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ABSTRACT

In modern rare-event search experiments such as neutrino experiments and dark matter search experiments,
radon is one of the most important radiation backgrounds since it can emanate from nearly all the materials
containing radium and migrate freely in the experiment system. To support the China Dark Matter Experiment
(CDEX) at China Jinping Underground Laboratory (CJPL), a series of high-sensitivity radon detection systems
with different electrostatic collection chambers were designed, and radon in nitrogen as well as boil-off liquid
nitrogen was measured after accurate calibration and enrichment. Results showed that the calibration factors
were 2.1 + 0.2 (counts/h)/(Bq/m3), 21.1 + 0.7 (counts/h)/(Bq/m3), 186.2 + 2.2 (counts/h)/(Bq/m3), 387 +7
(counts/h)/(Bq/m®) and the 90% confidence level detection limits were 27.22 mBq/m?, 1.89 ~ 3.06 mBq/m?,
0.41 ~ 0.68 mBq/mS, 0.44 mBq/m3 for CJPL-HR2, CJPL-HR20, CJPL-HR140 and CJPL-HR300 measurement
systems, respectively. Combined with an enrichment system consisting of twenty g CarboACT activated charcoals
in a cold trap, the lower level detection limit (LLD) of typical No.1 CJPL-HR140 could reach 1.8 qu/m3 with
three days’ enrichment time and three days’ measurement time at 20 L/min sampling flowrate. For verification
and application, the radon activity concentrations in nitrogen were 0.6 ~ 1.9 mBq/m® with an average of 1.1 +
0.1 mBq/m>.While in boil-off liquid nitrogen, the radon activity concentrations ranged from 0.04 to 0.62 mBq/
m?, and they were significantly lower in old-decayed liquid nitrogen compared to newly-filled liquid nitrogen,
with a nearly five-fold decrease.

1. Introduction

For the demand of ultra-low-background and high-sensitivity radon
detection, different laboratories have developed different measurement

The China Dark Matter Experiment (CDEX) aims at direct searches of
light Weakly Interacting Massive Particles (WIMPs) at the China Jinping
Underground Laboratory (CJPL) with an overburden of about 2400 m of
rock (Ma et al., 2020). The experimental setup will adopt germanium
detector arrays deploying in a liquid nitrogen tank with 13 m in diam-
eter and 13 m in height, which acts as a cooling medium for germanium
arrays and as passive shielding material against ambient radioactivity
simultaneously (Ma et al., 2020). Radon emanating from the stainless
steel tank and detector materials could migrate in the liquid nitrogen
and decay to a series of radon progeny with different half-lives, which is
one of the most important radiation backgrounds for CDEX. Therefore,
radon must be carefully suppressed and accurately evaluated at an
extremely low level (uBq/m®) in the liquid nitrogen tank in the CDEX
experiment.

* Corresponding author.
E-mail address: swofely@pku.edu.cn (L. Zhang).

https://doi.org/10.1016/j.apradiso.2024.111260

systems with different methods based on their own needs, mainly
including the large-volume scintillation chamber (Wojcik and Wlazio,
1994), the electrostatic radon detectors (Takeuchi et al., 1999; Kiko,
2001; Nakano et al., 2017; Pelczar et al., 2021; Chen et al., 2022), the
ultra-low background proportional counters (Wink et al., 1993) and the
cryogenic radon detectors (Wojcik and Zuzel, 2008), which reviewed
mainly by M. Wojcik et al. (2017) and some new systems developed
recently. Among these measurement techniques, electrostatic radon
detectors are most widely adopted in practice due to their distinguishing
radon from thoron and suitability for continuous measurement as well as
discrete measurement. Such as the electrostatic radon detectors estab-
lished in the Super-Kamiokande experiment in 1999, which possessed a
70 L electrostatic collection chamber with —2000 V high volume and an
18x18 mm Si-PIN detector for radon measurement, and the 90%
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confidence level detection limit could be as low as 1.4 mBq/m3 (Take-
uchi et al., 1999). In 2002, another electrostatic radon detector with a
418 L collection chamber was constructed in the Borexino experiment,
and the detection limit could be lower than 1 ran/m3 (Kiko, 2001).
After that, a new 80 L electrostatic radon detector was built for
improvement in 2017 for the Super-Kamiokande experiment, and a
lower background and a lower detection limit were achieved (Nakano
et al., 2017). Recently, a 450 L electrostatic radon detector with —8000
V high volume has been developed in the Darkside experiment, and its
detection limit could be as low as 0.05 mBq/m3 (Pelczar et al., 2021). In
2022, an electrostatic radon detector with a 41.5 L electrostatic collec-
tion chamber and —700 V high volume was established in the JUNO
experiment, where the detection limit could reach 0.71 mBgq/m>
respectively (Chen et al., 2022).

