Journal of the Meteorological Society of Japan, Vol. 88, No. 2, pp. 123-134, 2010. 123
DOI:10.2151/jms;j.2010-202

Development of a Compact and Sensitive Electrostatic Radon-222 Measuring System

for Use in Atmospheric Observation

Akira WADA

Meteorological College, Kashiwa, Japan

Shohei MURAYAMA, Hiroaki KONDO

National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba, Japan

Hidekazu MATSUEDA, Yousuke SAWA

Meteorological Research Institute, Tsukuba, Japan
and

Kazuhiro TSUBOI
Japan Meteorological Agency, Tokyo, Japan

( Manuscript received 4 August 2009, in final form 9 December 2009)

Abstract

A new automated 2*?Rn measuring system suitable for a wide range of atmospheric observations has been
developed. This system comprises a 2?Rn analyzer and an air-sampling unit, along with a pump, drying equip-
ment, and a filter. The operation of this ’Rn analyzer is based on an electrostatic collection method involving
the use of a PIN photodiode to separately detect o particles emitted from 2'®Po and 2!“Po released from the decay
of 22Rn in a hemispheric air-sample chamber. The response of the ?Rn analyzer with respect to the applied
voltage, chamber volume size, and sample flow rate is investigated to determine the appropriate measuring con-
ditions. With this instrument, the detection limits have improved to 0.16-0.20 Bq m~ for 1 h. The new **Rn
analyzer shows several technical advancements over the previous electrostatic collection methods, such as an im-
proved detection limit, higher sensitivity, higher time-resolution analysis, and longer life. During the preliminary
observational test, the 2?Rn measuring system was able to detect the diurnal cycle in >’Rn resulting from the
mixing of rapid vertical air in the surface boundary layer. At the Minamitorishima station located far from the
continent, very small 22Rn peaks were clearly detected when long-range transport of polluted air masses from
the Asian continent was observed at the station. We demonstrate that our compact >Rn measuring system has
the potential to be widely used for high time-resolution measurements of low-level 2*Rn.

1. Introduction
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continental flux to the atmosphere is estimated to
be approximately 1 atom cm~2 s~!, although this
value varies in time and space (Conen and Robert-
son 2002). ?*’Rn is also emitted from dissolved
226Ra in the ocean, but the total oceanic flux is
approximately two orders of magnitude less than
the total continental flux (Wilkening and Clements
1975). Thus, due to its relatively well-known
sources and radioactive decay time, atmospheric
22Rn measurements can be used to trace continen-
tal air masses on local, regional, and intercontinen-
tal scales (Zahorowski et al. 2004). Consequently,
observed ??’Rn data have been used for validating
atmospheric transport model processes (e.g., Li
and Chang 1996; Stockwell and Chipperfield 1999;
Chevilland et al. 2002; Taguchi et al. 2002; Gupta
et al. 2004; Josse et al. 2004) and for model inter-
comparison experiments (e.g., Jacob et al. 1997;
Rasch et al. 2000).

Atmospheric ??Rn observations have also been
used to obtain emission inventories of various trace
gases over the continental regions. Schmidt et al.
(1996) and Levin et al. (1999) showed that atmo-
spheric ?>’Rn can be used to estimate methane flux
density in Western Europe. Similar methodologies
were applied to evaluate emissions of CO; (Schmidt
et al. 2003), N,O (Schmidt et al. 2001), and CFCs
(Biraud et al. 2000). In another approach, Trum-
bore et al. (1990) estimated the rates of ecosystem
gas exchange between the air above and below the
soil surface and these between the air inside and
above the canopy layer in the Amazon rain forest,
using 2>*Rn concentration measurements in the soil
and the atmosphere. Martens et al. (2004) reported
on a method for estimating the net ecosystem ex-
change (NEE) of CO, using measurements of at-
mospheric 2*Rn accumulation in the Brazilian
rain forest during night time. A similar method has
also been applied to the estimation of N,O flux
from soil (Conen et al. 2002).

