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Abstract The selection of low-radioactive construction

materials is of utmost importance for the success of low-

energy rare event search experiments. Besides radioactive

contaminants in the bulk, the emanation of radioactive radon

atoms from material surfaces attains increasing relevance in

the effort to further reduce the background of such experi-

ments. In this work, we present the 222Rn emanation mea-

surements performed for the XENON1T dark matter exper-

iment. Together with the bulk impurity screening campaign,

the results enabled us to select the radio-purest construc-

tion materials, targeting a 222Rn activity concentration of

10 µBq/kg in 3.2 t of xenon. The knowledge of the distri-

bution of the 222Rn sources allowed us to selectively elim-

inate problematic components in the course of the exper-

iment. The predictions from the emanation measurements

were compared to data of the 222Rn activity concentration

in XENON1T. The final 222Rn activity concentration of

(4.5±0.1) µBq/kg in the target of XENON1T is the lowest

ever achieved in a xenon dark matter experiment.

1 Introduction

Many cosmological observations suggest that a large fraction

of the total matter density of the Universe is made up of an

unknown form of dark matter [1]. However, despite a large

experimental effort, dark matter has not yet been discovered.

XENON1T [2] was the largest and most sensitive so far in

the series of XENON direct dark matter search experiments

[3,4]. Its successor XENONnT started data-taking in 2020.

The primary aim of these experiments is the detection of

weakly interacting massive particles (WIMPs), a promising

dark matter candidate [5]. As in other astroparticle physics

experiments [6–8] liquid xenon is used as an efficient target

for particle detection. The XENON detectors are dual-phase

time projection chambers (TPCs) with a gaseous layer of

xenon on top of the target. Particles interacting with xenon

nuclei or the atomic electrons create scintillation light and
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ionization electrons. The light is detected by two arrays

of UV-sensitive photomultiplier tubes (PMTs) on top and

bottom of the detector. The ionization electrons are drifted

upwards to the liquid-gas interface, where they are extracted

and create a second, delayed scintillation light signal. Both

signals are used to gain information about the location and

energy of the interaction. They are also used to reject back-

ground either by the event multiplicity (multi-scatter versus

single-scatter events) or by the type of interaction (electronic

recoil versus nuclear recoil events).

XENON1T operated for two years, starting from Decem-

ber 2016. Similarly to other astroparticle physics experi-

ment looking for rare events, it required an extremely low

background level. Throughout the different generations of

the XENON experiments, external background sources have

been suppressed, e.g. by an improved external shield and

xenon self-shielding and by the mitigation of radioactiv-

ity from materials. Their level was marginal in XENON1T

and intrinsic background sources became dominant. Among

them, the radioactive isotope 222Rn induced the leading back-

ground component [9]. Its long-lived mother nucleus 226Ra

(T1/2 = 1600 years) is part of the primordial 238U decay

chain and thus present in most materials. Once 226Ra decays,

the created noble gas isotope 222Rn may emanate from inner

surfaces into the xenon volume.

As 222Rn has a relatively long half-life (T1/2 = 3.8 days),

it can reach the active dark matter target, where the β-decays

of its daughter isotope 214Pb can mimic signal events. To

achieve the scientific goal of XENON1T, a 222Rn activ-

ity concentration of 10 µBq/kg was required [9]. Other

radon isotopes may also lead to background events. However,

their contribution was strongly suppressed due to their small

abundance in the detector and much shorter half-lives, that

did not allow for their dispersion within the target volume.

XENON1T has performed a comprehensive bulk impurity

screening campaign to select radio-pure materials using

high purity germanium (HPGe) spectroscopy and Inductively

coupled plasma mass spectrometry (ICP-MS) [10]. However,

the measured 226Ra bulk activity can in general not be used to

predict how much 222Rn emanates from the material, because

surface impurities may become dominant. This made dedi-

cated 222Rn emanation measurements necessary, which are

described in this article.

There are two ways for a radon atom to leave the material

in which it is produced: by recoil or by diffusion [11]. In the

first case, the decay occurs directly on or below the material’s

surface. The recoil energy, which the radon nucleus receives

during the α-decay of its mother radium nuclide (85 keV [12]

in the case of 222Rn), is sufficient to eject it from the material.

In the second case, the radon atom diffuses inside the bulk

123



Eur. Phys. J. C (2021) 81 :337 Page 3 of 14 337

of the material. If it reaches a boundary surface before its

decay, it will be emanated. Data on radon diffusion in metals

are rare, but its diffusion coefficient is even smaller than the

minuscule one of xenon in metals [13]. Thus, it is reason-

able to assume that radon diffusion plays a significant role

only in soft or porous materials. As a consequence, a radon

emanation measurement of metals is mostly a test of surface

impurities.

The article is structured as follows. Section 2 discusses

the employed 222Rn assay techniques. In Sect. 3, we pre-

sent the screening results of investigated materials, most

of which were eventually used for the construction of

XENON1T. Section 4 describes the overall 222Rn emana-

tion measurements of the assembled XENON1T detector and

gives a summary on the inferred 222Rn budget, as well as

a comparison to XENON1T data. We also describe radon

reduction methods that were applied during detector opera-

tion. We close with a summary and outlook in Sect. 5.

2 The 222Rn assay techniques

For XENON1T we used two methods to study 222Rn ema-

nation. The most sensitive method applied ultra-low back-

ground miniaturized proportional counters [14], developed

for the GALLEX solar neutrino experiment [15]. These

devices are made of high purity synthetic quartz with an iron

cathode and a thin tungsten-wire (13 µm diameter) anode.

The active volume of the counters is around 1 cm3 and the

counting gas consists of 90 % argon and 10 % methane to

which the radon to be measured is added. 222Rn atoms decay

by α-disintegration, followed by two further α-decays from
218Po and 214Po until the long-lived 210Pb breaks the sec-

ular equilibrium. Cosmic muons as well as environmental

β- and γ-radiation cannot deposit energies above 50 keV in

the miniaturized counters. In contrast, α-decays exhibit a

larger energy deposition, allowing for their clear identifica-

tion. The detection efficiency for the three α-decays is not

equal, because the gaseous 222Rn is distributed in the entire

counter volume, while polonium ions deposit on surfaces. On

average (49.3 ± 2.0)% of all α-decays are detected, yielding

an expectation value of (1.48±0.06) counts per 222Rn decay.

