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Background: Very fine radiation-induced aerosol particles are produced in intense radiation
fields, such as high-intensity accelerator rooms and containment vessels such as those in the Fu-
kushima Daiichi nuclear power plant (FDNPP). Size measurement of the aerosol particles is
very important for understanding the behavior of radioactive aerosols released in the FDNPP
accident and radiation safety in high-energy accelerators.

Materials and Methods: A combined technique using wire screens and imaging plates was de-
veloped for size measurement of fine radioactive aerosol particles smaller than 100 nm in diam-
eter. This technique was applied to the radiation field of a proton accelerator room, in which ra-
dioactive atoms produced in air during machine operation are incorporated into radiation-in-
duced aerosol particles. The size of "'C-bearing aerosol particles was analyzed using the wire
screen technique in distinction from other positron emitters in combination with a radioactive
decay analysis.

Results and Discussion: The size distribution for "' C-bearing aerosol particles was found to be
ca. 70 um in geometric mean diameter. The size was similar to that for "Be-bearing particles ob-
tained by a Ge detector measurement, and was slightly larger than the number-based size distri-
bution measured with a scanning mobility particle sizer.

Conclusion: The particle size measuring method using wire screens and imaging plates was
successfully applied to the fine aerosol particles produced in an intense radiation field of a pro-
ton accelerator. This technique is applicable to size measurement of radioactive aerosol particles
produced in the intense radiation fields of radiation facilities.

Keywords: Particle size measurement, Radioactive aerosol, Diffusion battery, Imaging plate,
Proton accelerator

Introduction

In the Fukushima Daiichi nuclear power plant, FDNPP, accident, huge amounts of
radioactive aerosols were released to the environment. Their behaviors in the environ-
ment have been studied extensively [1]; however, the formation mechanisms of radio-
active aerosols in the containment vessels is not well understood. Understanding of the
formation in the vessels is very important to elucidate the behavior of the radioactive
aerosols in the environment. A simulation experiment under severe conditions is con-
sidered to be effective. In such experiments, size measurement techniques capable of
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measuring both number-based and activity-based particle
size distributions are useful for the clarification of the forma-
tion mechanism [2-4]. In addition, the size measurement
technique is also useful for the estimation of internal expo-
sure for radiation workers or members of the public. As the
internal dose can be expressed as a function of the size of ra-
dioactive aerosol particles [5], the size is very important in-
formation for the estimation of internal dose.

In this work, a technique combining a wire screen device
and imaging plates is proposed as a convenient technique
for size measurement of fine radiation-induced particles,
and was applied to measurements of radiation fields in an
operating proton accelerator.

Materials and Methods

1. Principle

As aerosol particles in the size range of nm to submicron
are much smaller than ordinary screen mesh sizes, most of
the particles can penetrate the screen. However, a small pro-
portion of the particles cannot penetrate because of the at-
tachment of the particles on the wire due to the large diffu-
sion constant of the particles [6]. Because the penetration ra-
tio of the particles is expressed as a function of particle size,
the size distribution can be calculated from experimentally
obtained penetration ratios. Wire screen devices such as the
screen-type diffusion battery, SDB [7] and graded screen ar-
ray, GSA [8] were based on this principle. The SDB is a stack
of many pieces of screens of the same roughness, while the
GSA consists of several single screens of different roughness.

When aerosol particles penetrate a stack of wire screens,
the penetration ratio, P, can be expressed as follows,
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sol particles and A is that of the penetrated particles. r, 7, and
0, are particle radius, geometric mean radius (cm), and geo-
metric standard deviation of the particles, respectively. In
this work, size distribution was assumed to have a log-nor-
mal distribution. p(r) is the penetration ratio for particles of
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radius r. K; is a specific coefficient calculated from packing
density of the wire screen (K;=57 for a 100-mesh screen, 115
for a 200-mesh screen, 134 for a 300-mesh screen, and 235
for a 500-mesh screen) [7]. N, is the number of screen i and
f+is the air flow rate to the wire screen device (L-min™). D(r)
is diffusion coefficient for a particle of radius r. Ly, p, v, and
T are the Boltzmann constant, mean free path, viscosity, and
density of the gas, respectively. A, B, and C are Cunning-
ham’s correction factors (A=1.246, B=0.42, and C=0.87) [9].