In order to measure atmospheric *>Rn, four dif-
ferent methods have been used: (1) an ionization
chamber (Budnits 1974), (2) a scintillation cell
(Lucas 1957), (3) a two-filter method (Thomas and
LeClare 1970; Whittlestone 1985; Zahorowski and
Whittlestone 1996; Tokonami et al. 1996; Whittle-
stone and Zahorowski 1998; Brunke et al. 2002),
and (4) an electrostatic collection method (Dula
and Dalu 1971; Wrenn et al. 1975; Iida et al. 1991,
1996; Ui et al. 1998; limoto et al. 1998). The first
two methods have low sensitivities and are hence
not used extensively; the last two methods, how-
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ever, have often been applied in various kinds of
atmospheric chemistry studies.

The two-filter method is used to measure the low-
level concentrations of atmospheric >>’Rn in remote
areas that are far removed from continents. The
sensitivity of this method is increased by collecting
large volumes of sample air (Whittlestone and Za-
horowski 1998); this requires an extremely large
sample chamber with a volume of approximately a
few cubic meters and powerful pump with a high
air flow rate of approximately 200 L min~—' (Whit-
tlestone and Zahorowski 1998). Such a large
chamber is not suitable for measurements at small
observatories. Furthermore, a high air flow rate
makes it difficult to efficiently dehumidify sample
air to prevent water condensation in the sample
chamber under humid climate conditions that exist
in temperate and subtropical regions. On the other
hand, the electrostatic collection method, with a
slight degradation in the detection limit when com-
pared to that of the two-filter method, has the
advantage of requiring only a relatively smaller
sample chamber with a volume of approximately
10-70 L and a smaller air pump with a flow rate
of approximately a few liters per minute; this is be-
cause it can effectively collect *>Rn progenies by
applying a high negative voltage on the detector
(Tida et al. 1991). These advantages make it possi-
ble to efficiently dehumidify sample air and reduce
the size of the instrument, and reduce the electric
power consumption during operation. In addition,
the compactness of the system allows for higher
time-resolution measurements because of rapid ex-
change of air in the sample chamber.

In the electrostatic collection method, the type of
detector used for counting o particles plays an im-
portant role. A zinc sulfide—silver (ZnS (Ag)) scin-
tillator is easy to handle and highly sensitive (lida
et al. 1991), but it cannot detect >Rn progenies
separately due to the lower detecting resolution of
o particle energy. On the other hand, a silicon pho-
todiode detector can provide a higher resolution
spectrum of « particle energy. Ui et al. (1998) re-
ported that a PIN Si photodiode is useful for low-
level 2?Rn measurements, but a relatively large
volume of collecting chamber is required to obtain
a high sensitivity and low background noise. The
PIN Si photodiode is used as an o particle detector
not for >?Rn but for the **°Rn analyzer (Ilimoto
et al. 1998). Therefore, at the present time, there is
a need to develop a more compact > Rn measuring
system with a high sensitivity and a higher time-
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resolution that can be easily and widely used in at-
mospheric chemistry studies, particularly at remote
locations.

We have developed such a system by employing
the electrostatic collection method and by using
the PIN photodiode detector. In this paper, we
provide a detailed description of the technical and
practical aspects of the new *?Rn measuring sys-
tem and draw a comparison between the perfor-
mances of the developed system and other ?’Rn
measuring systems that employ the same electro-
static collection method. We also report some of
the preliminary measurement results that demon-
strate the capability of the system when operated
under two different environments.

2. Instrumentation

2.1 ??’Rn analyzer

Figure 1 shows a schematic diagram of the elec-
trostatic ?Rn measuring system in this study. This
system consists of two main parts: a 2>2Rn analyzer
and an air sampling unit. The *Rn atoms in the
sample air inside the chamber in the analyzer unit,
undergo o decay by emitting o particles and are
transformed into 2'®Po ions. The ?'8Po ions are
then collected electrostatically on a negative elec-
trode since most of the *'3Po ions are positively
charged (Dua et al. 1983). The 2!®Po ions and its
progeny 2'%Po ions collected on the electrode decay
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by emitting o particles, which are then counted by
the PIN photodiode detector. In order to make
this electrostatic method effective, the >*’Rn ana-
lyzer is designed to consist of a hemispherical
chamber equipped with a PIN photodiode on a
charge amplifier, a spectroscopy amplifier, a multi-
channel analyzer (MCA), and a PC for data collec-
tion and system control.