To support the CDEX experiment and meet various needs of radon
detection in nitrogen, liquid nitrogen, other materials, and clean rooms
in CJPL, a series of high-sensitivity radon detection systems were
designed and tested in this paper. Considering the need for pBg/m>-level
radon concentration measurement, a “cold trap” enrichment system was
also integrated with those electrostatic radon detectors, and the appli-
cation for low-level radon activity concentration evaluation in nitrogen
and liquid nitrogen was also shown in this paper.

2. Materials and methods
2.1. Electrostatic radon monitors

Four types of electrostatic radon monitors have been established,
which were CJPL-HR2, CJPL-HR20, CJPL-HR140, and CJPL-HR300,
respectively. All of them were constituted of a Si-PIN photodiode
(S3204-09&S3584-09, Hamamatsu Co, Japan (Hamamatsu Photonics
Co)), a charge-sensitive preamplifier (AMP), a multi-channel analyzer
(MCA), and a multi-control unit (MCU) and an electrostatic collection
chamber, just as shown in Fig. 1. A high voltage module supplied

HV module | | MCA+MCU
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negative voltage on Si-PIN surface, and then the positive radon proge-
nies 218Po"', 214Pb+, 214 *+ could be collected on the surface of the
detector. Those o particles emitted from 218p,  2l4po  and thoron
progeny could be recorded by the detector, and the alpha spectrum was
analyzed and recorded by MCA and MCU automatically. The specific
parameters of those four types and seven high-sensitivity electrostatic
radon monitors are shown in Table 1. The inner effective volume was
measured by the PVT method accurately, which is based on the air
isothermal expansion after changing of inner effective volume and lead
to the change of pressure and temperature simultaneously (Yi-fan et al.,
2020), and the high voltage was recorded simultaneously. The whole
system was designed as stainless steel vacuum chambers, and the
leakage rate could be as low as 10~° Pa m®/s.

Because the region of interest (ROIs) of 2l4pg s mostly “clean”
without being influenced by thoron progeny, only 7.69 MeV « particles

Table 1
Specific parameters of seven high-sensitivity electrostatic radon monitors with
four different types.

Model Size of Si-PIN Volume of electrostatic Voltage
photodiode collection chamber (L) W)

CJPL-HR2 18 x 18 mm 2.6 £0.1 —1800
(No.1)

CJPL-HR2 18 x 18 mm 2.6 +£0.1 —1800
(No.2)

CJPL-HR20 18 x 18 mm 23.7 £0.2 —2000
(No.1)

CJPL-HR20 18 x 18 mm 23.9+0.1 —2000
(No.2)

CJPL-HR140 28 x 28 mm 139.7 £ 0.8 —3000
(No.1)

CJPL-HR140 28 x 28 mm 139.5 + 0.7 —3000
(No.2)

CJPL-HR300 28 x 28 mm 329.2+1.9 —5000

]

Fig. 1. Schematic diagram and pictures of those high-sensitivity electrostatic radon detectors.
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are used for radon activity concentration calculation (Nakano et al.,
2017). For continuous working mode, ignoring the concentration vari-
ety during sampling and measurement progress and ignoring the un-
certainty of measurement time T, the radon activity concentration can
be calculated by the following equation, and its uncertainty could be
calculated through error transfer formula considering the average
background B, the uncertainty of calibration factor ¢, and the uncer-
tainty of total counting N(T).