The background count rate above 50 keV scatters around one

count per day for the different proportional counters. Thus, a

minimum detectable activity of ∼ 20 µBq can be achieved.

Prior to a measurement, the emanated 222Rn atoms had to

be collected from the samples, concentrated and mixed with

the counting gas. For this purpose, the samples were placed in

gas-tight emanation vessels made of glass or stainless steel.

We ensured that the pieces of a sample were not stacked in

order to let radon escape freely from all surfaces. Ambient air

was removed by pumping or flushing with radon-free carrier

gases (in most cases helium). Then, the vessel was filled with

the carrier gas and sealed and the emanated 222Rn accumu-

lated until the 222Rn activity reached a sizable fraction of its

equilibrium value. After typically one week, the mixture of

carrier gas and 222Rn atoms was pumped or flushed through

a gas purifier to remove gaseous impurities. The 222Rn atoms

were trapped in an activated carbon column at liquid nitrogen

temperature afterwards.

Larger samples, such as subsystems of the entire

XENON1T experiment, could not be placed in emanation

vessels. In these cases, the carrier gas was usually filled

directly into the gas-tight system. Such samples took the

role of both, the emanation vessel and the investigated
222Rn source, whereas the rest of the procedure remained

unchanged. Sometimes only a fraction of the filled carrier

gas could be extracted due to limited pumping power. In such

cases, the quoted activities were corrected for this reduced

extraction efficiency, assuming that the radon was homoge-

neously distributed in the gas.

The concentrated 222Rn sample was further processed in

a sample purification system. The same system was also

used to fill the proportional counters [16]. It featured several

cold traps and a non-evaporable hot getter pump to remove

unwanted trace-impurities that could impair the counter per-

formance. In the final step, the gas sample was mixed with

the counting gas and pushed into the counter by means a

mercury column.

In some cases, measurements had to be done on sam-

ples that were previously exposed to xenon. The subsequent

xenon out-gassing inhibited the use of miniaturized propor-

tional counters due to their small volume and the difficulty

to separate radon from xenon. In such cases we used electro-

static radon monitors with a significantly larger active vol-

ume [17,18]. The positively charged 222Rn daughters were

collected on a silicon PIN diode biased with a negative high

voltage with respect to the vessel’s walls. All subsequent

α-decays were recorded by the diode and the signal from
214Po was evaluated as it has the highest detection efficiency

(approximately 30 %). We used two different monitors with

a vessel size of 1 liter and 4 liters, respectively. The back-

ground due to self-emanation of the monitor was negligible

compared to the signal in all measurements. Even though the

sensitivity of the radon monitors was about four times worse

compared to the measurements with proportional counters,

it was sufficient for our applications in XENON1T.

All results in this article are given with a combined uncer-

tainty σ including statistical and systematical errors. If the

result is compatible with zero within 1.645 σ, a 90% C.L.

upper limit is given instead. Whenever a sample was addi-

tionally screened by γ-ray spectroscopy, we quote the result

obtained in [10] and refer to the identifier used in that work

as Radioassay-ID (RID).
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Table 1 222Rn emanation measurements of grade-1 titanium samples. The normalization to surface area and, where relevant, to weld seam length

is also given. For comparison the 226Ra bulk activity taken from [10] is quoted and referred to as RID (Radioassay-ID) defined there

ID Sample Supplier Description Treatment 222Rn emanation rate 226Ra activity [10]

#1 Ti grade-1 Supra

Alloys

14 plates

20.3 cm × 20.3 cm × 0.25 cm

Total: 1.2 m2/6.9 kg

Untreated (120 ± 30)µBq

(101 ± 28)µBq/m2
RID #40

< 0.6 mBq/kg

#1a Same as sample #1 Etched for 2 h in

1.8% HNO3

(160 ± 50)µBq

(140 ± 40)µBq/m2

#2 Ti grade-1 Nironit 13 plates

20 cm×20 cm×0.2 cm

Total: 1.1 m2/4.6 kg

17.4 m of TIG-weld seam

Untreated (540 ± 60)µBq

(510 ± 5)µBq/m2

(31 ± 3)µBq/m

RID #39

< 1.3 mBq/kg

#2a 7 plates of sample #2

Total: 0.6 m2/2.4 kg

9.4 m of TIG-weld seam

Etched for 2 h in

0.6% HF/7.6% HNO3

(“pickling”)

(73 ± 28)µBq

(130 ± 50)µBq/m2

(7.8 ± 2.9)µBq/m

#3 Ti grade-1 Nironit 13 plates

20 cm×20 cm×0.2 cm

Total: 1.1 m2/4.6 kg

Untreated (2980 ± 200)µBq

(2810 ± 190)µBq/m2
RID #38

(1.1 ± 0.4) mBq/kg

#3a 6 plates of sample #3

Total: 0.5 m2/2.1 kg

Electropolished

30µm surface

removed

< 39µBq

< 80µBq/m2

3 Material screening

This section presents the results of samples which were

measured during the preparation and construction phase of

XENON1T. We also list the supplier of the samples as it was

not always possible to identify the manufacturer of the raw

material.

3.1 Metal samples

3.1.1 Titanium

In an early phase of the project a cryostat made of grade-1

titanium was considered for XENON1T and the 222Rn ema-

nation rate of several titanium samples was measured. The

results are given in Table 1.

Sample #1 was from Supra Alloys and samples #2 and #3

were from Nironit. There were 17.4 m of TIG-welded1 seam

on the plates of sample #2 to test the influence of welding

on the 222Rn emanation rate. We performed surface clean-

ing tests for all samples. Sample #1a was treated for 2 h in

a 1.8 % nitric acid (HNO3) solution. Titanium itself is not

soluble in nitric acid, but the acid may remove trace impuri-

ties, in particular 226Ra, from the surface. In contrast, sample

#2a was pickled for 2 h in a 0.6% hydrogen fluoride (HF)

and 7.6% nitric acid solution. This procedure dissolved tita-

nium and consequently removed the upper few micrometers

1 TIG: tungsten inert gas.

of the sample. In case of sample #3a, 30µm of the surface

were removed by electro-polishing. All results are given as

both, an absolute 222Rn emanation rate and a rate normal-

ized to the surface of the sample. For samples #2 and #2a

we also normalize the result to the length of the weld seam.