Three stainless steel chambers with internal vol-
umes of 6 L, 16.8 L, and 32 L are prepared to test
the sensitivity of the detection limit to the chamber
size. The internal surface of each chamber is treated
by buffing in order to minimize the emissions of
22Rn and **Rn from the internal wall. Ui et al.
(1998) pointed out that such treatment is essential
for improving the detection limit of ?2Rn. The
shape of each chamber is hemispheric, because lida
et al. (1991), theoretically calculated the electric
force fields inside the chamber when a detector is
attached to the center of the chamber at the bottom
and reported that this is the most effective shape for
collecting >*Rn progeny.

The PIN photodiode used in our instrument is
a large-area Si PIN photodiode (S3204-06-SPL,
Hamamatsu Photonics K.K.) having length, width,
and thickness of 18 mm, 18 mm, and 0.5 mm, re-
spectively. The photodiode is covered with a ce-
ramic frame in order to avoid rusting by water
vapor. In order to electrostatically collect the 2'8Po
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Schematic diagram of the atmospheric 2?Rn measuring system.
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ions on the PIN photodiode detector, a high nega-
tive voltage (—2500 to —3000 V) is applied on the
cathode side (N layer) of the photodiode. If a volt-
age of —3000 V is applied on the cathode side, then
a slightly lower negative voltage of —2850 V is ap-
plied on the anode side (P layer) to keep the voltage
difference between the P and N layers at 150 V, be-
cause the PIN photodiode used in this study cannot
be applied at a voltage differences of more than
150 V. The 2'®Po ions collected on the PIN photo-
diode emit o particles, thereby releasing free elec-
trons from the silicon atoms in the photodiode.
The %Po ions produced from 2'¥Po further un-
dergo o decay by emitting o particles, producing
more free electrons due to higher energy of the o
particles emitted from 2'“Po when compared to the
energy of that « particles emitted from 2'®Po. This
difference in the amount of electrons generated can
be detected by the PIN photodiode on the basis of
the signals received from >'8Po and 2!Po.

Since the signals detected by the photodiode are
faint, they are amplified eight-fold in the charge
amplifier (Model 5537, Clear-Pulse) that is attached
under the *?Rn chamber. Furthermore, these sig-
nals are sent to the spectroscopy amplifier (Model
4419, Clear-Pulse) and are further amplified 10-
fold. These amplified signals of the o particles with
energies in the range of 10 MeV are converted to
corresponding voltages ranging from 0 to 10 V as
analog output data. These analog data are sent to
the MCA with a 16-bit resolution to be converted
to digital data, which are allocated from 1 to 1024
channels to obtain the « spectrum of the 2*’Rn
progenies.

Data from these 1024 channels are stored on a
hard disk drive of the PC. A new operating soft-
ware has been developed to monitor the spectral
data, as well as to control the conditions of the in-
strument, such as applied voltage and interval time
during measurement.

2.2 Air sampling unit

The schematic diagram of the air sampling unit
connected to the ??Rn analyzer is shown in Fig. 1.
Sample air is drawn in by a diaphragm pump
(ANEO022, KNF) and then introduced into a
drying system with an electric cooling unit (DH-
109, KELK Ltd.) and a nafion® membrane dryer
(MD-110-72P, Perma Pure Ltd.). Since water vapor
affects the collection efficiency of >'3Po ions due to
the neutralization effect (Busigin et al. 1981; Ko-
trappa et al. 1981; Dua et al. 1983; Chu and Hopke
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1988; Ui et al. 1998; Iimoto et al. 1998), the dew
point of the sample air is kept at approximately
—2°C in the drying system. The flow rate of dry air
is maintained within a range of 1-5 L min~! by
using a mass flow controller. Before the introduc-
tion of dry air into the Rn chamber, a membrane
filter (0.8 pum) is used to remove the decay products
of ?Rn generated in the air sampling unit.