N(T) — BT /24
WAL il bt 1
C e &)
T)+ BT /24
0y, = \/ 5 Chn + rzc2 ' @

Where Cg, is the radon activity concentration (Bq/ms) and oc,, is its
uncertainty. N(T) is the total counts in the ROIs during measurement
cycle T (h) and B is the background counting rate (counts/d). Cr is the
calibration factor [(counts/h)/(Bq/mg)], which is the net counts of
2l4pg per unit radon activity concentration, and o, is its uncertainty,
which is gotten through repeated calibration and ignore the uncertainty
of the reference monitor.

For discrete working mode, in which radon is injected into the
chamber once and measured for T, the radon activity concentration and
its uncertainty could be calculated by the following equation:

A N(T)—BT/24
= — 77 3
Cr Cr (] T 3)
o2 22 N(T)+ BT/24
Ocy =1 |—L£C2 + 25 u o))
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Where A is the decay constant of radon (A ~ 7.56 x 1073hh.

The lower level detection limit (LLD) of radon concentration (Bq/rns)
of the radon detector for 72 h measurement with a confidence level of
95% is calculated by the following equation as defined by Currie (1968)
(Currie, 1968) and ISO11929 (International Organization for Stan-
dardization, 2019):

2.71 + 4.65\/Mjp
TCr

LLD ~ ()

Where Mg is the background counts of ROIs. For continuous working
mode, it’s measured in a gas-flow environment using “cold-trapped”
boil-off liquid nitrogen. For discrete working mode, it’s measured inte-
grally with no radon environment, which is realized by filling with
extremely low-level boil-off liquid nitrogen and last for 72 h.

For comparison with other measurement systems, the 90% confi-
dence level (CL) detection limit (Bq/m3) of the radon detector is also
given using the following equation (Mitsuda et al., 2003):

1.6403

L= oA (6)

Where L¢ and o3 are the 90% CL detection limit and the uncertainty of
the background (counts/d), which means the radon higher than L¢-V
(Bq) could usually be distinguished from the background.

2.2. uBq/m>-level radon measurement system

Due to the detection limit of single-chamber electrostatic radon
monitors, an enrichment system of activated charcoals in a “cold trap”
should be used together with those electrostatic radon monitors for pBq/
m>-level radon detection. Due to its low intrinsic background and high
adsorption at liquid nitrogen temperature (Wang et al., 2023), the
CarboACT activated charcoal (Carbo-act International, the Netherlands
(Carboact charcoal specification)) was adopted in the pBq/m>-level
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radon detection system, which was designed and established in this
paper, just as shown in Fig. 2. In this system, ten g CarboACT and twenty
g CarboACT were separately filled in different stainless steel tubes for
filtration and enrichment respectively. In the absorption process, as
shown by the upper part of Fig. 2, twenty g CarboACT was immersed in
the liquid nitrogen and continuously adsorbed radon in gas samples at a
stable flowrate of nearly 20 L/min, which was also recorded by a
flowmeter. In the desorption process, the twenty g CarboACT was heated
to 200 °C, and then the desorbed radon was transferred to the radon
monitor by boil-off liquid nitrogen gas. To obtain extremely low-level
nitrogen gas, the boil-off nitrogen from a 240 L liquid nitrogen tank
passed through a ten g CarboACT with a flowrate of nearly 10 L/min,
and then the radon background could be ignored. Because radon dy-
namic adsorption coefficient ko of CarboACT was nearly 1.2 x 10! L/g
at liquid nitrogen temperature (77 K) (Wang et al., 2023), and the
breakthrough time (t = mky/v) at 77 K was nearly 1.2 x 10'® min,
which was too much longer than radon’s half-life (3.82 days). Thus,
nearly all radon was adsorbed in activated charcoals during adsorption
process. During desorption process, the CarboACT activated charcoals
were heated to 200 °C with the dynamic adsorption coefficient k, 0.4 +
0.1 L/g (Wangetal., 2023), then more than 99.9% (estimated simply by

1- (2)"‘k" =1- (})™ O > 99, 9%) of radon was transported to radon
chamber with 140 L boil-off nitrogen.

