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Abstract

In the course of the Fukushima nuclear accident, radionuclides were released in various forms, including so-called radio-
cesium-bearing microparticles (CsMP). So far, four types of CsMP were described: Type A is smaller in size (<10 pm),
Types B, C, and D are larger (>100 pm). In this work, we present a novel type of CsMP (proclaimed Type E). Three
particles of Type E were extracted from a contaminated blade of grass that was sampled 1.5 km from the Fukushima
Daiichi nuclear power plant in late 2011. They were located using autoradiography, isolated using an optical microscope
and micromanipulator, and characterized using scanning electron microscopy, energy dispersive x-ray spectroscopy, and
low-level gamma-ray spectrometry. Type E CsMPs are 10-20 pum in size and exhibit an unusually low and barely detect-
able 137Cs activity of only < 10 mBq per particle. Their brittle and fragile character may indicate a high surface tension.
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Introduction

In the course of the Fukushima nuclear accident (Japan,
March 11, 2011), large amounts of (mostly volatile) radio-
nuclides were released into the environment [1]. These
emissions included foremost all nuclides of iodine (I), tel-
lurium (Te), and cesium (Cs). Of all the radionuclides, only

Notice this is a part of a special issue!! SI: Methods and Applications
of Radioanalytical Chemistry (MARC XII)

>4 Georg Steinhauser
steinhauser@irs.uni-hannover.de;
georg.steinhauser@tuwien.ac.at

Nuclear and Radiochemistry Group, Chemistry Division, Los
Alamos National Laboratory, 87545 Los Alamos, NM, USA

Faculty of Electrical Engineering and Computer Science,
Leibniz Universitiat Hannover, 30167 Hannover, Germany

Graduate School of Art and Sciences, The University of
Tokyo, Meguro-Ku, Tokyo, Japan

Institute of Radioecology and Radiation Protection, Leibniz
Universitit Hannover, 30419 Hannover, Germany

5 Institute of Applied Synthetic Chemistry & TRIGA Center
Atominstitut, TU Wien, 1060 Vienna, Austria

the two radiocesium isotopes '**Cs (T, = 2.01 y) and espe-
cially '*’Cs (T, , = 30.08 y) are relevant for long-term radio-
protection considerations. Quite recently, long-lived '3°Cs
(T, = 2.3-10° y) has attracted interest for environmental
sciences, as it allows for the identification of a source via
its distinct *>Cs/!*’Cs ratio [2—5]. Unfortunately, analysis
of this ratio by desktop mass spectrometry requires rela-
tively high activities/amounts of both radionuclides and
is challenging for ultratrace levels. Release estimates for
137Cs range from 6.1 to 15 PBq [6], 13 PBq [7], 17 PBq
[8] to 20.1-53-1 PBq [9]. Initially, the average '3*Cs/'*’Cs
ratio was about 0.98 [10]. Today, '**Cs is only detectable in
highly contaminated samples. Especially in contrast to the
Chernobyl nuclear accident, which led to the emission of
highly radioactive fuel particles, it is fair to say that today
Fukushima has become mostly “a '*’Cs problem.”
However, the releases from the Fukushima Daiichi
nuclear power plant (FDNPP) also included radioactive
particles that have been termed Cs-bearing microparticles
(CsMP) or granules that are distinct from those emitted
from Chernobyl [11-14]. They were first described in Japa-
nese literature [15, 16] followed by a report from Adachi
et al. in international literature [17]. The matrix of these
particles consists mostly of light elements (Si, O, C), but
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heavier components such as Cs [18] and inclusions of
actinides have also been described [19-21]. They are char-
acterized by low solubility in water as well as a variety of
reagents [22]. Although CsMP contain significant amounts
of radiocesium, the radiocesium trapped in these particles
behaves much differently from depositions of volatile Cs
species, which is much more bioavailable. Their low solu-
bility makes CsMPs a long-lasting radiological hazard for
environmental and human health for many years to come,
especially in case of incorporation of a particle. Beyond any
radiological hazards, CsMP are worthy object of study as
they likely originate from the reactors’ interior and hence
offer potentially useful forensic information on the accident
itself. Some of this information may ultimately contribute to
a better understanding of the Fukushima nuclear accident.
The origin of the particles is not completely understood, but
there are credible reports showing that the particles’ matrix
is consistent with the composition of rockwool that was used
as insulation material inside FDNPP [23]. Another report
indicated that the particles were formed by the melting of
glass fibers of the high-efficiency particulate air filter in the
Standby Gas Treatment System in the course of the hydro-
gen explosions in FDNPP [24]. It is assumed that the par-
ticles were formed in the early stages of the accident [25].
Experiments showed that heating glass fibers to 450-800 °C
formed microparticles similar in shape and composition to
Fukushima-derived particles [26].