3. Instrument characterization

3.1 Performance of the °*> Rn detector

Figure 2 shows an example of an « spectrum of
22Rn progenies of indoor air measured by the
22Rn analyzer for 24 hours at a flow rate of
5 L min~!. In this spectrum, two dominant peaks
around 594 and 762 MCA channels are clearly
found. These peaks correspond to **Po (6.003
MeV) and 2%Po (7.687 MeV), respectively, and
are clearly resolved. As described above, the re-
solved 2®Po peak enables us to make measure-
ments with higher time resolution for several 10’s
of minutes because, although 2!®Po decays to >'“Pb
with a half life of only 3.10 minutes, >'*Po arrives
on the scene from decays of 2'“Pb and ?'“Bi with a
relatively longer half lives of 26.8 and 19.9 min, re-
spectively. Although the 2!8Po peak overlaps a 2'>Bi
peak (6.051 MeV) originating from the ?’Rn decay
with the emission of o particles of similar energy
levels, it could be theoretically calculated to elimi-
nate the interference of 2'?Bi peak using counts of
212po peak, which is separately detected in our o
spectrum. Thus, counts from 2'?Bi included in the
218pPo peak are estimated to be negligible.
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Fig. 2. A typical « spectrum from the proge-
nies of 2?’Rn. Signals less than 100 MCA
channel are not shown.



April 2010

In the spectrum, a smaller peak appears around
the 525 MCA channel, which corresponds to the
210Po peak (5.304 MeV) (Fig. 2). Since 2!Po is de-
rived from 2!°Pb (half life; 22.3 years) deposited on
the photodiode detector, its peak will gradually in-
crease. Fortunately, the 2!°Po peak is completely
separated from the >'3Po peak, indicating no inter-
ference of the 2!°Po increase with the >Rn mea-
surements. Although our measuring instrument has
been in use for more than three years, the >!°Po
peak is still completely separated from the 2!®Po
peak; this indicates that the detector in our system
can be used for a long time without overestimat-
ing the 2*’Rn concentration due to the inclusion of
210po counts. Other types of detectors that do not
have the resolving power to separate out the two
peaks have to be removed for a few years to elimi-
nate the overestimation effect.

As described above, the MCA channel is ad-
justed by the amplifier to approximately correspond
to the o particle energy from the 2*’Rn progenies.
To confirm the « particle energy from 2'8Po and
214Po, we examined the decay curves of the two ma-
jor peaks corresponding to >'8Po and ?!*Po in the «
spectrum (Fig. 3). The ???Rn chamber with a 32-L
volume was filled with indoor air and its inlet and
outlet were then closed to regularly monitor the
count attenuations of the two peaks for approxi-
mately 10 days. As shown in Fig. 3, the counts
associated with both peaks decrease exponentially
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Fig. 3. Decay curves of the Rn progenies.
The solid lines represent the e-fold regres-
sion curves of 2'8Po and ?!*Po.
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with time. The exponential decay curves show at-
tenuation constants of 0.1828 + 0.0027 day‘l and
0.1841 + 0.0033 day~' for the 2'®Po and 2!“Po
peaks, respectively, with no statistically significant
difference at 95% confidence interval. These attenu-
ation constants are in good agreement (statistically
significant at 95% confidence interval) with the de-
cay constant of >’Rn (0.1813 day~'). A similar re-
sult was also obtained in the case of a 16.8-L cham-
ber. On the basis of these results, it is concluded
that the two major peaks were in fact associated
with the o particles from the >’Rn progenies.