Note, however, that we could not distinguish whether 222Rn

came from the weld seam or from the surface. Thus, both

normalizations cannot be true simultaneously and must be

considered as upper limits.

Before any purification, the 222Rn emanation rates of the

grade-1 titanium samples exhibited large variations, which

did not show up in the 226Ra activity obtained from γ-ray

spectroscopy (last column in Table 1), hinting at a surface

contamination. The nitric acid treatment did not show any

improvement (#1a). Pickling, in contrast, reduced the 222Rn

emanation rate. Under the assumption that the contamination

was equally distributed among the 13 plates, we obtained a

factor 4.0 ± 1.6 reduction by comparing the result of sam-

ple #2 to sample #2a. The most interesting sample was #3

which showed a particularly high 222Rn emanation rate. It

disappeared completely after electro-polishing (#3a). Evi-

dently, a major part of the total 226Ra activity of the sample

was located on the surface. Thus, the true bulk activity must

have been lower than reported in [10] (RID #38), since γ-

ray spectroscopy cannot resolve the spatial distribution of

the radio-impurities in a sample and usually assumes that all

activity is in the bulk. Sample #3 and sample #3a nicely illus-

trate the complementarity of 222Rn assay technique and γ-ray

spectroscopy, and the importance to apply both methods.
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The results of the titanium 222Rn screening campaign sug-

gested that electro-polishing can suppress the 222Rn ema-

nation rate of titanium to a negligible level. However, our

titanium samples showed a too high uranium bulk contami-

nation. Therefore, the XENON1T cryostat was made of stain-

less steel [2].

3.1.2 Stainless steel

Stainless steel was mainly used for vessels and pipes in the

XENON1T inner detector system. Parts of the TPC were also

made of stainless steel, however, their surface area were small

and the contribution to 222Rn emanation was thus expected to

be minor. Table 2 summarizes the results of all investigated

stainless steel samples. Samples #4 to #9 were screened to

investigate the contribution from stainless steel welds. Sam-

ples #10 and #11 were bellows which could be a potential
222Rn source in stainless steel pipes. Samples #12 to #14

were related to heat exchangers and sample #15 was the

packing material of the xenon distillation column [19]. As

in the case of titanium, we could not distinguish whether the

measured 222Rn emanation rate of TIG-welded samples orig-

inated from the surface or from the weld. Thus, in Table 2

we give both normalizations in addition to the absolute 222Rn

emanation rate.

Sample #4 and sample #5 had a similar 222Rn emanation

rate, although the weld seam length of sample #4 was sig-

nificantly longer. This pointed to a subdominant contribution

of the welds. That result was further supported by a test of

sample #6. It had no welds at all, but showed a similar 222Rn

emanation rate as the welded sample #5 (normalized to its

surface). Subsequent electro-polishing of sample #5 reduced

the measured 222Rn emanation rate by a factor 3.4 ± 1.2

(#5a).

We further investigated stainless steel samples TIG-wel-

ded by Lamm’s Machine Inc., the company that built the

cryogenic system for XENON1T. We did not test any

unwelded samples, but three welded samples with different

surface treatments (#7 − #9). The results normalized to the

surface area were in agreement with samples #5 and #6 from

ALCA Technology S.r.l. Note that an upper limit was found

for the untreated sample (#7). Hence, a further 222Rn reduc-

tion by cleaning attempts was not measurable within our sen-

sitivity. Again it was confirmed that stainless steel TIG-welds

do not represent a notable additional source of 222Rn, which

is in tension with findings from other experiments [14,20].

The measurements of the bellows were motivated by the

relatively high 222Rn emanation rate of the cryogenic pipe

(#52 in Table 8). This was a six-fold stainless steel pipe-in-

pipe system that connected the XENON1T cryostat to the

cryogenic system (see Sect. 4.1 and [2]). It contained about

10 m of stainless steel bellows in the pipes to compensate

for thermal shrinkage. We tested two spare bellows from

the same supplier with 35 mm and 100 mm inner diameter,

respectively (#10 and #11). Although we found a small pos-

itive signal for sample #10, the result indicated that the bel-

lows did not constitute the main 222Rn source of the cryogenic

pipe.

We also tested two heat exchangers, which were used to

evaporate and re-condense xenon in the purification loop.

They were made of stainless steel plates brazed with a copper

alloy. We measured the larger one (#12) prior to any purifi-

cation and found a 222Rn emanation rate of (510±50) mBq.

Subsequently, we cleaned it by exposing all internal surfaces

to a 1.8 % nitric acid solution for about 12 h. The same treat-

ment was done for a smaller heat exchanger of the same type,

which, however, was not measured before. After the treat-

ment both heat exchangers were measured together (#13)

and yielded a result of (134 ± 24)µBq. Clearly, the treat-

ment was effective despite the rather weak concentration of

nitric acid. The heat exchangers were combined with a high

purity electrical heater (#14). Its 222Rn emanation rate was

found to be (70 ± 27) µBq.

The last sample (#15) in Table 2 was from the XENON1T

xenon distillation column for krypton removal [19]. The col-

umn was filled with structured stainless steel packings to

increase the contact surface between the gaseous and liquid

phase of xenon. Since the same column was used for radon

removal tests [21] (see Sect. 4.3), we were interested in its
222Rn emanation rate. Indeed, all 55 packings together only

emanated (48 ± 20) µBq, which was an excellent result for

the rather large sample surface (5.2 m2).

3.2 Gas purification system

3.2.1 Gas purifiers

In order to maintain its ultra-high chemical purity, the xenon

in XENON1T was continuously cleaned by SAES gas puri-

fiers. Two of them were used in parallel to provide the

required purification efficiency. Each purifier contained a

porous, highly chemically-active zirconium-alloy in two car-

tridges. The larger was operated at 400 ◦C, while the smaller

one was kept at room temperature and acted as a dedicated

hydrogen removal unit. Altogether, ∼ 4 kg of active material

was used in each purifier.