There have been attempts to categorize the particles by
size, shape, activity, and elemental/isotopic composition
[27]. Type A CsMPs have a mostly spherical shape, a size
of <10 pm, and '3’Cs activities of 0.1-20 Bq per particle
[18, 27, 28]. Based on the '3*Cs/!*’Cs activity ratio of ~ 1
(decay-corrected to the time of the accident), it was con-
cluded that Type A particles originated from FDNPP Unit 2
[24] or Units 2 or 3 [18, 29]. Their Cs content is sufficiently
high that it can be detected by scanning electron microscopy
— energy dispersive x-ray spectroscopy (SEM-EDS).

Microparticles of Type B are much larger than Type A
CsMPs (mostly 100400 pm, sometimes 40—100 pum) [27],
they have a non-uniform shape and contain activities '*’Cs
in the range of 30 to 100 Bq per particle [30], thus exhibit-
ing a lower specific activity than Type A. Their '3*Cs/!*’Cs
activity ratio is ~0.9 (as of March 11, 2011), pointing at
FDNPP Unit 1 as the most likely source [31]. Apart from
radiocesium, they also contain detectable activities of '>>Sb
[27]. The total Cs (stable and radioactive Cs) concentration
is lower than in Type A CsMP and, hence, using nano- or
microanalytical techniques, it can only be determined by
synchrotron x-ray fluorescence spectroscopy.

Type C microparticles may or may not constitute a sepa-
rate category of Fukushima-derived microparticles. At pres-
ent, only one specimen has been described [32]. It has been
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found in close vicinity to FDNPP. This Type C micropar-
ticle resembled Type B microparticles in terms of shape
(non-spherical), size (120 pm), and (specific) '*’Cs activ-
ity (224 Bq), but differed with its **Cs/!*’Cs ratio of ~ 1
(which was rather expected for Type A microparticles).
More recently, a novel type of particle was discovered in
the vicinity of FDNPP [33]: Large (>500 pum), glassy car-
bon particles with other micro-particles embedded into the
surface. Their radiocesium activity exceeds 10° Bq 1**137Cs
per particle. Their '**Cs/'3"Cs ratio was reported 0.971 and
0.954, respectively [33], which correlates with the isotpic
signature of Unit 1. Although they have not been named as
such by the authors, they could be classified as Type D.
Various interesting observations were made lately, for
example nanoparticulate Pu inclusions in CsMP [34].
Various methods have been tested to localize radioactive
particles, especially uranium-bearing particles, including
a-tracks [35], fission tracks, imaging plates, and real time
autoradiography [36, 37] or scanning electron microscopy
(SEM) in backscattered electrons mode [38]. In this study,
we investigated grass from Fukushima prefecture by autora-
diography for possible presence of microparticles.

Materials and methods
Samples

Grass/vegetation samples were randomly collected on
December 21, 2011, in Fukushima prefecture, Japan, about
1.5 km west-southwest from the FDNPP (37.417635 N,
141.012247 E). It is the same sample batch that was used in
previous *’Sr [39] and Pu studies [40]. The sample code in
those previous studies was B-V. The bulk activity concentra-
tions (reference date: March 11, 2011) in this grass sample
were 142 Bq-g! ¥7Cs, 130 Bq-g! 134Cs, and 0.39 Bq-g™! *°Sr
[39]. The sample did not contain any detectable traces of Pu
[40]. The sample was air-dried in 2011, but remained other-
wise unaltered and was put on storage over the past decade.

Autoradiography

For the present study, blades of grass were randomly selected
from the bulk for autoradiographic imaging. Autoradiogra-
phy is a non-destructive qualitative analysis technique that
provides information about the location and relative inten-
sity of radioactivity for a sample. The analysis system is
comprised of phosphor imaging films and a low energy laser
scanning system. Los Alamos National Laboratory (LANL)
uses Fujifilm BAS-SR imaging films and an Amersham®
Tyhphoon® scanner. An exposure of 30 h yielded the most
suitable image.
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Particle extraction

Three particles from hot spot J were identified using an
Olympus SZX16 optical microscope equipped with a cam-
era. The microscope is located inside a radiological fume
hood and equipped with a right-handed Micro Support
Quick Pro micromanipulator. This allows for safe opera-
tion from outside the fume hood with a touch screen or
mouse. Particle isolation was operated in real-time from the
computer monitor. Each particle was picked with a 1 pm
tungsten needle and transferred to a clean silicon wafer. To
increase the stickiness of the particle to the needle, the tip
was rolled on Scotch™ permanent double-sided tape prior
to particle picking. After picking, the particles were each
transferred onto a clean silicon wafer for further SEM-EDS
investigation as well as for gamma-ray spectroscopy.