By using the results from Ui et al. (1998) and
Iimoto et al. (1998) as a point of reference for
changes in the counting rate with applied voltage,
we also conducted an investigation to determine
the optimal applied voltage on the photodiode for
our ?’Rn analyzer as follows. The 16.8-L chamber
was filled with dehumidified sample air and then
its inlet and outlet were closed to monitor the decay
of the 2'¥Po counts with time. At first, a voltage of
—3000 V was applied on the photodiode until a de-
cay trend curve was established. Next, the applied
voltage was changed stepwise from —3000 V to
—1000 V at intervals of 250 V to obtain a relation-
ship between applied voltage and 2'®Po counts be-
cause the 2!8Po count varies as a function of the
applied voltage. The 2!8Po counts at each applied
voltage were normalized by those obtained at
—3000 V. Figure 4 shows the change in the relative
218Po count when using the 16.8-L chamber as a
function of the applied voltage. The relative count
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Fig. 4. Relative counts as a function of
applied voltage for 2'8Po. The counts at
each applied voltage normalized by those
at —3000 V and —2500 V are shown for
the 16.8-L and 32-L chambers.
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remains relatively constant as the voltage is
changed from —3000 V to —2000 V, with a gradual
decrease until the lowest value is recorded at
—1000 V. A similar behavior of the PIN photo-
diode detector was also reported by Iimoto et al.
(1998). These results indicate that the collection ef-
ficiency of 2'®Po in the 16.8-L chamber became sa-
turated below the voltage value of —2000 V.

A similar experiment was also conducted by us-
ing the 32-L chamber. The result is also shown in
Fig. 4, where the >'8Po counts relative to those ob-
tained at —2500 V are displayed. A similar pattern
as before (using the 16.8-L chamber) is observed
in Fig. 4, with the relative count increasing from
—1000 V to —2500 V but not plateauing, as was
the case in the 16.8-L chamber; this points to the re-
quirement of a voltage value less than —2500 V for
a higher collection efficiency with this volume size.
However, when the applied voltage was set to
—3000 V, the electric noise increased significantly
for the entire range of the « energy level, and there-
fore, interfering with the detection limit. A similar
problem was also reported by Ui et al. (1998). Con-
sidering the tradeoff between the noise effect and
the collection efficiency, a voltage around —2500 V
is deemed appropriate for the ?Rn analyzer that
uses the 32-L chamber. Thus, the optimal applied
voltage used here was determined to be —3000 V
for the 16.8-L chamber and —2500 V for the 32-L
chamber.

3.2 Measuring conditions of the chamber

In order to select appropriate measuring condi-
tions for the various kinds of field observations, we
investigated the response of our *>’Rn analyzer as
a function of the chamber volume size. Figure 5
shows the relative counting rates for three different
chamber volumes of 6 L, 16.8 L, and 32 L. The
relative counting rates were obtained for the dry
natural atmospheric sample that was introduced si-
multaneously into the three chambers. It is clearly
shown that the relative count rate increases linearly
with an increase in the chamber volume, indicating
that the count rate is linearly proportional to the
amount of ??’Rn in the chamber. This empirical re-
lation is useful in normalizing the amount of *>Rn
detected as a function of the volume of the chamber
used.

In order to evaluate the time resolution for our
222Rn analyzer, the gas exchange time as a function
of flow rate was determined for the 32-L and 16.8-L
chambers. The results are shown in Fig. 6. The gas

Relative counts

Gas exchamge time (min.)

Vol. 88, No. 2

1.0

&
%

&
=)

N
F

0.2}

0.0

0 10 20 30 40
Volume of chamber (L)

Fig. 5. Correlation between the relative
count rate and chamber volume size. The
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exchange time is defined as the time when 90% of
the sample air in the chamber is exchanged. Two
standard CO, gases with different concentrations
were introduced into each chamber sequentially,
and the changes in the concentration were mea-
sured by using a CO; analyzer (L16262, LI-COR).
The results in Fig. 6 indicate that the sampling in-
terval for the 16.8-L chamber is 30 min at a flow
rate of 3.0 L min~! and 1 h at the same flow rate
for the 32-L chamber. This result shows clearly
that the gas exchange time depends significantly on
the sample flow rate and is critical for determining
the time resolution for the ?Rn analyzer.

3.3 Calibration and counting efficiency

The 2*?Rn analyzers with chamber volumes of
16.8 L and 32 L were calibrated by employing an
ionization chamber method developed at Nagoya
University (lida et al. 1991). Calibration results
such as the calibration factor, detection limit, and
background counts are summarized in Table 1.

