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Abstract. In the field of particle physics, various experiments have been designed in order to search for rare physics processes
beyond the standard model. The radioactive noble gas radon is one of the major background sources below the MeV region in
rare-event search experiments. To precisely monitor the radon concentration in purified gases, radon detectors with electrostatic
collection are widely used. To extend the application of the Rn detector, we have constructed a calibration system in the Kamioka
underground laboratory and evaluated the detector performance by filling the Rn detector with various gases, such as purified air,
argon, xenon, and tetrafluoromethane. In these proceedings, we overview the recent progress of the Rn detector development, its
performance with various gases, and a Rn removal test using activated carbon fibers.

INTRODUCTION

Over the last 40 years, the standard model of particle physics has demonstrated huge successes in providing experi-
mental predictions, which have been experimentally confirmed with high precision. In the field of particle physics,
various experiments have been designed in order to search for rare physics processes beyond the standard model. As
a target for dark matter or neutrino interactions, or as a source for neutrino-less double beta (0ν2β ) decay, a mate-
rial is carefully selected depending on its nuclear characteristics, such as spin structure, mass number, and chemical
properties. For example, the noble gas xenon (Xe) is widely used for a target nucleus to search for Weakly Interact-
ing Massive Particle (WIMPs) due to its relatively large mass and spin properties [1, 2, 3, 4, 5], and for a source of
0ν2β decay [6, 7, 8]. Argon (Ar) is also used as a target nucleus for WIMP searches [9, 10, 11] and for neutrino
interactions [12, 13] because of its scintillation properties. In addition, fluorine (F) compounds (such as Octafluo-
ropropane (C3F8 [14]), tetrafluoromethane (CF4 [15, 16]), and sulfur hexafluoride (SF6 [17, 18])) attract significant
attention for WIMP searches because of fluorine’s large cross section for a spin-dependent interaction [19].

Backgrounds in the Experiments Searching for Rare Physics Processes

Although natural Ar, Xe, and F do not have intrinsic long-lived isotopes [20], experiments searching for rare processes
suffer from radioactive impurities that exist in their target in gas or liquid states. Such radioactive decays limit a
detector’s sensitivity below the multi-MeV region. In particular, the noble gas radon (222Rn) is continuously produced
from the decay of radium (226Ra) in the uranium (238U) chain in materials used for the detector components. Hence,
background controls are required to keep the detector’s background level low, for example material screenings before
the detector construction [21, 22] and purification techniques during operations [23, 24, 25].

For monitoring, a Rn detector with a PIN-photodiode has been developed over the last 50 years. The latest type
of Rn detector can precisely measure the Rn concentration in purified gas with an accuracy of 1 mBq/m3 in a single
day measurement [26]. In these proceedings, we briefly overview the recent progress of studies related with the Rn
detector with the electrostatic collection based on Ref. [26, 27, 28]. In addition to the development status, we also
report the test of Rn removal from purified gas with activated carbon fibers (ACF) based on [29, 30].

RADON DETECTOR

The Rn detector consists of an 80-liter stainless steel vessel, a PIN-photodiode, a ceramic feedthrough, and an elec-
trical circuit. The PIN-photodiode is connected to the inner end of the feedthrough, which is mounted on the top
flange of the vessel. The high-voltage divider and readout electronics [31] are also connected to the external end of
the feedthrough. We have originally used the PIN-photodiode whose size is 18× 18 mm and newly used the larger



one whose size is 28×28 mm in this study. In order to reduce the intrinsic background from the detector components,
the inner surface of the Rn detector is electropolished [27].

The principal technique of such Rn detectors is electrostatic collection [32]. Because the daughter nuclei of 222Rn
tend to be positively charged [33], they are easily collected by forming an electrical field inside the detector. The
PIN-photodiode, where charged nuclei are collected, uniquely identifies the energy of the α particle emitted via the
daughter’s subsequent decays because of its high spectral resolution.

Humidity in the filled gas makes the positively charged nuclei neutralized, resulting in collection inefficiency [34,
35]. To improve the collection efficiency, we replaced the original, 18× 18 mm PIN-photodiode with a larger, 28×
28 mm one and compared the detector performance with [28]. This replacement enables the detector to enlarge the
volume where the electrical field is formed, and to improve the collection efficiency of positively charged particles.

CALIBRATION SYSTEM AND RESULTS

For evaluating the improvement of the measurement sensitivity by replacing the large sized PIN-photodiode, we
constructed a calibration setup at Lab-A in the experimental area at Kamioka Observatory. The calibration system,
which was also used previously in Ref. [28], consists of two 80-liter Rn detector chambers, a temperature sensor, an
air circulation pump, a cold trap, pressure gauges, and a mass flow controller. We installed a large PIN-photodiode
in one of the two Rn detector chambers and a small PIN-photodiode in the other. We used a 226Ra source, whose
activity is (199± 4%) Bq, to inject 222Rn gas into the calibration system and to maintain radioactive equilibrium in
the system.