SEM-EDS

The three particles were analyzed using an FEI Quanta
200 F field emission SEM coupled with an energy dis-
persive X-ray analysis (EDAX; AMETEK brand) Octane
silicon drift energy dispersive spectroscopy (EDS) detec-
tor. EDS data were collected and processed using EDAX
TEAM software. All samples were imaged and measured
at a variety of accelerating voltages (5 kV — 20 kV) and
a spot size of 5 (large spot size optimal for EDS). Lower
accelerating voltages were chosen to assist in isolating the
particle signal from the substrate but limited the ability to
detect higher atomic number elements. Larger accelerating
voltages allowed detection of a wider range of elements in
the sample but increased the interaction volume of the elec-
tron beam so that signal from the substrate was included in
the analyses. This issue made it difficult to attain complete
and accurate spectra from the samples.

Two EDS element maps were generated for sample 2.
The first EDS map was taken at 5 kV with a smaller spot
size of 3, EDS settings were as follows: amp time of 0.12
ps, dwell time of 100 ps, 128 frames (number of passes),
total analysis time of ~5 h. For this map, the 5 kV accel-
erating voltage and smaller spot size settings were chosen
to resolve inclusions on the surface of the particle. The
smaller spot size also assisted in mitigating sample drift.
The 0.12 ps amp time setting is the recommended value for
EDS mapping in the TEAM software, however this setting
resulted in lower atomic number elements (such as carbon)
being excluded from the resulting spectrum and map. The
second map was taken at 15 kV with a spot size of 4, and
with EDS settings as follows: amp time 7.68 ps, dwell time
of 50 pus, 512 frames, and a total analysis time of ~10 h.
Since a larger spot size was chosen to increase signal, the
magnification of the mapped area was reduced to lower the

intensity of the beam concentrated on the particle. While the
7.68 us amp time is recommended for spot analyses rather
than EDS mapping, this setting allowed for the measure-
ment of low atomic number elements.

Gamma-ray spectrometry

Two gamma-ray detectors were used for this study. The first
detector is located in the Nuclear and Radiochemistry facil-
ity (RC-1) of LANL and is part of the Countroom team’s
radiometric analysis capability. The Compton Suppression
Counter consists of an ORTEC GMX70P4-PLB-S which
has a carbon fiber window and a relative efficiency of 65%.
The counter is surrounded by 5 Nal(Tl) detectors operating
in rejection mode to provide the Compton Suppression. The
minimum detectable activity for '*’Cs is 0.01 Bq, and the
measurement uncertainty is 5% relative (k=1).

The second detector is located in the Low Activity Inves-
tigation Room (LAIR) in a historic Manhattan-project era
tunnel in the Los Alamos canyon. The tunnel is more than
100 m long, was built from June 1948 to May 1949, and
served various purposes throughout the decades. Today it
hosts the Event Verification and Identification Laboratory
(EVIL). The LAIR gamma-ray detector is a low-back-
ground HPGe detector with a carbon cryostat and a relative
efficiency of 60%. EVIL is an underground laboratory with
roughly 100 m of water equivalent of overburden. The mini-
mum detectable activity (MDA) for the LAIR detector is
0.08 Bq, the measurement uncertainty is 5% relative.

Results and discussion
Particle location and isolation

Autoradiographic imaging of the grass revealed non-uni-
form distribution of radioactivity in the grass (Fig. 1). Some
blades were entirely active, others revealed low activities.

From this image, it becomes apparent that some vegeta-
tion specimen contain punctual activities in the buds, e.g.
the twig marked as “Twig”. However, the blade of grass on
the bottom left (marked with the blue asterisk *) revealed
several hotspots that are not associated with plant specific
characteristics. Figure 2 shows a close-up radiographic
overlay image (in orange-red false color) with three distinct
areas of marginally increased activity.