We measured the two gas purifiers of XENON1T (#16

and #17) and two smaller models (#18 and #19 with about

eight times smaller active mass) which used the same alloy,

but which had no hydrogen removal unit. The results are pre-

sented in Table 3. We measured the 222Rn emanation rate in

two different thermal conditions; at room temperature (cold

state) and at operating temperature (hot state). While only the

hot state was relevant for the experiment, the measured rate of

the cold state could have given insight into the 222Rn emana-

tion process relevant for these porous materials. An enhanced
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Table 2 222Rn emanation results of various stainless steel (SS) samples. Where relevant, the normalization to surface area and to weld seam length

is also given

ID Sample Supplier Description Treatment 222Rn emanation rate

#4 Plates with welds

(304 or 316L)

CRIOTEC

Impianti S.p.A.

5 plates w. 8.25 m TIG-weld seam

17.9 cm × 17.6 cm × 1 cm

Total: 0.33 m2/12.9 kg

Untreated (190 ± 30)µBq

(560 ± 100)µBq/m2

(23 ± 4)µBq/m

#5 Tubes with welds

(316L)

ALCA Technology

S.r.l.

3 tubes w. 4.8 m TIG-weld seam

Outer diameter: 10.18 cm

Thickness of wall: 0.34 cm

Length: 30 cm

Total: 0.56 m2/7.2 kg

Untreated (214 ± 26)µBq

(380 ± 50)µBq/m2

(45 ± 5)µBq/m

#5a Tubes with welds

(316L)

ALCA Technology

S.r.l.

Same as sample #5 Electro-polished (47 ± 19)µBq

(80 ± 30)µBq/m2

(10 ± 4)µBq/m

#6 Tubes (316L) ALCA Technology

S.r.l.

3 tubes

Outer diameter: 10.18 cm

Thickness of wall: 0.34 cm

Length: 30 cm

Total: 0.56 m2/7.2 kg

Untreated (160 ± 50)µBq

(290 ± 90)µBq/m2

#7 Tube with welds

(304L)

Lamm’s machine

Inc.

Tube with 3.6 m TIG-weld seam

Outer diameter: 10.16 cm

Thickness of wall: 0.2 cm

Length: 34 cm

Total: 0.19 m2/1.5 kg

Untreated ≤ 38 µBq

≤ 200 µBq/m 2

≤ 11 µBq/m

#8 Tube with welds

(304L)

Lamm’s machine

Inc.

Tube with 3.6 m TIG-weld seam

Outer diameter: 10.16 cm

Thickness of wall: 0.2 cm

Length: 34 cm

Total: 0.19 m2/1.5 kg

Electro-polished (52 ± 23)µBq

(270 ± 120)µBq/m2

(14 ± 6)µBq/m

#9 Tube with welds

(304L)

Lamm’s machine

Inc.

Tube with 3.6 m TIG-weld seam

Outer diameter: 10.16 cm

Thickness of wall: 0.2 cm

Length: 34 cm

Total: 0.19 m2/1.5 kg

Etched and electro-

polished

(57 ± 17)µBq

(300 ± 90)µBq/m2

(16 ± 4)µBq/m

#10 Stainless steel bellow Streas S.r.l. Bellow with one CF40 flange

1 m long, inner diameter 35 mm

Untreated (130 ± 40)µBq

#11 Stainless steel bellow Streas S.r.l. Bellow with one CF100 flange

0.4 m long, inner diameter 100 mm

Electro-polished ≤160µBq

#12 Large heat exchanger GEA Group Type FG5X12-60:

60 SS plates (338 mm × 130 mm)

brazed with copper alloy

Untreated (510 ± 50)µBq

#13 Small heat exchanger

combined with large

heat exchanger

GEA Group Type FG3X8-20:

20 SS plates (226 mm × 86 mm)

brazed with copper alloy

plus type FG5X12-60 (see above)

Etched for ∼ 12h

with 1.8% HNO3

(134 ± 24)µBq

#14 High-purity electrical

heater with large heat

transfer surface

D.A.T.E. (Developpement et

Applications des Techniques

de L’Energie)

Custom-designed heater complying

with very high purity standards

Etched for∼ 15min

with 2% HNO3

(70 ± 27)µBq

#15 Stainless steel pack-

ing material

Sulzer Ltd. 55 structured packings, type EX

0.095 m2/piece, total surface: 5.2 m2
Untreated (48 ± 20)µBq

(9 ± 4)µBq/m2

222Rn release rate at elevated temperature would have given

evidence for diffusion-driven emanation. The two gas puri-

fiers used in XENON1T differed significantly in their hot

state emanation rate (#16 emanated almost five times more

222Rn than #17). The two smaller gas purifiers showed a sig-

nificantly lower 222Rn emanation rate. For sample #16, the

cold state emanation was reduced by a factor 1.91 ± 0.27

in comparison with its hot state. In contrast, for sample #18
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Table 3 222Rn emanation rates of four noble gas purifiers from the company SAES. PS4-MT50-R535 is identical to PS4-MT50-R2, but received

a new commercial label

ID Model Mass of active material Cold state activity [mBq] Hot state activity [mBq] Used in XENON1T

#16 MonoTorr PS4-MT50-R2 ∼ 4 kg 0.61 ± 0.04 1.17 ± 0.15 Yes

#17 MonoTorr PS4-MT50-R535 ∼ 4 kg – 0.24 ± 0.03 Yes

#18 MonoTorr PS4-MT3-R2 ∼ 0.5 kg 0.09 ± 0.03 0.09 ± 0.03 No

#19 MonoTorr PS3-MT3-R2 ∼ 0.5 kg – ≤0.015 No

Table 4 222Rn emanation measurements of xenon recirculation pumps

ID Sample Description 222Rn emanation

rate [mBq]

Used in XENON1T Comment

#20 QDrive pump 2S132CX Serial no. C204 5.2 ± 0.2 No

#20a QDrive pump 2S132CX Serial no. C204 after repair 2.5 ± 0.1 Yes

#21 QDrive pump 2S132CX Serial no. C205 3.5 ± 0.2 No

#22 QDrive pump 2S132CX Serial no. C206 4.5 ± 0.2 Yes

#23 Magnetically coupled piston pump [24] 0.29 ± 0.09 Yes Replacing all QDrive pumps

no difference between the hot and cold state was observed

within the measurement uncertainty.

The 222Rn emanation rate of the gas purifiers is not fully

understood, but the large difference for identical models sug-

gested that it depends on the purity of the raw materials. That

opens up the possibility for further 222Rn reduction by mate-

rial screening.