Calibration results

For converting the count rate of 214Po signal into the Rn concentration in the filling gas, the calibration factor is
measured by the calibration system. Here, the calibration factor (CF ) is defined as

CF =
Daily 214Po count rate [count/day]

Rn concentration in the calibration system [mBq/m3]
. (1)

The signal efficiency ε214Po of 214Po (the fraction of 214Po alpha decays that are detected) is given by

ε214Po =
Z214Po

(λA/F)V
, (2)

where Z214Po is the observed count rate in the Rn detector, λ is the decay constant of 222Rn, A is the Rn activity of the
source, F is the flow rate of circulating gas (typically 0.6 L/min), and V is the volume of the Rn detection chamber.

Figure 1 shows the dependence of CF as well as the signal efficiency ε214Po of 214Po on absolute humidity and high
voltage, as measured by the calibration system filled with Ar gas. The results demonstrate that CF of the Rn detector
with the larger PIN-photodiode is higher than that with the small one in the dry region below 1.0 g/m3. The results
also demonstrate a clear dependence on the applied high voltage. Based on the calibration results, the total 214Po
signal efficiency ε214Po is about 30% level at most, where the collection efficiency by the electrical field is about 60%.

Figure 2 shows the absolute humidity dependence of CF as the 214Po signal efficiency measured by the calibration
system filled with various gases. Although the calibrations were performed under the same condition, the results
demonstrate the clear differences of CF . We are now investing a possible correlation between the collection effi-
ciency (or CF ) and the gas’s chemical properties, such as mass, polarization, and ionized potential energy.

ACTIVATED CARBON FIBER

As briefly explained in the former section, the residual Rn in the target (or source) material should be removed by
a purification process during the detector’s operation. In order to remove the Rn in purified gas, porous materials,
such as activated carbon and molecular sieves, are widely used because their pores on the surface can capture Rn [30,
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FIGURE 1. The calibration factors as well as the signal efficiencies of 214Po determined by the calibration system by filling the
Rn detector with purified Ar. Orange squares (red circles) show the calibration factors measured with the PIN-photodiode whose
size is 28×28 mm (18×18 mm) by applying the high-voltage at −1.5 kV. Purple upward triangles (light blue downward triangles)
show those at −0.5 kV. The curved lines are the fitting results with an empirical function of A+B

√
AH, where the parameter AH

is the absolute humidity in the filling gas.

TABLE I. The basic properties of ACFs, and their intrinsic radioactivity measured with the high purity Germanium detector at
Kamioka observatory, compared to other activated charcoals. The upper limit values are at the 90% confidence level. Note that we
measured the late parts of the chains in Uranium and Thorium series.

Product name Specific surface area Average pore diameter Uranium series Thorium series 40K
[m2/g] [nm] [mBq/kg] [mBq/kg] [mBq/kg]

A-10 [29] 1300 1.7 < 352 < 305 < 4.31×103

A-15 [29] 1700 1.9 < 11.9 < 12.2 < 142
A-20 [29] 2000 2.2 < 5.5 < 10.4 < 49
A-25 [29] 2667 2.5 < 269 < 261 < 4.31×103

Shirasagi G2X 4/6 [36] – – 67±15 a – –
Shirasagi G2X 4/6 [39] 1240 [41] – 62±4 b – –
Blücher 100050 [39] – – 2.6±0.3 b – –

CarboAct [40] 800–1200 [41] – < 0.3 c – –

a Measured with the same high purity Germanium detector at Kamioka observatory used to measure intrinsic radioactivity of A-10, A-15, A-20,
and A-25 listed in this table.

b Measured with a proportional counter.
c Measured with the Rn emanation setup [42].

36, 37]. Activated charcoal is an effective adsorbent for various impurities through a physical process based on van
der Waals forces and the polarizability of atoms [38]. However, when the molecule sizes of the inert gas and Rn are
similar, such as with Xe, both Rn and the inert gas tend to be adsorbed by the adsorbent. Hence, the pore size of
activated carbon should be selected carefully. As a first study, the Rn removal efficiencies for purified air, Ar, Xe, and
CF4 were evaluated by using the Rn detector [29, 30].