Considering the enrichment and decay during the enrichment and
detection process, the radon activity concentration and uncertainty in
gas samples should be calculated as follows:

Wen #Vau ,_ N(T) - BT/24

L g Cpp= -
o1l —e ) T, T —e ) e (1— o)

2 2 2

Oc, (sam) = \/ (%:’:) + (%) + (%) Cra(sam) (8)
Where Cgy(sam) is the radon activity concentration of sample gas (Bq/
m®) and oc,, (sam) is the uncertainty of Cgq(sam), which is mainly
contributed by the uncertainty of Crp, Veha and Vgam. Vena is the inner
volume (L) of the electrostatic collection chamber and oy, is its un-
certainty. Vg, is the sampling volume (L) in adsorption process and
Ov,, iS its uncertainty. v is the sampling flowrate (L/min), t is the
adsorption time (h), and T is the integrated measurement time (h).

Define an enrichment factor K as the ratio of the radon concentration
in the measurement chamber after accumulation and transfer to the
radon concentration in gas samples, then the radon activity concentra-
tion of gas samples could be calculated as follows:

)

Cra(sam) =

C n
Cra(sam) = Ig 9
__ v e
K_/IOVC/W. (l e ) (10)

Actually, the enrichment factor K reflects the proportion brought by
the enrichment and transfer process, and K is increased with the
enrichment time t at a fixed flowrate v of 20 L/min. However, there is an
upper limit of t due to the decay during the enrichment progress. When t
is as long as nearly infinite, K = v/(\ @ Ve, ). When t is relatively small,
decay correction could be ignored, and K = vt/V, for simplification.

2.3. Calibration and application in nitrogen as well as boil-off liquid
nitrogen

Due to nitrogen and liquid nitrogen being widely used in CJPL, high-
sensitivity radon measurement systems were applied to measure the
radon activity concentration in nitrogen as well as boil-off liquid ni-
trogen. First, the calibrations of the electrostatic radon monitors were
performed in a high pure nitrogen environment, and an AlphaGUARD
PQ2000 (Saphymo, France) with a Verification Coefficients of 0.997
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Fig. 2. Schematic diagram of the pBq/m>-level radon measurement system.

(Saphymo) was used as a transfer reference standard, just as shown in
Fig. 3. The radon activity concentration could be traced back to the
National Radon Standard of Metrological Institute of China. During the
calibration, the flowrate was set to nearly 2 L/min and kept stable. Then,
the radon activity concentration from the flow-through 2?*Rn source (a
solid 226Ra source with an activity of nearly 3000 Bq) was 200 + 19
Bq/m>. The calibration factors and their uncertainties were gotten
through calculation, where the means and standard deviations of the
ratios of the measured net counts in the ROIs of 21*Po to the measured
radon activity concentrations from the AlphaGUARD were considered.

For evaluation of the intrinsic background of the electrostatic radon
monitors, the boil-off liquid nitrogen passed through a “cold trap” was
used as the “free-of-radon” gas and filled in the electrostatic collection
chambers. Then, the chambers were sealed and measured continuously
for more than a week. Only the initial 3-day counts were taken for
background calculation and usually 3 to 5 times repeated measurements
were carried out for different radon monitors. Because radon in the boil-
off liquid nitrogen was removed by activated charcoals in a “cold trap”,
the background results could be regarded as only those exhaled from
inner chamber materials and detectors.

In this paper, the radon activity concentrations of industrial nitrogen
(3N, 99.2%-99.999%), high-purity nitrogen (4N, 99.9%-99.999%), and

~2 L/min

Liquid

Nitrogen Si-PIN
Tank )
240 L Radon
Detector

the boil-off liquid nitrogen were measured. The nitrogen and liquid ni-
trogen were supplied by JINGHUI GAS Co., China (JINGHUI GAS and
China). The boil-off liquid nitrogen was generated by the 240 L liquid
tank (YDZ-240, Sichuan Shanli Cryogenic Equipment Co, China
(YDZ-240)), which could be newly filled and left to stand for a month.
Each nitrogen sample would be measured repeatedly to confirm the
results.