3.2.2 Recirculation pumps

XENON1T used customized QDrive piston pumps from

Chart Industries for xenon gas recirculation [22]. Three

pumps (#20, #21 and #22) were measured for their 222Rn

emanation rate. The results are summarized in Table 4. After

a mechanical failure of QDrive pump C204, it was sent back

to the manufacturer for repair. Afterwards, its 222Rn emana-

tion rate was lower by more than a factor two (#20a), proba-

bly due to the replacement of a dirty polyester resin (see text

below and Table 6).

Since the contribution of the recirculation pumps pre-

sented a major fraction of XENON1T’s total 222Rn budget

(see Sect. 4.2), we performed further investigations to under-

stand the origin of the observed 222Rn emanation rate. For

this purpose, we screened most of the individual components

of a yet unassembled QDrive pump (see Table 5). We found

that the stators of the pump’s electrical motor (#24) were the

dominant 222Rn sources, followed by the pistons (#25) and

the magnet cores (#26).

To study the origin of the identified 222Rn sources, we fur-

ther investigated their constituent parts (see Table 6). First, we

noticed that the bare magnets did not emanate a lot of 222Rn

(#30). The 222Rn emanation rate rather originated from the

epoxy coating as can be seen from the comparison to sample

#31. Note, however, that the dirty coating of sample #31 was

only used for prototype pumps. In the pumps of XENON1T

it was already replaced by an alternative much cleaner coat-

ing (#32), which we identified by our screening effort. The

stator was a ring-shaped structure of silicon steel with four

electromagnets, each formed by a copper coil which was

held in place by polyester resin. The wire used for the cop-

per coil showed no measurable 222Rn emanation rate (#33),

whereas a significant emanation rate was found for the sili-

con steel (#34) and the polyester resin (#35). The latter one

was responsible for a large fraction of the stator’s 222Rn ema-

nation rate. Later, we identified a cleaner alternative (#36).

The new resin was applied in the repaired C204 pump. It may

explain the observed 222Rn reduction (#20 and #20a), if one

considers that the surface to volume ratio of the resin inside

the pump was larger than for the aliquots of sample #35 and

#36. Moreover, the used amount of resin in a pump was hard

to quantify and fluctuated among different pumps.

Motivated by the relatively large 222Rn emanation rate of

the QDrive pumps, we followed an approach of EXO-200

[23] to build a cleaner magnetically coupled piston pump.

The new pump was developed within the XENON collab-

oration together with groups from the nEXO collaboration

[24]. Its 222Rn emanation rate was found to be (0.29 ± 0.09)

mBq (#23 in Table 4), an order of magnitude lower than

the results obtained for the QDrive pumps. The new pump

was successfully installed for the last data taking phase of

XENON1T and its impact on the 222Rn budget is discussed

in Sect. 4.3.
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Table 5 222Rn emanation measurements of all parts of a QDrive recirculation pump prior to assembly

ID Sample Description 222Rn emanation rate

#24 2 stators Silicon steel frame, Cu wire winding, polyester impregnate (2.99 ± 0.15) mBq

#25 2 pistons Made of brass (0.68 ± 0.06) mBq

#26 2 magnet cores Each equipped with 8 magnets (0.28 ± 0.11) mBq

#27 4 flexure assemblies Silicon steel, stainless steel (0.132 ± 0.021) mBq

#28 Polyester lacing To fix Cu wire winding < 0.053 mBq

#29 Remaining small items 3 other types of epoxy, screws, nuts, spacers < 0.020 mBq

Table 6 Results of 222Rn emanation measurement to identify and replace the dominant 222Rn sources in the QDrive pump

#30 Bare magnets 6 pieces:

1.55 cm × 1.88 cm × 1.88 cm each

Total surface: 112 cm2

< 0.021 mBq

< 1.9 mBq/m2

#31 Magnets with epoxy coating 8 pieces:

1.55 cm × 1.88 cm × 1.88 cm each

Total surface: 150 cm2

(0.37 ± 0.04) mBq

(24.8 ± 2.9) mBq/m2

#32 Alternative epoxy coating

for magnets (from Magnet

Coating Engineering)

Cured on Cu substrate

Surface: 618 cm2
(0.093 ± 0.017) mBq

(1.51 ± 0.28) mBq/m2

#33 1.1mm copper wire for mag-

net winding

1.68 kg < 0.097 mBq

#34 Wingard & Co. silicon steel 6 plates (9.3 cm × 8.9 cm × 0.05 cm)

Fulfills ASTM A677 standard

Total: 167 cm2/29.4 g

(0.240 ± 0.040) mBq

(14.1 ± 2.2) mBq/m2

#35 Dolphon CC-1105 HTC Solventless polyester resin

396 cm2/95.4 g

(0.70 ± 0.05) mBq

(17.7 ± 1.2) mBq/m2

#36 Elantas GRC 59-25

(alternative to

Dolphon CC-1105 HTC)

Low viscosity hermetic varnish

398 cm2/51.9 g

(0.027 ± 0.012) mBq

(0.76 ± 0.30) mBq/m2

3.3 Other samples

This section presents 222Rn emanation measurements of TPC

components and other samples measured for the XENON1T

experiment. The complexity of the XENON1T TPC made

it impossible to screen every component. Therefore, we

focused on samples which either cover a large surface area

inside the TPC or are known to be potential 222Rn sources. We

investigated the light sensors (#37 and #38), their cables and

connectors (#39 to #43), the potting material for the cable

feedthroughs (#44), the PTFE reflectors of the TPC (#45),

copper of the field shaping rings (#46) as well as a 220Rn cal-

ibration source (#47). A detailed description of their usage in

XENON1T can be found in [2]. The results are summarized

in Table 7.

XENON1T used Hamamatsu R11410-21 photomultiplier

tubes (PMTs) [25] as light sensors (#37). Their 222Rn emana-

tion rate was measured in a helium-free environment and we

used neon as carrier gas. Helium would have penetrated into

the PMTs, creating an unacceptably high rate of afterpulses

[26]. We also measured the 222Rn emanation rate of the PMT

high voltage divider circuits (base) used to read out the sig-

nal and to supply the high voltage (#38). They consisted of

a printed circuit board made of Cirlex, and several resistors

and capacitors soldered onto it. It should be noted that after

the measurement a different type of resistors was selected for

the boards used in XENON1T. It proved to have a compa-

rable 226Ra activity, but no dedicated 222Rn emanation test

was performed. With the results given in Table 7 and taking

into account that XENON1T used 248 PMTs, we estimated

a total contribution of (1.08±0.26) mBq from the PMTs and

their bases. Note that the 226Ra activity in the PMTs (RID

#69 in [10]) was much higher, which means that less than a

percent was emanated.