The calibration factor, defined as the ratio of the
counting rate to the ?’Rn concentration, is deter-
mined from 2'¥Po counts to be 19.6 and 31.8 counts
h~! (Bq m3)~! for the 16.8-L and 32-L chambers,
respectively. This calibration factor depends on the
chamber volume size because more 2!®Po ions are
produced in a larger chamber and thus increase the
count.

The counting efficiency calculated from the cali-
bration factor is defined as a percentage of the de-
tected '8Po ions to the total >'*Po emanated from
222Rn in the chamber. For our system, the counting
efficiencies are 0.32 and 0.27 for the 16.8-L and the
32-L chambers, respectively. One factor reducing
the counting efficiency is the electrostatic collect-
ing efficiency, which is defined as a percentage of

Table 1.
tric collection method.
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the collected 2!®Po ions on the electrode to the total
218Po produced in the chamber. Since Hopke (1989)
reported that 88% of 2'®Po emanated from ?*’Rn
carried a positive charge, the counting efficiency is
reduced by at least 12%. Another factor is the o
counting efficiency for detecting o particles of the
218Po ions collected on the surface of the photo-
diode detector. Since the « counting -efficiency
largely depends on the geometric shape of the pho-
todiode, our flat photodiode can only detect less
than 50% of the o particles emitted isotropically
from the Po ions. Therefore, the theoretical maxi-
mum of the counting efficiency is estimated to be
0.44 from both of the positively-charged 2'®Po to
the total of >'8Po (88%) and the geometric effect
(50%). Since the counting efficiency of 0.32 for
16.8-L chamber is calculated from the calibration
factor, approximately 73% of the 2'8Po ions from
222Rn in sample air are counted by our new **>Rn
analyzer and are compared to the theoretical maxi-
mum value. The remaining 27% is lost due to insuf-
ficient collection related to the applied voltage,
humidity of the sample air, and the probability of
neutralization of the >'*Po ions.

Background counts are measured as 2'®Po counts
when aged air with no *’Rn content is continu-
ously introduced into the chamber from a high-
pressure cylinder. The background counts for the
16.8-L and 32-L chambers are determined to be
0.06 and 0.38 counts h™!, respectively. This differ-
ence between the two chambers suggests that the
background counts are largely influenced by the
emissions of >?Rn or >’Rn from the internal walls
of the chamber. These background counts are recal-
culated to be approximately 0.003-0.01 Bq m™3
converted as the 2*?Rn concentration, based on the
calibration factors as described above.

Comparison of some salient characteristics among several ’Rn measuring instruments employing the elec-

This work Ui et al. (1998) Iida et al. (1996)
Detector PIN photodiode PIN photodiode ZnS(Ag)
Flow rate of sample air (L min.™") 3.0 3.0 3.8 1
Chamber volume (L) 32 16.8 68.7 16.8
Calibration factor (counts h™!(Bq m=3)7!) 31.8 19.6 22.5 17.8
Detection limit* (Bq m~3) 0.16 0.20 0.651 0.42%*
Average background counts (h) 0.38 0.06 0.561 5.2

*Detection limit was calculated for 1 hour as defined by Currie (1968).
**Value recalculated from the original data in Tida et al. (1996) using the detection limit equation of Currie (1968).
TValue obtained after conversion from the unit used in original paper.



130 Journal of the Meteorological Society of Japan

3.4 Comparison of our system with other similar
systems

Table 1 shows a comparison of the characteris-
tics of our instrument with those of the other two
222Rn measuring systems that employ same electro-
static collection method. Some of the data from
other studies have been converted into the units
used in this paper for comparison purposes. Com-
pared with the measuring system used by Ui et al.
(1998), which has a photodiode detector similar to
that has in our study, the calibration factor of our
system with the 32-L chamber is approximately
40% higher, even though the chamber volume is ap-
proximately two times smaller. This higher sensitiv-
ity is caused mainly by the more effective collection
efficiency of the 2'®Po ions on the detector most
likely due to the hemispheric shape of our chamber,
as suggested by lida et al. (1991). In addition, the
detection limit of our system with the 32-L chamber
is improved by a factor of four. This improvement
is based on the lowest background counting in our
system (see Table 1), although the chamber vol-
umes are different from each other. Another factor
contributing to the improved detection limit is a
relatively small variation in the low-level counting
(background) this results in a lower counting error
of the background measurement (Currie 1968) and
thus makes our >’Rn analyzer more stable.