The spot on the left (sample code J) was chosen for fur-
ther investigation. In optical microscopy, three black and
shiny structures were discovered, two on the front side
(Beads #1 and #2, see Fig. 3) of the blade and one on the
backside (Bead #3). They are all located next to each other
in close vicinity. Bead #3 was the smallest of all three beads
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Fig. 1 Overview of potential vegetation sample candidates (panel “a”)
and false-color overlay (red-orange) with the autoradiographic image
(panel “b”) of the selected grass blades (exposure time 30 h). The

grid is in inches (1 inch=2.54 cm). The blade of grass of interest was
marked with a with a blue asterisk *

Fig.2 Close-up of the radiographic image of the grass blade marked with an asterisk (*) in Figure 1 in false color overlay (dark green). Spot J was
selected for further investigation

and embedded in a dark area of the grass blade. Hence, it did
not yield a suitable picture in optical microscopy.

After identification of these three particles of interest,
they were extracted with the 1 pm tungsten needle of a
micromanipulator and transferred to a silicon wafer. A video
of the successful picking of bead #2 is available here: [41].
During extraction, bead #1 popped into at least two smaller
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pieces when it was poked with the needle. A video show-
ing this incident is available here: [42] (the breaking of the
particle happens at around 1:11 min). Both videos show that
the particles are hard and glassy, as the needle slipped off
the surface several times. The popping of the particle may
have resulted from some tension inside the particle because
one larger fragment flew off with some force and could not
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Fig.3 Beads #1 (top) and #2
(bottom) on hot spot J

~

s .

>

23 um

17 pm

12 pm

Fig.4 Beads #1 (left), #2 (center), and #3 (right) on the silicon wafer after extraction

be found again under the microscope. This lets us assume
that the particle may have exhibited high surface tension,
which may be explained by a formation of the particle in
a hot environment followed by rapid cool-down. It is pos-
sible, however, that some sort of crack already pre-existed
within the particle when the treatment with tungsten needle
triggered its separation.

The largest fragment of bead #1, as well as bead #2 and
bead #3 were transferred each to a silicon wafer for sub-
sequent SEM-EDS and gamma-spectrometric investigation.
Transfer of particle #3 to the silicon wafer turned out dif-
ficult and only succeeded once a small puddle of glue was
added to the wafer to allow for the transfer. Figure 4 shows
all three particles on their silicon wafers.

SEM-EDS

Prior to SEM, all wafers were carbon coated using a Cress-
ington 108CarbonA sputter coater. Beads #2 and #3 could
be identified in the SEM, however, the fragment of bead #1
could not be found on the silicon wafer. There is a possibil-
ity that #1 was lost on the way to SEM. Figure 5 shows bead
#2 and #3, respectively.

Both beads #2 and #3 are nearly perfect spheres. Bead
#2, as the larger particle, was the primary object of inves-
tigation. The surface of #2 is heterogeneous both texturally
and in composition with several inclusions adhered to the
particle (Figs. 5 and 6). Elemental mapping revealed the
matrix of the sample is low in atomic number compared
to the silicon substrate. It also indicated the inclusions are
higher in atomic number than the particle’s matrix. The
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Fig.5 Beads #2 (left) and #3
(right) under the scanning
electron microscope (secondary
electron image)

det WD x:-20206mm mag HV
ETD 10.4 mm|y: -1.4800 mm 27 670 x/5.00 kV

Los Alamos National Laboratory

10 ym det WD x:06791mm| mag HV

ETD 10.4 mmy: -0.9187 mm 41 211 x 5.00 kV Los Alamos National Laboratory

Fig.6 EDS spectrum (A) and 180K
SEM-EDS map images of bead s A
#2at5kV (B)and 15 kV (C).

Note: maps were taken at differ-
ent magnifications — map C was
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5 kV map (Fig. 6B) resolves more of the surface features,
while the 15 kV map (Fig. 6 C) shows less of the inclusions
on the surface and more of the overall composition.

The alleged Sn peak in Fig. 6 (A) is an artefact caused
by the “auto ID” of the EDS software. The peak identified
as tin (Sn) occurred between the primary peaks for potas-
sium (Ka=3.312 keV) and calcium (Ka=3.690 keV). Fur-
ther examination of the spectrum revealed the actual peak
(located at 3.48 keV) was shifted from the software’s fitted
spectrum for tin (La=3.443 keV). The actual peak is a sum
peak that occurs from two characteristic x-rays of silicon
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arriving at the detector at the same time and is hence a com-
mon EDS interference.