We also investigated the cables, which were used inside

the detector. We measured the Kapton-insulated high voltage

cable (#39) and three types of coaxial cable, one with Kap-

ton insulation (#40) and two with PTFE insulation (#41 and

#42). The 222Rn emanation rate for all cables was below the

detection limit. The 226Ra activity of the cables, [10] normal-

ized to their mass was at least ten times larger than its 222Rn

emanation rates for each cable sample. This indicated that the
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Table 7 222Rn emanation measurements of various other samples. For comparison the 226Ra bulk activity taken from [10] is quoted and referred

to as RID (Radioassay-ID) defined there

ID Sample Supplier Description 222Rn emanation rate 226Ra activity [10]

#37 R11410 PMTs Hamamatsu 29 pieces, mixture of low

performance PMTs and

mechanical samples

(58 ± 28)µBq

(2.0 ± 1.0)µBq/PMT

RID #69

(600 ± 100)µBq/PMT

#38 PMT bases Fralock 55 pieces, made of Cir-

lex with soldered resis-

tors and capacitors

(129 ± 25)µBq

(2.4 ± 0.5)µBq/piece

RID #94

(15 ± 2)µBq/piece

#39 Kapton single wire cable Accu-Glass 30 AWG solid core wire

100 m/0.076 kg

for high voltage supply

(used in XENON1T)

≤ 35 µBq

≤ 0.35 µBq/m

≤ 460 µBq/kg

RID #57

(4000 ± 1000)µBq/kg

#40 Kapton coaxial cable Accu-Glass 30 AWG, 50 � cable

100 m/0.55 kg

for signal readout

(not used in XENON1T)

≤ 25µBq

≤ 0.25µBq/m

≤ 45µBq/kg

#41 PTFE coaxial cable Huber &

Suhner

RG196

78 m/0.594 kg

for signal readout

(not used in XENON1T)

≤ 44 µBq

≤ 0.56 µBq/m

≤ 74 µBq/kg

RID #59

(1000 ± 300)µBq/kg

#42 PTFE coaxial

cable

koax24 RG196

182 m/1.59 kg

for signal readout

(used in XENON1T)

≤ 58 µBq

≤ 0.32 µBq/m

≤ 36 µBq/kg

RID #55 and #56

(400 ± 200) µBq/kg

#43 D-sub type

contact pins

Accu-Glass 1200 male and female

pieces made of Cu/Be

and Cu/bronze

≤ 47 µBq

≤ 0.039µBq/piece

#44 Epoxy for

potting

Reliable

Hermetic

Seals

3 discs 9.5 mm thick,

95 mm diameter

506 cm2/191 cm3/0.47 kg

≤ 51µBq

≤ 1000 µBq/m2

#45 PTFE panels Amsler &

Frey

67 pieces, total:

4.06 m2/31.9 kg

Length: 19 cm–24.5 cm

Width: 13 cm–19 cm

Thickness: 0.5 cm–1.6 cm

(97 ± 21)µBq

(24 ± 5) µBq/m2

(3.0 ± 0.7) µBq/kg

RID #50

< 120 µBq/kg

#46 Copper rods Luvata 150 pieces, each 15 cm

long and 2 cm diameter

1.5 m2/7069 cm3/56.7 kg

≤ 25 µBq

≤ 17µBq/m2

≤ 0.44 µBq/kg

#47 220Rn calibration

source [27]a
PTB Electro-deposited 228Th

on stainless steel disc

≤ 46 µBq

aThe limit presented here differs slightly from the result published in [27] (≤ 55 µBq) due to a data re-evaluation

222Rn sources were located in the inner part of the cables.

The impact of the cables on the 222Rn budget is discussed in

more detail in Sect. 4.1. Different high voltage cable sections

were connected at the top of the TPC and just in front of the

vacuum feedthroughs with D-sub type pins which showed no

measurable 222Rn emanation rate (#43). The cables were fed

to the air-side via potted feedthroughs. The epoxy used for

this potting (#44) was measured. For about half a kilogram

of material, we found an upper limit of ≤ 51 µBq.

The reflective walls of the XENON1T TPC were formed

by diamond-shaved PTFE panels. We measured (non

diamond-shaved) leftover pieces from the fabrication of these

panels, corresponding to a surface area of ≥ 50% of the PTFE

surface in XENON1T. The results (see #45) indicated that

PTFE was a sub-dominant 222Rn source inside the TPC.

We also measured copper rods from the same batch as

the TPC field-shaping rings (#46), for which we found no

detectable signal. Finally, we measured the 222Rn release

rate of a 220Rn source that was used as a calibration source

for XENON1T (#48) [27]. If the source had also released

some 222Rn, it would have required a long waiting time after

each usage until the 222Rn had decayed. Our measurement

showed that its 222Rn emanation rate was below the detection

limit and negligible with respect to the other 222Rn sources.
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4 XENON1T results

4.1 Measurements of subsystems

In the following, we briefly describe the XENON1T inner

detector systems and report on the 222Rn emanation results of

either individual subsystems or of combined measurements

among them. More details on the measurements themselves

can be found in [18,28]. We only assayed those subsystems

that were continuously in contact with xenon during the data

acquisition periods and, therefore, contributed to the 222Rn

budget. A schematic view of the subsystems most relevant

for 222Rn emanation is shown in Fig. 1.

The TPC was hosted in a double-walled, vacuum-insula-

ted stainless steel cryostat, which was closed at the top by

a dome. The dome was in turn connected to the cryogenic

pipe, which also contained the cables and guided them to the

electric feedthrough. Evaporated xenon which reached the

cryogenic system got liquefied and was returned back to the

cryostat. In a second loop, the xenon gas passed through the

purification system that contained the recirculation pumps

and the gas purifiers. Note that a major part of the XENON1T

infrastructure will be re-used for its upgrade XENONnT, so

the obtained results will be relevant for the future as well

[29].

The results of the measurements are listed in Table 8.