We used activated carbon fibers (ACFs), which were provided by Unitika Ltd., because these products are manu-
factured with aligned pore sizes (average pore diameter) on the surface [29]. Table I summarizes the basic properties
of these ACFs and compares their intrinsic radioactivity with that of other activated charcoals evaluated by other
groups [36, 39, 40]. For Rn removal, the carbon’s intrinsic radioactivity should be as low as possible. We measured
the intrinsic radioactivity with a high purity Germanium detector and found that the ACF intrinsic background level
is comparable to, and sometimes lower than, other products.
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FIGURE 2. The measured calibration factors as well as the 214Po signal efficiency when filling the Rn detector with purified
air (black circles), Ar (red squares), and CF4 (blue downward triangles). As a comparison, the calibration factors with Xe measured
in Ref. [27] is also drawn (green upward triangles). The results shown in this figure were taken with the PIN-photodiode whose
surface area is 18× 18 mm. The results with the large PIN-photodiode (28× 28 mm) are being prepared. In the case of CF4
measurement, we observed the 20% level difference between the result in this study and the result shown in Ref. [30]. The result
in this study was taken with the flow rate at 0.26 standard liter per minute (SLM) in Kamioka observatory. On the other hand,
the result shown in Ref. [30] was taken at 0.4 SLM in Kobe university. Hence, we used different Rn detectors in two places and
calibrated them with the different flow rates. Those differences may explain the discrepancy of calibration factors.

TABLE II. The measured Rn adsorption efficiencies for several gases with the ACFs evaluated with the measurement system at
Kobe university [29, 30]. The σ parameter [43] of Rn is 0.417–0.421 nm, which is similar to that of Xe. The σ parameter of CF4
is the largest among tested gases since it is a polyatomic molecule.

Gas σ parameter ACFs Rn adsorption efficiency Gas flow rate
[nm] [%] [Standard liter per minute]

Purified air 0.352–0.369 A-15 98.3±0.1(stat.)±0.2(syst.) 1.3
Ar 0.340–0.346 A-15 97.9±0.2(stat.)±0.2(syst.) 0.9
Xe 0.396–0.410 A-25 27.8±0.2(stat.)+2.0

−5.5 (syst.) 0.14
CF4 About 0.470 A-25 82.7±0.1(stat.)±2.3(syst.) 0.4

In order to evaluate the Rn removal efficiency from purified gases with the ACFs, a measurement system, which
was constructed in Kobe university [29, 30], was used. The measurement system consists of the 80-liter Rn detector,
a gas mass flow controller, a gas circulation pump, a dew point sensor, a pressure gauge, a filter, a refrigerator with a
cold ACF trap with about 12 g of ACF, and a Rn source. At first, we filled the system with purified gas, injected some
amount of Rn gas to the system, measured the Rn concentration inside the whole system except for the ACF trap with
the Rn detector, and estimated the expected Rn concentration by fitting its decay curve. Then, we opened the ACF
trap cooled at −90◦C, measured the Rn concentration after passing through the trap, and evaluated the Rn adsorption
efficiencies by comparing the measured and expected Rn concentrations, as detailed in Ref. [29]. Table II summarizes
the size of the molecule, as represented by the σ parameter in the Lennard-Jones potential approximation [43], and
the measurement results of Rn adsorption efficiencies.

The measurement results show the adsorption efficiencies with purified air, Ar, and CF4 are higher than that with
Xe. This is possibly due to the fact that a considerable proportion of the 222Rn atoms never have a chance to be
adsorbed, as they are superseded by Xe atoms, which have the closest Lennard-Jones σ parameter to 222Rn, and
hence are a suitable size for adsorption.



CONCLUSION AND PROSPECTS

Rn detectors with electrostatic collection are widely used for monitoring Rn concentrations in purified gases. We
have constructed a calibration setup to evaluate such detectors’ performance. We determined that enlarging the size
of the PIN-photodiode, where the positively charged nuclei are collected, improves the efficiency of collecting Rn
daughters, as expected since the volume where the electrical field is formed is enlarged. To extend the application of
the Rn detector for other gases, we have evaluated several basic properties of such detectors by filling the detection
chamber with several purified gases, such as purified air, argon, xenon, and tetrafluoromethane. The calibration
demonstrates that the detector performance clearly depends on the type of gas. We are now investigating a possible
correlation between the detector’s performance and chemical properties of the tested gases. As a future work, the
calibration by filling SF6 gas is scheduled in September, 2022.

For developing techniques to remove Rn from purified gases, we tested the Rn absorption efficiency by using ac-
tivated carbon fiber (ACF) provided by Unitika Ltd. The provided ACFs have relatively low intrinsic backgrounds
compared with other types of adsorbents. For the test of their removal capabilities, we constructed another measure-
ment setup and evaluated the Rn absorption efficiency with several type of ACFs by circulating the test gases. The
lower adsorption efficiencies of gases with large mass compared to other carrier gases can be explained by a difference
in the σ parameter in the Lennard-Jones potential.
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