2. Wire screen device

A wire screen device combining the GSA with the SDB was
prepared and was applied to a proton accelerator facility in
this work. The stacking order and number of the screens are
single 100, 200, 300-mesh screens (Screen Nos. 1-3) and 40
pieces of 500-mesh screens (Screen Nos. 4-43) in the down-
stream direction. A PTFE membrane filter (Toyo Roshi Kai-
sha Ltd., Tokyo, Japan; pore size 0.5 um) was placed at the
end of the stack of screens as a backup filter. The size of the
effective area of the screens and backup filter was 42 mm in
diameter. To prevent leakage of the sampled air, each piece
of screen and a backup filter were sandwiched with O-rings,
and were kept in an airtight cylindrical housing.

3. Air, irradiation and sampling of the irradiated air
The radiation-induced aerosol particles were produced
using an 18-L stainless steel chamber in the 150-MeV fixed-
field alternating gradient, FFAG, proton accelerator [10, 11]
of the Kyoto University Research Reactor Institute, KURRI.
One-mm thick aluminum plates were used as lids for both
sides of the chamber. The chamber was installed upstream
of the beam dump of the beam extraction line. The aerosol
measurement was carried out at a measurement station
placed 3 m apart from the chamber as shown in Figure 1. Air
in the accelerator room was filtered with a HEPA cartridge
filter, and supplied from the measurement station to the irra-
diation chamber at a flow rate of 8.1 L- min™. The relative hu-
midity of the air was 42%. The supplied air was confirmed to
be aerosol-free using scanning mobility particle sizer, SMPS
(TSI Inc., Shoreview, MN; Model 3080) in advance. The
SMPS comprised a differential mobility analyzer, DMA (TSI
Inc., Shoreview, MN; Model 3081) and a condensation parti-
cle counter, CPC (TSI Inc., Shoreview, MN; Model 3025A).
The irradiation chamber was stably irradiated for 1 hour with
a proton beam current of 1.8 nA. The proton energy was ap-
proximately 120 MeV. The returned irradiated air was intro-
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Fig. 1. Arrangement of irradiation chamber and measurement station.

duced to the wire screen device during irradiation at the flow
rate of 7.5 L-min™ for size measurement of radioactive aero-
sol particles. The air was also sampled with the SMPS at a
flow rate of 0.6 L-min™ to monitor the number-based size
distribution of all of the non-radioactive and radioactive par-
ticles.

4. Measurement of size distributions of radioactive
aerosol particles

After the sampling of the irradiated air, a radiation image
of the 100, 200, and 300-mesh screens, selected pieces of the
500-mesh screens and the backup filter was taken using a
large IP (BAS IP MS 3543E, Size 35x43 cm). The IP was ex-
posed for 30 minutes. The exposure was started 20 minutes
after the end of the sampling of irradiated air to let a short-
lived radionuclide, °O (halflife: 2 minutes) decay.

Prior to the wire screen experiment, the whole irradiation-
induced aerosol particles were collected on the PTFE mem-
brane filter and analyzed with a Ge semiconductor detector
system to identify radionuclides in the aerosol. In addition, a
separate air irradiation was carried out using a wire screen
device with the same screen configuration under the same
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CPC: Condensation Particle Counter
SMPS: Scanning Mobility Particle Sizer P: Diaphragm Pump
Screens: Wire Screen Device

M: Mass Flow Meter

CF: Cartridge HEPA Filter

beam and sampling conditions in order to estimate contri-
butions from "'C and "N to the intensity of photostimulated
luminescence, PSL. Decay curves of radioactivities for se-
lected screen samples and the backup filter were obtained
by measurements using GM counter systems (Aloka Co., Mi-
taka, Tokyo, Japan; GM probe: Model GP-MBR-51, Scaler:
Model TDC-105). The selected screen samples were six sets
of three pieces of screens (Screen Nos. 4-6, Nos. 11-13, Nos.
18-20, Nos. 25-27, Nos. 32-34, and Nos. 39-41).

In comparison with "'C, the 478 keV photopeak for "Be was
measured for each screen and the backup filter using Ge de-
tectors to obtain a size distribution for "Be-bearing aerosol
particles. For each sample, the "Be counts were accumulated
for 100,000 s or longer owing to its low activity. The obtained
counts were corrected for radioactive decay to the start time
of measurement for the first sample.

Results and Discussion
Large annihilation photopeaks of 511 keV due to positron

emitters such as "'C (half life: 20.39 minutes) and *N (9.965
minutes) were observed in the y-ray spectra of the collected
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aerosols. In the spectrum obtained 20 minutes after the end
of the sampling, besides the 511-keV peak, photopeaks for
"Be (half life: 53.2 days), *Na (15 hours), Mg (9.458 min-
utes), *Cl (37.24 minutes), and **ClI (55.6 minutes) were ob-
served. "Be, "'C and "N were produced through (p, xpyn) re-
actions of “N and 'O in the air including nuclear spallation
reactions. >’Na and Mg were formed from the aluminum lid
of the chamber, and *Cl and *Cl were produced from Ar in
the air. Their photopeaks were found to be smaller than ap-
proximately 1/1,000 of the 511-keV peak and the PSL intensi-
ty is, therefore, considered to be less affected by the nuclides.