After electro-polishing its inner surface, the cryostat (#48)

was measured at the fabrication site (ALCA Technology

S.r.l.). From the result of sample #5a (see Table 2) we

predicted a 222Rn emanation rate of (80 ± 30) µBq/m2

for electro-polished stainless steel under the assumption of

no contribution from the weld seam. Thus, we expected

(610 ± 230) µBq for the 7.6 m2 surface of the cryostat.

This was about one third of what we have measured (#48).

The discrepancy may come from the fact that a large vessel

cannot be cleaned as easily as small-size samples.

The cable pipe contained not only the cables for all 248

XENON1T channels, but also about 200 extra channels fore-

seen for the upgrade to XENONnT. Altogether, there were

4.1 km of PTFE insulated coaxial PMT signal cables and

4.5 km of Kapton insulated high voltage cables in the detec-

tor. From the results of sample #39 and sample #42 presented

in Sect. 3.3, we derived an upper limit of ≤ 2.9 mBq for the

cables alone. For the entire cable pipe we measured a positive

number of (2.7 ± 0.2)mBq (#49), which is compatible with

that limit. Similar contributions to the overall 222Rn budget

were found to originate from the cryogenic system (#50) and

from the cable feedthroughs (#51), respectively.

The cryogenic pipe (#52) consisted of a 250 mm diameter

pipe enclosed in a 400 mm vacuum jacket. The 250 mm pipe

itself contained the cable pipe (100 mm diameter) and five

thinner pipes. The following components contributed to the
222Rn emanation signal of sample #52: the inner surface of

the 250 mm pipe, the outer surface of the cable pipe, as well

as the inner and outer surfaces of the included thin pipes. This

means the cables and the inner surface of the cable pipe were

not included in this measurement. All stainless-steel pipes

were electro-polished, except for the bellows. The cryogenic

pipe could not be measured separately. Instead, its 222Rn

emanation rate was obtained by measuring it simultaneously

with the inner vessel of the cryostat. By subtracting the known

result of the latter one (#48), we inferred a 222Rn emanation

rate of (9.4 ± 1.0) mBq for it.

Finally, we were interested in the 222Rn emanation rate of

the TPC. From now on we will use the term ‘inner detector

volume’ for all subsystems illustrated in Fig. 1 except the

purification system. The TPC contribution could be obtained

by subtracting the signal of the inner detector volume after

and before TPC installation. The latter one was found to be

(18.4±1.0) mBq (see Table 8) by summing up the contribu-

tions from sample #48 to #52 and adding the heat exchangers

(#13) and the heater (#14). Due to the size and complexity

of the inner detector volume with the TPC, only a fraction

of the carrier gas could be extracted and the final result was

obtained by up-scaling as described in Sect. 2. Up-scaling is

only appropriate in case of a homogeneous 222Rn distribu-

tion in the carrier gas. Thus, we thoroughly mixed the sample

gas immediately before the extraction by adding 222Rn-free

carrier gas. Moreover, we extracted from various ports to

ensure that locations with possibly different 222Rn activity

concentrations were averaged out. More details on the pro-

cedure can be found in [18]. From the obtained result of

(19.3±2.1) mBq we calculated the activity of the TPC alone

(#54) which turned out to be compatible with zero. The result

could be converted to an upper limit of 4.4 mBq at 90% C.L.

This was in agreement with the known 222Rn sources of the

TPC as quoted in Sect. 3.3.

4.2 Overall 222Rn budget in XENON1T

The measurements of the subsystems allowed us to calculate

the expected 222Rn budget for XENON1T. Apart from the

inner detector volume (#53), the xenon was always in contact

with the xenon recirculation pumps and the gas purifiers in

the purification system. The measurements of their 222Rn

emanation rates were presented in sect. 3.2. The two gas

purifiers together emanated (1.41±0.15) mBq (see Table 3).

During the main dark matter search phases, the so-called

science run 0 (SR0 [30]) and science run 1 (SR1 [31]), three

QDrive pumps were used: C204 (after repair, #20a), C206

(#22) and C207. Their 222Rn emanation rates can be taken

from Table 4 except for pump C207, which was not measured.

Its signal could be estimated by taking the average of the

highest (#20) and the lowest (#21) emanation rate measured

for the QDrive pumps with an enlarged systematic error to

cover both results within the uncertainty range. With that
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Fig. 1 Schematic setup of XENON1T (not to scale). The colors indicate different sub-components and are also used in Fig. 2, which shows their

individual contributions to the overall 222Rn rate

Table 8 Results from measurements of several subsystems of the XENON1T setup. The cryogenic pipe and the TPC were not measured directly.

Their 222Rn emanation rates were inferred indirectly by subtracting the results from two measurements, respectively

ID Component Activity [mBq] Comment

#48 Cryostat (inner vessel) 1.8 ± 0.3

#49 Pipe with cables 2.7 ± 0.2

#50 Cryogenic system 2.4 ± 0.3

#51 Cable feedthroughs 1.9 ± 0.2

#52 Cryogenic pipe (without cable pipe and cables) 9.4 ± 1.0 Indirect measurement

#13 and #14 heat exchangers and heater 0.20 ± 0.04 From Table 2

Inner detector volume without TPC 18.4 ± 1.0

(sum of all items above)

#53 Inner detector volume with TPC 19.3 ± 2.1

#54 TPC ≤ 4.4 Indirect measurement: difference between

Inner detector volume with and without TPC

assumption, we obtained (4.4 ± 0.9) mBq for pump C207.

Thus, the estimated 222Rn emanation rate of all three pumps

together was (11.3 ± 0.9) mBq.

Summing up all components, we obtained a total 222Rn

budget for XENON1T of (32.0 ± 2.3) mBq. Under the

assumption of a homogeneous radon distribution, we expec-

ted a 222Rn activity concentration of (10.0 ± 0.7) µBq/kg

with a total xenon mass of 3.2 t in XENON1T meeting the

design goal. The pie chart in Fig. 2 presents the relative con-

tribution of all components. The dominant elements were

the QDrive pumps and the cryogenic pipe which together

accounted for about two-thirds of the entire 222Rn budget.