When compared to the measuring system of Iida
et al. (1996), which has a different detector that
comprises a ZnS (Ag) scintillator, the detection
limit of our system with the 16.8-L chamber is bet-
ter by about a factor of two. This improvement re-
sults from the fact that the average background
count of our instrument is lower than that of the
other by approximately a factor of two (Table 1).
This reduced count is caused mainly by the absence
of interference of the 2'°Pb accumulation on the
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detector, as stated above. It can also be attributed
to the buffing of the internal chamber walls in our
system to minimize the emission of background o
particles, whereas the aluminum chamber used by
Iida et al. (1996) has not been subjected to any
treatment. In addition, the calibration factor of
our system with the 16.8-L chamber is slightly
higher. The most significant advantage of our pho-
todiode detector is that it provides a higher resolu-
tion spectrum of the o particle energy in order to re-
solve different 22>Rn progenies; this resolving power
is not available in the ZnS (Ag) scintillator. It leads
to improved time resolution by shortening the mea-
suring interval and avoiding the interference of
210Ph accumulation on the detector for long-term
use, as discussed above. For these reasons, our sys-
tem incorporates several new advancements in the
electrostatic collection method for detecting 2?*Rn.
We can optimize the measurement condition in the
field by suitably adjusting the chamber volume size
and sample air flow rate.

4. Application for field observation

4.1 Field observation at MRI in Tsukuba
Preliminary observations using our instrument
with a 16.8-L chamber were made on the meteoro-
logical observation tower (height: 213 m) located
at the Meteorological Research Institute (MRI)
in Tsukuba (36.1°N, 140.1°E, 26 m asl), approxi-
mately 50 km northeast of Tokyo, Japan. Figure 7
shows a time series of the 2*’Rn concentration
observed every 30 min at 1.5-m and 100-m levels
from November 20 to November 24 in 2006. The
22Rn concentration at 1.5 m shows a prominent
diurnal cycle with a nighttime increase for two con-
secutive nights from November 21 to November 23.
A corresponding increase was also observed at
100 m during the nighttime from November 22 to
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Fig. 7. Time series of half-hourly atmospheric >*’Rn concentration observed at Tsukuba in 2006.
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November 23, but not from November 21 to No-
vember 22. This vertical difference observed during
November 21 to November 22 was caused by the
formation of a shallow inversion layer near the
ground, a condition confirmed by a steep tempera-
ture gradient clearly revealed in the microwave
temperature profiler data (not shown). A different
situation with no clear diurnal cycle was observed
on November 20 and November 21. During this
period, it was cloudy or rainy and relatively windy,
indicating no formation of a distinct inversion
structure during the nighttime. These observational
measurements show that the diurnal variation
pattern of the atmospheric >>Rn concentration is
well associated with meteorological conditions
within the surface boundary layer. Figure 7 con-
vincingly shows that our measuring system can
capture short-term variations in atmospheric >Rn
over land.

This result demonstrates that our measuring sys-
tem is useful for measuring rapid variations in
22Rn concentration because of the instrument’s
high time resolution.

4.2 Observation at the remote site of
Minamitorishima
Another preliminary 2??Rn observation was
made at a remote coral island station of Minami-
torishima (24.3°N, 154.0°E, 9 m asl) in the western
North Pacific, approximately 2000 km southeast of
Tokyo (Wada et al. 2007). Air samples were col-
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lected from the top of the observatory building by
using a diaphragm pump and forced into the >*’Rn
analyzer with the 32-L chamber at a flow rate of
3.0 L min~'.

Figure 8 shows a time series of the hourly
22Rn concentration, together with carbon monox-
ide (CO) mixing ratio simultaneously observed at
Minamitorishima from September to December,
2007. Details of the CO measuring method are re-
ported elsewhere (Wada et al. 2007). Throughout
the observational period of time, the influence of
the local source from this island is not significant
for atmospheric 2’Rn measurements because this
island is very small.