The decay curves obtained for the six samples of the se-
lected screens in addition to the backup filter were success-
fully analyzed by three-component fittings of N, "'C, and a
longer half-lived nuclide, assumed to be *Na. At the start
time of the IP exposure, the activity ratios for the screens
were estimated to be 73% for N and 25% for 'C regardless
of position in the stacked screens, while the ratio for the
backup filter was 61% for N and 38% for 'C.

Figure 2 shows relative intensities of PSL obtained from
the IP image as well as the "Be photopeak for each screen
and the backup filter. Each intensity for ''C was obtained by
multiplying the PSL intensity by the activity ratios mentioned
above. Particle size for *N was not analyzed in this work be-
cause the N particle size is difficult to obtain using wire
screen methods, owing to an interference of *N gas simulta-
neously formed in the irradiated air. The interference is con-
sidered to occur by deposition of acidic *N gaseous species
on the membrane filters [12, 13] and screen surfaces. The
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Fig. 2. Intensity of PSL and 'Be photopeak for each screen and the
backup filter (Closed symbols: PSL, open symbols: 'Be activity).
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penetration ratio for the i-th screen was calculated by the di-
viding total activity of the screens downstream of the i-th
screen and the backup filter by the total activity of all screens
and the backup filter. In this calculation, the activity of each
500-mesh screen was estimated by fitting of activity of the
measured 500-mesh screen to quadratic equations as shown
by the solid lines in Figure 2. Figure 3 shows the obtained
penetration ratios for ''C and “Be as functions of the number
of the 100-mesh screen. The number of 200, 300, 500-mesh
screens were converted to the number of 100-mesh screens.
The converted number of screens was calculated by Ki/57-Ns,
derived from Equation 2. The solid lines in Figure 3 were ob-
tained by fitting the penetration ratios to Equation 1 using

0.8
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Fig. 3. Relationship between penetration ratio and number of
screens.
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Fig. 4. Activity-based size distributions for ''C and 'Be particles
obtained with the wire screen device and number-based distribu-
tion obtained with SMPS.
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Mathematica.

The obtained geometric mean diameter, d;, was 68.0 nm
for 'C-bearing aerosol particles and 63.4 nm for “Be-bearing
ones. The geometric standard deviation, o, was found to be
1.23+0.02 for 'C and 1.56+0.01 for “Be. Figure 4 shows par-
ticle size distributions for the radioactive particles (activity-
based distributions) along with that of all particles (number-
based distribution) obtained by the SMPS. The sizes for the
radioactive particles were very close each other, and was
larger than that for all particles (d, =43 nm) by approximately
20 nm. The radioactive particles are formed by the simple at-
tachment of the radioactive atoms on the non-radioactive
aerosol particles. The size difference has been often ex-
plained [2, 3, 14] by size dependence of the attachment coef-
ficients [15]. The size distributions can be calculated by mul-
tiplying the particle size of the non-radioactive particles by
the attachment coefficient for radioactive atoms. Because
the attachment coefficient is not constant, and is given as a
function of particle size, the calculated size distribution is
shifted from the original size of the non-radioactive particles.
Endo et al. studied the particle size for "'C aerosols formed in
the tunnel air of a 12-GeV proton synchrotron using SDB
[16]. Although the beam intensity was much higher than the
FFAG accelerator, the reported particle size, 35 nm in geo-
metric mean radius, is very close to our results, 68 nm in
geometric mean diameter. The size may be easily saturated
in intense radiation fields.

The IP has an advantage that a radiation image of many
samples was obtained by a single exposure; however, multi-
ple radionuclides cannot be distinguished. In this work, the
particle size of ''C was analyzed using IP in distinction from
other positron emitters by performing a decay analysis in a
separate experiment.

Conclusion

A particle size measuring method using wire screens and
imaging plates was successfully applied to fine aerosol parti-
cles produced in an intense radiation field of a proton accel-
erator. The size distribution for "'C-bearing-particles was ob-
tained by IP measurement combined with a decay analysis
for positron emitters. The geometric mean diameter for "'C
and "Be was found in the range of 60 to 70 pum, and was
slightly larger than the non-radioactive particles.
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