α-decays of 222Rn (5.5 MeV) and 218Po (6.0 MeV) in the

TPC could be selected by their reconstructed energy [32–

34]. The ∼ 1 % energy resolution of the detector at these

high energies was sufficient to allow for a clear separation

of the two α-peaks. Other background sources in that energy

range were subdominant and could be ignored. Therefore, the

α-analysis represented a reliable way to measure the 222Rn

and 218Po activity concentrations in the detector. In Fig. 3,

we show the α-rate evolution during the science runs. An

average activity concentrations of (13.3 ± 0.5)µBq/kg and

(12.7 ± 0.5)µBq/kg for 222Rn and 218Po, respectively, was

found for SR0 and SR1, excluding the distillation period for

radon removal discussed in Sect. 4.3. 218Po is often posi-

tively charged after its creation [35]. Thus, ion drift as well

as convective motion may transport 218Po out of the analysis

volume and cause its deposition on TPC surfaces. This may
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Fig. 2 The different sub-system contributions to the overall 222Rn emanation rate in XENON1T. The colors correspond to those used in Fig. 1.

The numbers in the brackets refer to the item numbers. QDrive pump C207 was not measured. Its 222Rn emanation rate was estimated (see text)

Fig. 3 The activity concentration evolution of 222Rn and 218Po during

XENON1T data-taking. In science run 0 and 1 (SR0 and SR1) the activ-

ity concentrations were stable over the entire time and we only show

the initial period here. Xenon distillation campaigns to remove 222Rn

as well as the exchange of the recirculation pumps lead to a reduction of

the 222Rn and 218Po activity concentration. They gray regions indicate

periods of detector calibration or maintenance

explain the slightly lower observed 218Po activity concentra-

tion with respect to 222Rn.

The discrepancy between the (13.3 ± 0.5)µBq/kg deduced

from α-analysis and the expectation of (10.0 ± 0.7)µBq/kg

from emanation measurements corresponds to (10.6 ±

2.8) mBq inside 3.2 t of liquid xenon. A possible explanation

for the discrepancy was the 222Rn release from the QDrive

recirculation pumps. As most samples in this work, they were

measured at room temperature. However, during operation,

they heated up and the diffusion-driven 222Rn emanation

could have been enhanced at elevated temperature. In addi-

tion, it could have been that the unmeasured QDrive pump

C207 emanated more than expected.

4.3 Reduction of 222Rn

There are several possibilities to further reduce the 222Rn

budget. The best option is to remove 226Ra, the mother

nucleus of 222Rn, from the experiment. This was achieved

by replacing the QDrive pumps in science run 2 (SR2). They

were exchanged for the magnetically coupled piston pump

described in Sect. 3.2.2 [24]. The decrease of the 222Rn

activity concentration in liquid xenon before and after the

pump exchange is shown in Fig. 3. It corresponded to an

absolute reduction of (19.2 ± 1.0) mBq in 3.2 t of xenon.

From the room temperature emanation measurements, pre-

sented in Table 4, one would have expected a reduction
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of only (11.0 ± 0.9) mBq.2 The observed difference of

(8.2±1.3)mBq agreed within the uncertainty with the differ-

ence between 222Rn emanation measurements and α-analysis

(see Sect. 4.2). This supported the hypothesis that the 222Rn

emanation rate of the QDrive pumps was larger than esti-

mated. By exchanging the recirculation pumps, the largest
222Rn source was successfully removed from the experi-

ment yielding a reduced background level [36]. This is very

promising for XENONnT, where magnetically coupled pis-

ton pumps will be employed.

Another possibility for 222Rn reduction is an online radon

removal system in the xenon purification loop, which sep-

arates xenon from radon and retains the latter until its dis-

integration. Such a radon removal system based on cryo-

genic distillation was pioneered by the XENON collabora-

tion [21,37]. In XENON1T, we realized radon removal by

employing the cryogenic distillation system built for kryp-

ton removal from xenon and operating it in reverse direction

[38]. As shown in Fig. 3, the distillation led to a 222Rn reduc-

tion of ∼ 20 % during SR0, although only a small fraction

of the recirculation flow was distilled. A compatible absolute
222Rn reduction was achieved in a second xenon distillation

run performed in SR2, after the pump exchange. The finally

accomplished 222Rn activity concentration in XENON1T

was (4.5 ± 0.1) µBq/kg.

As a consequence of the promising results, the XENON

collaboration realized two new purification systems for

XENONnT which complement the existing ones and signifi-

cantly improve the xenon purity. The first one is a novel liquid

purification system which is able to produce and maintain

ultra-pure liquid xenon at a very fast flow rate. The second

one is a dedicated distillation column which was designed

[38] and built for radon removal and which takes advantage

of the large flow rate enabled by the liquid purification sys-

tem.

The impact of the new radon removal system on the exper-

iment’s background can be further maximized if 222Rn is

flushed out of the detector before it enters the TPC. A detailed

mapping of the 222Rn sources in XENON1T was obtained

by the 222Rn emanation measurements of the various sub-

systems, presented in this work. Thus, a targeted xenon flow

pattern optimization could be studied. Such a flow pattern

optimization with respect to the radon removal system will

be applied in the XENONnT experiment [29].

5 Summary and outlook

The background rate of current xenon dark matter detectors

is dominated by 222Rn-induced events and it is expected that

2 The sum of the signals of the three replaced QDrive pumps minus the

signal of the newly mounted magentically coupled piston pump.

222Rn daughters will remain an essential background com-

ponent in future experiments. Therefore, 222Rn emanation

measurements become increasingly important and provide

complementary information to the bulk radioactivity screen-

ing efforts. In this article, we presented the results of a com-

prehensive material screening campaign for 222Rn emanation

carried out for the XENON1T experiment, using state-of-the-

art counting techniques. We selected construction materials

with the lowest possible 222Rn emanation rate and we were

able to identify and locate the remaining 222Rn sources in the

experiment.

The predicted activity concentration from these measure-

ments was in agreement with the target 222Rn activity con-

centration of 10 µBq/kg in 3.2 t of xenon [9]. Results from

an α-analysis of the XENON1T data were about 30% higher

than the prediction. The discrepancy could be understood by

an underestimation of the recirculation pump’s 222Rn ema-

nation rate. With the exact knowledge of the distribution of
222Rn sources in XENON1T, it became possible to selec-

tively eliminate problematic items. The ultimately measured
222Rn activity concentration of (4.5 ± 0.1) µBq/kg is the

lowest ever achieved in a xenon dark matter experiment. Sig-

nificant improvements are possible in XENONnT and further

projects, for instance, by continuous xenon distillation.
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