3. Results and discussion
3.1. Cp, LLD, and L of the electrostatic radon monitors

Through calibration and background measurements, the calibration
factor, average background (Cp), lower level detection limit (LLD), and
90% confidence level detection limit (Lc) were obtained, and those
parameters are given in Table 2. For matching the typical 72-h mea-
surement cycle, the background counting rates were taken as the ratio of
the initial 3-day counts to 3 days and the average backgrounds were the
average of the background counting rates obtained in 3-5 times
repeated measurements, which is shown in Table 2. For CJPL-HR2,
CJPL-HR20, CJPL-HR140, CJPL-HR300, the average calibration fac-
tors were 2.1 + 0.2 (counts/h)/(Bq/m3), 21.1 + 0.7 (counts/h)/(Bq/

u
—><— | Valve
—@— Flowmeter

AlphaGUARD

Fig. 3. Schematic diagram of the calibration progress for electrostatic radon monitors.
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Table 2
Parameters of different electrostatic radon monitors.

Model Average calibration factor LLD (72h) Lc
background [(counts/h)/(Bq/ (mBq/m3) (mBq/
(counts/d) m?)] m?)

CJPL-HR2 0.7 21+0.2 62.49 27.22
(No.1)

CJPL-HR2 0.7 2.1+0.2 62.49 27.22
(No.2)

CJPL- 0.3 19.8 + 0.9 5.00 1.89
HR20
(No.1)

CJPL- 1.0 223 +1.0 6.70 3.06
HR20
(No.2)

CJPL- 1.3 188.8 + 4.2 0.87 0.41
HR140
(No.1)

CJPL- 3.3 183.6 + 1.6 1.31 0.68
HR140
(No.2)

CJPL- 6.3 387 +7 0.82 0.44
HR300

m3), 186.2 + 2.2 (counts/h)/ (Bq/ms), 387 +7 (counts/h)/(Bq/m?’) and
the LLDs in 72-h measurement cycle were 62.49 mBg/m°, 5.00 ~ 6.70
mBq/ms, 0.87 ~1.31 mBq/mg, 0.82 mBq/mg, respectively. Results also
showed that the calibration factors and average backgrounds of the
electrostatic radon monitors increased with the increase of chamber
volume, while the LLDs and L¢ decreased with the increase of chamber
volume.

For the electrostatic radon monitors of the same chamber size, the
average backgrounds were relatively close, and the difference may be
attributed to the slight difference in chamber cleanness and airtightness.
Similarly, for the electrostatic radon monitors of the same type, the
calibration factors were also close, and the little difference may come
from the slight difference of the electrostatic fields, which was mainly
caused by the Si-PIN photodiodes position which were manually
installed.

For comparison, similar parameters of the electrostatic radon mon-
itors in other experiments were summarized in Table 3. Compared with
those electrostatic radon monitors, the background of our monitors was
nearly the same level with different measurement time, and the

Table 3
Parameters of similar electrostatic radon monitors in other experiments.
electrostatic Volume Voltage Average calibration Lc
radon (L) W) background factor (mBq/
monitors (counts/d) [(counts/h)/ m%)
(Bq/m%)]
Super-K ( 70 —2000 2.4 (2 91.7 1.4
Takeuchi months)
et al.,
1999)
Borexino ( 418 —30000 <2 1125 <1
Kiko, 2001)
Super-K ( 80 —2000 0.74 (156 93.8 0.54
Nakano days)
et al.,
2017)
DarkSide ( 450 —8000 3.0 (24.8 579.2 0.05
Pelczar days)
et al.,
2021)
Super-K ( 80 —2000 0.57 (28 103.3 \
Okamoto days)
et al.,
2021)
JUNO (Chen 41.5 —700 0.7 (30 days) 67.0 0.71
et al.,
2022)
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sensitivity could be comparable with different inner volumes of cham-
bers. The L¢ of CJPL-HR140 and CJPL-HR300 all reached the sub-mBq/
m® levels, just like those in the Super-Kamiokande and JUNO
experiments.

