gas
circulation if no gas is liquefied in the process. Gas–gas and gas–
liquid circulation can also coexist or be mixed.

For the purpose of this estimation we will consider the two
possibilities separately. For gas–gas circulation the relevant
volume is the 700 l Xe gas volume above the detector. With
respect to this volume V the number of Rn atoms in it can be
written as

dNðtÞ

dt
¼�lNðtÞ�

f Xe

V
NðtÞþagasþac,outþbðtÞ

f Xe

V
NðtÞ

¼ � lþ
f Xe

V
ð1�bðtÞÞ

� �
NðtÞþagasþac,out ð7Þ

where b is the fraction of Rn that remains after passing through
the trap. The first term describes Rn decay in the volume, the
second the amount of Rn taken out with the Xe flow into the trap,
the third agas emanation from the detector materials in gas
volume (e.g. cables), the forth emanation from the charcoal trap,
and the last the amount of Rn returned to the detector after the
trap. If we assume the steady state, the b becomes constant, so
that the solution to this equation is

NðtÞ ¼
agasþac,out

g ð1�e�gtÞþN0e�gt ð8Þ

with g¼ lþðf Xe=VÞð1�bÞ. Where N0 is the initial number of Rn. In
the steady state solution the time dependent terms must vanish,
and plugging in the measured values b¼ 1=14:6, ac:out r3:1 mBq,
and independently measured value agaso12 mBq results in a
total expected 222Rn activity o1:3 mBq=700 l for a Xe circulation
flow of 1:00 l=min. As the detector’s active volume is entirely in
the liquid phase, it will be influenced by this measure only
through the equilibrium that exists between the Rn concentra-
tions in the liquid and gas phase, of which at this point we have
little knowledge. As we would reduce the gas phase concentra-
tion, it should be expected that the liquid phase follows suit.

In the case of gas–liquid circulation the Rn leaving the trap
would be added to the Rn in the detector’s liquid (active) volume
below the gas volume. As the liquid volume contains roughly
1100 kg of Xe it is rather large, and if we assume that no Rn returns
from the liquid phase to the gas volume, the trap will essentially be
used in a one-pass mode rather than in the re-circulation mode that
is typical of the gas–gas operation. To estimate the impact of trap
operation in this mode on the Rn concentration in the liquid volume
we also assume that all Rn gets transferred into the liquid phase
when we liquefy the Xe.

As far as the gas phase equations are concerned the trap
outputs bðf Xe=VÞNðtÞ and ac,out are removed from the input side of
the equation, which leads to

dNðtÞ

dt
¼� lþ

f Xe

V

� �
NðtÞþagas: ð9Þ

The solution now becomes

NðtÞ ¼
agas

d
ð1�e�dtÞþN0e�dt ð10Þ

with d¼ lþðf Xe=VÞ. Using the same values as quoted above for
gas–gas circulation, the steady state 222Rn activity in the gas
volume is expected to become o1:00 mBq=700 l, lower than in
the gas–gas circulation case.

In the liquid volume though the only means to dispose of Rn is
through its decay. This has to be in equilibrium with the inputs,
which now consist of the Rn that passes through the trap from its
input in the gas volume, Rn emanation in the trap, and emanation
aliq from the detector into the liquid volume

dNliqðtÞ

dt
¼�lNliqðtÞþb

f Xe

V
NgasðtÞþac,outþaliq ð11Þ
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where Ngas(t) is given by Eq. (10), and it becomes agas=d for the
steady state. Plugging in above numbers the Rn activity in the
liquid volume now becomes ð4:83þaliqÞmBq=1100 kg, where we
restricted the LXe mass to the portion that is contained in the
active volume of the detector.

Clearly Rn activity in the gas volume can be reduced by means
of gas–gas circulation through this newly designed charcoal trap.
If a stronger reduction of the Rn concentration in the gas phase is
desired, the modular design allows for easy doubling of the trap
length which could be combined with an increased flow rate.

Rn activity in the liquid volume on the other hand is directly
affected by ac,out so that cleaner charcoal would be needed to
further reduce Rn. If on the other hand Rn emanation from our
charcoal at low temperature is different from what we measured
at baking temperature, the trap might even perform better than
expected.
4. Conclusion

The efficient removal of Rn contamination from Xe gas using
activated charcoal was demonstrated and can be understood in
analogy to the passing of gases through a column in a gas
chromatograph. In this picture it is the slower propagation of Rn
relative to Xe in combination with the 3.8 d half life of the longest
lived Rn isotope that allows for efficient removal if the ‘‘column’’ is
long enough for a sufficient fraction of the Rn to decay before it re-
emerges from the column. For our choice of charcoal (Shirasagi G2X

4/6) we measured vRn=vXe ¼ ð0:9670:10Þ � 10�3.
Building on these measurements we designed a Rn removal

trap for the XMASS detector itself. Its design performance with
respect to Rn retention for 14:7570:50 d at a 1:00 l=min Xe flow
rate was verified and the system is ready for deployment in
XMASS. At the above flow rate and with our conservative upper
limit calculation for the Rn emanation from detector materials
assuming an initial Rn activity in the gas volume of 12 mBq we
would expect to achieve the following improvement after deploy-
ment in XMASS: gas–gas circulation should reduce the Rn activity
in the gas to 7% of its original value from 12 mBq to 1.3 mBq per
700 l. Gas–liquid circulation should reduce the Rn transfer into
the liquid by a factor of 0.4 from 12 mBq to 4.8 mBq.
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