The most striking result from bead # 2 is the high con-
centration of carbon. While some of the carbon contribution
might be from underestimating the thickness of the carbon
coat, the concentration of carbon on the particle is signifi-
cantly higher than that of the substrate, which should have
a similar coating thickness. The presence of carbon is also
clearly shown in the 15 kV map of the sample (Fig. 6 C).
Such high carbon content is rather unusual for Fukushima-
derived particles.
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Table 1 Comparison of the main characteristics of the various particle
types. Please note that only a selection of references is listed

Par- Diam- Shape B37Cs activ-  13*Cs/'37Cs  Refer-
ticle eter ity (Bq)*  activity ence
type (um) ratio®
A 1-10  spherical 0.1-20 ~1.04 [18,27]
B 70400 non-spherical  30-100 ~0.93 [27]
C 120 non-spherical ~ 224+3 1.02+0.04  [32]
D  ~400 non-spherical 3.10-10°  0.954-0.971 [33]
(£92)
- 1.27-10°
(£ 107)
E 12-23  spherical 0.011+0.008 N/A This study

* As of March 11, 2011

The surface of bead #3 was found to be completely cov-
ered in glue, hence limiting the opportunity for further ana-
lytical insight. The glue layer was easily damaged by the
beam and contributed significantly to sample contamina-
tion, charging, and drift. EDS results indicate the sample is
primarily carbon, silicon, and oxygen with some inclusions
on the surface, mostly composed of aluminum. Attempts to
collect an EDS map failed early into the analysis due to high
drift.

Gamma-ray spectrometry

Prior to particle extraction, spot J exhibited 61+11 mBq
137Cs in a 3000 min count (as of July 2021). After isola-
tion of the microparticles, bead #2 revealed '*’Cs in activ-
ity >uncertainty (1 SD), however just below the critical limit
(LC =10 mBq). The *’Cs activity of bead #2 was estimated
to 9+6 mBq (as of September 2021). Although it cannot be
quantified with confidence, the presence of a *’Cs peak con-
firms the particle’s nuclear origin. The close vicinity of the
sampling location to FDNPP makes the Fukushima nuclear
accident the obvious source of the particle. However, the
particle alone is not responsible for the entire activity in spot
J. Bead #3 was measured in various detectors but did not
exceed the MDA. Given a particle size of about 23 um, this
yields a specific activity of approx. 1.4 MBq-cm™, which is
unusually low compared with CsMP Types A, B, C, and D.

Comparison with previously described types of
particles

When compared with other particle types, the characteris-
tics of Type E particles are unique, as outlined in Table 1.
They are unique mainly in size and in low activity. Due to
the very low activity levels, !3*Cs activities remained unde-
tectable. Hence, unfortunately, no 134Cg/137Cs ratio could be
determined.

Conclusion

Three microspheres were detected on a blade of grass that
was collected in December 2011 in the vicinity of FDNPP.
Two of them could be isolated and characterized using
SEM-EDS and gamma-ray spectrometry. The particles are
nearly spherical and 12-23 um in diameter. Based on their
unique characteristics, in particular when compared with
previously described types of Fukushima-derived micropar-
ticles, we proclaim a novel Type E microparticle. Type E
CsMPs exhibit the following characteristics:

e Type E microparticles found in this study are 12-23 pm
in diameter and hence about 5-10 times larger than Type
A, about 5-10 times smaller than Types B and C, and
they are at least 25 times smaller than Type D.

e Type E microparticles are nearly spherical like Type A,
but unlike Type B, C, and D particles.

e Type E microparticles are compositionally distinct from
Type A, B, and C with very low Cs content and very
high C content. There are inclusions (compositionally
distinct with higher atomic number) that are embedded
in their surface. The high carbon content resembles the
composition of type D particles.

e Type E microparticles exhibit extremely low, barely
detectable '3’Cs activities. They are at least 10 times
lower in '3’Cs activity than Type A and about 10,000
times lower than Types B and C and at least 10® times
lower than the large particles of Type D.

e Specific activities in Type E microparticles are in the
MBg-cm™ range, hence at least 10 times lower than
every other type of FDNPP particle that has been
described so far.

e Type E microparticles exhibit high surface tension, as
one specimen almost explosively broke into pieces when
handled with a tungsten needle. In combination with the
spherical shape, this may indicate that their origin may
have been a hot environment (possibly in combination
with rapid cool-down).
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