3.2. LLDs of the uBq/m>-level radon measurement systems

In order to evaluate the theoretical measurement capabilities of the
uBg/m>-level radon measurement systems, take CJPL-HR140 (No.1) as
an example to calculate the enrichment factor Ks and LLDs. Calculation
results are shown in Table 4 and Fig. 4. The flowrate was set and
controlled to 20 L/min stably. According to the results, the enrichment
factor K increased when the enrichment time became longer, and for the
LLDs, they decreased as the enrichment time and measurement time
increased. If the enrichment time was 3 days, enrichment factor K could
reach 477, and the LLDs could be lowered by nearly 500 times. Theo-
retically, when the enrichment time was 3 days and the measurement
time was 3 days, the LLD of CJPL-HR140 (No.1) could reach 1.8 uBq/m?,
which was in accordance with our design and could meet the needs of
the CJPL experiment. Under the same conditions, the average LLDs were
0.13 mBq/m?, 12.3 pBq/m?, and 1.7 yBq/m® for CJPL-HR2, CJPL-HR20,
and CJPL-HR300.

Although CJPL-HR140 (No.1) has been calculated as an example in
Table 4, each type of electrostatic radon monitor could be combined
with the radon enrichment system. When the radon monitor with a
smaller collection chamber is chosen, the enrichment factor K will be
larger at the same enrichment time and flowrate. However, too small a
chamber is not conducive to transferring all radon. Thus, the volume of
the electrostatic collection chamber should match the mass of activated
charcoal.

3.3. Measurement results of nitrogen and boil-off liquid nitrogen gas

For application and to test the pBg/m°>-level radon measurement
systems, three kinds of nitrogen samples: industrial purity nitrogen,
high-purity nitrogen, and boil-off liquid nitrogen, were measured in this
study. In practice, both CJPL-HR140 (No.1) and CJPL-HR140 (No.2)
were used. The volume of a cylinder of nitrogen samples was nearly 6
m?, and each cylinder could be measured twice. Thus, the enrichment
volumes of nitrogen samples were about 2 ~ 3 m>. As for the boil-off
liquid nitrogen, the enrichment volumes could be much larger to meet
the measurement needs. The measurement results and uncertainties of
nitrogen and the boil-off liquid nitrogen are obtained according to
equations (7) and (8), which are shown in Table 5 and Table 6,
respectively. The results in Table 6 are also presented in Fig. 5.

According to the measurement results in Tables 5 and 6, the radon
concentrations of the boil-off liquid nitrogen were obviously lower than
those of nitrogen samples in nitrogen cylinders, which were 0.04 ~ 0.62
mBg/m® and 0.6 ~ 1.9 mBq/m° respectively. The radon activity con-
centration of newly-filled liquid nitrogen was nearly 3 times lower than

Table 4
The Enrichment factor K and the LLDs of CJPL-HR140 (No.1) monitor at
different enrichment time (flowrate = 20 L/min).

Enrichment time Enrichment factor K Measurement time

1 day 2 days 3 days
LLD (mBq/m®)

0h 1.0 1.77 1.13 0.87

1h 8.6 0.21 0.13 0.10
LLD (uBq/m®)

12h 99 17.9 11.4 8.9

1 day 189 9.4 6.0 4.6

3 days 477 3.7 2.4 1.8

5 days 678 2.6 1.7 1.3

7 days 818 2.2 1.4 1.1
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Fig. 4. The Enrichment factor K and the LLDs of CJPL-HR140 (No.1) monitor at
different enrichment time (flowrate = 20 L/min).

Table 5
Measurement results of the radon activity concentration of nitrogen gas.

Type of Nitrogen Sampling Radon Average radon
nitrogen sample volume concentration concentration
sample (m®) (mBg/m®%) (mBg/m®%)
Industrial Nitrogen 2.65 = 0.9 +£0.2 1.0+0.1
purity cylinder 1 0.13
nitrogen 2.00 = 1.14+0.2
(3N) 0.10
Nitrogen 2.47 + 0.9 +0.2
cylinder 2 0.12
High-purity Nitrogen 2.55 + 1.9+0.2 1.2+0.1
nitrogen cylinder 3 0.13
(4N) 2.30 + 1.5+0.2
0.12
Nitrogen 2.63 = 0.7 +£0.1
cylinder 4 0.13
2.74 + 0.6 £ 0.1
0.14
Table 6

Measurement results of the radon activity concentration of the boil-off liquid
nitrogen.