In mid-November, no measurements of 2*’Rn
and CO were carried out because of the mainte-
nance work carried out on the air sampling system.
In December, some distinct large peaks with 2>?Rn
concentrations of more than 0.8 BqQ m~> can be
seen in Fig. 8. It is also shown that the overall
variation in the *Rn measurements corresponds
well with the observed variation in CO. On Decem-
ber 21, for example, the significant increase in
222Rn of up to 1.8 Bq m~3 is associated with an en-
hanced CO peak. Sawa et al. (2007) have shown
that higher CO mixing ratios observed at this site
indicate long-range transport of continental air pol-
lution from Asia. Thus, the close relation between
22Rn and CO shows that increased *>Rn peaks
detected by our measuring system can capture the
signal of continental air masses passing over this
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Fig. 8.
September to December, 2007.

Time series of the hourly concentrations of *Rn and CO observed at Minamitorishima from
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remote site. We also find that all of the 2>Rn peaks
in December were associated with rapid changes in
wind speed and direction caused by the passage of
cold fronts over the Minamitorishima station. De-
tailed mechanism for such frontal transport in the
western North Pacific region was examined using a
3-D transport model by Sawa et al. (2007).

For the period September to November, the
22Rn concentration values associated with the
maritime air masses were usually found to be less
than 0.1 Bq m~3, which is below the detection limit
of our analyzer. However, some small >Rn peaks
of 0.3 to 0.8 Bq m~3 can be seen in Fig. 8. These
22Rn concentrations are above the detection limit
of our measuring system (0.16 BqQ m~3) with the
32-L chamber. As was the case in December, the
overall variation in *Rn corresponds well with
the observed variation in CO, albeit with much
smaller peaks. In fact, we find that all of the small
222Rn peaks detected during the period from Sep-
tember to November were caused by the eastward
movement of cold fronts from the Asian continent
to the station. Thus, the field observation at Mina-
mitorishima in 2007 clearly demonstrates that our
new 2?Rn measuring system can be used for moni-
toring very small signals of continental influence at
remote sites.

5. Conclusions and future studies

We have developed a new compact electrostatic
22Rn measuring system and examined its perfor-
mance by carrying out laboratory tests and field
observations. From a series of laboratory tests, it
was found that our new system, which uses a PIN
photodiode detector for optimizing the detection
limit, can carry out atmospheric **’Rn measure-
ments with greater sensitivity and higher time
resolution when compared to other >’Rn measur-
ing systems that employ a similar electrostatic col-
lection method. Furthermore, our system is very
compact and has the flexibility of accommodating
chambers of different sizes, making it ideal for
usage in field observations. From continuous
measurements at Tsukuba, we obtained half-hourly
22Rn data and demonstrated that our new *>Rn
measuring system can capture the diurnal variation
in atmospheric ?Rn occurring within the surface
boundary layer. The results from continuous mea-
surements at Minamitorishima showed that our
system can successfully detect very small enhanced
22Rn peaks indicative of signals from the Asian
continent. These results from our study show that
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our new *?Rn measuring system is capable of re-
solving rapid diurnal variations and of detecting
long-range transport of continental air pollution at
remote sites. An establishment of a ?*’Rn mea-
surement network consisting of stations along the
coastline of eastern Asia and at remote locations in
the western North Pacific will greatly enhance our
understanding of the mechanisms related to the
eastward transport of pollution from the Asian
continent.

We also believe that high time-resolution *>Rn
measurements, which can be carried out by using
our instrument, will be useful in identifying the pro-
cesses by which CO,; inside a forest canopy over a
complex terrain is distributed with time. For exam-
ple, simultaneous measurements of >>Rn and CO,
have effectively been used for estimating the influ-
ence of nighttime drainage flows of CO, along the
slope on the CO, flux measured by employing an
eddy covariance method at a mountainous decidu-
ous forest site in central Japan (Murayama et al.
2009). This will contribute to the reduction of un-
certainty in the estimation of NEE under stable
nighttime conditions, as pointed out by many re-
searchers (e.g., Aubinet et al. 2005).
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