Boil-offliquid ~ Sampling Radon concentration ~ Average radon

nitrogen volume (ms) (mBq/ms) concentration (mBq/
m®)
Newly-filled 17.99 + 0.90 0.22 + 0.03 0.37 £ 0.03
8.73 £ 0.44 0.62 £+ 0.07
6.09 £+ 0.30 0.28 + 0.07
Old-decayed 7.03 + 0.35 0.04 + 0.02 0.06 + 0.02
5.72 £ 0.29 0.07 + 0.03

that of nitrogen gas. For nitrogen samples in nitrogen cylinders, the
average radon concentrations of industrial nitrogen and high-purity
nitrogen were 1.0 + 0.1 mBg/m® and 1.2 + 0.1 mBq/m® which
showed no significant difference between the two kinds of nitrogen
samples. However, the radon concentrations may be quite different
between different nitrogen cylinders, such as nitrogen cylinders 3 and 4.
The difference may be attributed to the cleanness and materials of ni-
trogen cylinders and the filling process.

As for the boil-off liquid nitrogen, the gas samples under two con-
ditions were measured, which were new-filled and old-decayed, just as
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Fig. 5. Measurement results of the radon activity concentration of the boil-off
liquid nitrogen.

shown in Table 6 and Fig. 5. For new-filled liquid nitrogen, the average
radon concentration of the boil-off nitrogen was 0.37 + 0.03 mBq/m?.
After the same liquid nitrogen had been left still for a month to decay,
the average radon activity concentration of the boil-off gas was 0.06 +
0.02 mBg/m?®, which was nearly 5 times lower. This finding is quite
interesting, and the probable reason might be that when the liquid ni-
trogen was filled into the liquid nitrogen tank, a small amount of air
might enter the tank with liquid nitrogen or through leakage. When the
liquid nitrogen was left still for a month, most radon carried into the
liquid nitrogen tank decayed, and the radon concentration decreased
obviously. The measurement results presented that if we need nitrogen
with extremely low radon concentrations, we should choose the boil-off
liquid nitrogen, which has been left still for a long time in the liquid
nitrogen tank. Of course, the liquid nitrogen tank must be “clean” first.
Moreover, it could be even lower by filtering through activated char-
coals at low temperatures (“cold trap”), and then a “free-of-radon” ni-
trogen gas might be obtained.

4. Conclusion

For serving the CDEX experiment related to the radon issue, a series
of high-sensitivity radon measurement systems with different electro-
static radon monitors have been established and calibrated in our lab-
oratory. For CJPL-HR2, CJPL-HR20, CJPL-HR140, CJPL-HR300, the
average calibration factors were 2.1 + 0.2 (counts/h)/(Bq/mS), 21.1 +
0.7 (counts/h)/(Bq/m%), 186.2 + 2.2 (counts/h)/(Bq/m®), 387 + 7
(counts/h)/(Bq/rn3) and the LLDs in 72-h measurement cycle were
62.49 mBq/m>, 5.00 ~ 6.70 mBq/m>, 0.87 ~ 1.31 mBq/m>, 0.82 mBq/
m®, respectively. Combined with an enrichment system consisting of
twenty g CarboACT activated charcoals in the cold trap, the LLD of the
No.1 CJPL-HR140 could reach 1.8 pBq/m? with three days’ enrichment
time and three days’ measurement time at a 20 L/min sampling
flowrate.

For application, the radon activity concentrations of industrial ni-
trogen, high-purity nitrogen, and boil-off liquid nitrogen have been
measured in this study. For industrial nitrogen and high-purity nitrogen,
the average radon concentrations were 1.0 + 0.1 mBg/m> and 1.2 + 0.1
mBq/m°, and no significant difference was found. The average radon
activity concentration was 0.37 + 0.03 mBg/m® for newly-filled liquid
nitrogen and could be lowered to 0.06 + 0.02 mBq/m? after a month’s
decay, which could be further lower by filtering through activated
charcoals at low temperatures. Those measurement systems can be used
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for various radon detection in CJPL, such as clean room air monitor,
radon removal efficiency evaluation, radon emanation rate measure-
ment, and so on. More actual measurement results will be given in the
future.
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