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Abstract

This publication shows results of a comparison of three techniques for localising
radioactive, and U-bearing particles on same samples. Particles are localised by the means of three
methods: (1) Fission Tracks (FT), (2) Imaging Plate (IP), and (3) real time autoradiography

(BeaQuant®). These techniques were applied to various samples, including a sediment sampled in
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the vicinity of the Fukushima Dai-Ichi Nuclear Power Plant (FDNPP) and a sample made of pure
U oxide particles. In addition, the efficiency of the combination of two methods (FT and IP) to

localise specifically anthropogenic U-bearing particles was tested.

Key words

BeaQuant®, imaging plate, fission tracks, alpha and beta emitters localisation, uranium.

1. Introduction

Nowadays there is a real need for the detection and characterisation of anthropogenic
radioactive particles contained in soils/sediments to assess the exposure of human beings to
ionizing radiation and its consequences on health and the environment. These particles have been
emitted during nuclear accidents such as Chernobyl [1-3], Fukushima Dai-Ichi Nuclear Power
Plant (FDNPP) [4-16], Thulé [17, 18], and Palomares [19-21] or have been released from nuclear
facilities during nuclear fuel cycle operations [22]. Actinides are particularly interesting because
of their long persistence in the environment (24.11 x 10° years for 2°Pu to 4.47 x 10° years for
2%8) and can therefore be used as a sediment tracer [23]. For accurate assessment of the
environmental impact of these particles and associated risks, it is important to be free from other
sources of actinides like natural uranium bearing minerals or global fallout from past nuclear
weapon tests. Thus when performing traditional bulk analysis on soil or sediment samples, the
resulting isotopic and elemental composition is a mixing of all these actinide sources. Only particle
analysis that consists in the characterisation at the particle scale enables to focus on the emission

source of interest.
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The goal of this work is to investigate nuclear fuel-bearing particles and to study the
detection capacities of three techniques: (1) the fission track method, based on the fissile properties
of 235U and 2%Pu, (2) real time a-autoradiography, based on the detection of a-emitting isotopes
(34U, 22U, 28U, 29y, 2%9Py) and (3) a-autoradiography on imaging plates. Since the 1990’s, the
fission track method has been implemented for the detection of particles containing uranium and
plutonium in safeguards samples [24] and is very sensitive to high enriched uranium bearing
particles. In the field of medical biology and geosciences, a new real-time digital autoradiography
method is already in use, the BeaQuant® (Ai4R, Nantes, France). This device, implemented on
thin slides of rocks [25] and on biological samples, enables a quantitative chemical mapping of
alpha emitters. The last method based on the use of imaging plates is commonly used in the
literature to detect particles containing B-y emitters [4—6, 8-16, 26, 27]. These B-y emitters may
be actinide decay products or fission products such as 3’Cs if nuclear fuel has been irradiated. In
this paper, we implemented the imaging plate method developed by [27] to detect specifically a-
emitters.

To our knowledge, these three detection-localisation techniques are compared for the first
time for two different types of samples: (1) pure U oxide micro-particles (highly enriched U with
a 40% atomic abundance of 23°U); and (2) a sediment sample collected in the vicinity of FDNPP
with significant (> 10,000 kBq-kg™t) p and y emitter activities that may contain nuclear fuel
particles. Besides, a grass sample (IAEA 472 CRM) that contains only 3 and y emitters was also
prepared as a control sample. We also describe the different limitations of each method. Actually,
the presence of naturally occurring nuclides such as uranium (o emitter) and its decay products
(mainly B-y emitters) in soils/sediments may hide the presence of anthropogenic particles

specifically in case of volcanic U-rich soils for example. Moreover, in the case of irradiated nuclear
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particles, radioactive emissions from actinides are mostly negligible compared to the proportion
of B-y emissions from fission products (*¥'Cs, etc.). The fission products may generate
interferences on a-autoradiography detection. In addition to this comparison exercise, theoretical
numbers of FT and a-tracks generated for the U-bearing particles from both samples (pure U and
FDNPP U-bearing particles) were calculated assuming given transmission and auto-adsorption

coefficients.

2. Material and methods

2.1. Sample collection and preparation

A sediment sample referred to as Okuma was collected at 2.7 km to the West of FDNPP,
in Choja-bara, Otto-zawa, Okuma Town, Fukushima Prefecture, Japan (37.42230°N 141.00345°E)
(Fig. 1) on March 18, 2014 within the Restricted Zone. The specific activity of **’Cs was 13,300
kBq-kg?! (+ 18 kBg-kg™) at the time of analysis. About 1 g of the sample was dry-sieved to 63
pum. The sample fraction was then suspended in a mixture of ethanol and of an organic polymer
(collodion) and spread on Lexan® disks (Lexan®, General Electric Plastic, USA). Coating with
collodion was necessary both to immobilize particles and to prevent contamination of the detection
media. Three disks referred to as 20B2, 20B16, and 20B20, were prepared and used for the

experiments. A process blank was also prepared with the same method.
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Fig. 1 Background *3’Cs level map in soils of the Fukushima prefecture after Chartin et al. (2013)
with location of the Fukushima Dai-Ichi Nuclear Power Plant (FDNPP, black square) and the

investigated sediment sample (yellow triangle).

Moreover, a subsample of the IAEA-472 certified material was also analysed as a control
sample. This material, collected in Polesskoe, Kiev, Ukraine during summer in 1990, is a grass
sample, which contains only B and y emitters like “°K and 1'Cs with a reference weight activity
decay-corrected to 2020 of 1 kBqg-kg™ in “°K and 8 kBqg-kg™ in *’Cs. This standard sample was

prepared using the same protocol as for the Okuma sample and dispersed onto two Lexan® disks
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(1 mg, i.e. = 4.1 x 10° Bq of ¥Cs per disk). The analysis of this certified material was used to
estimate the contribution of B emissions during BeaQuant® acquisitions.

Finally, samples containing highly enriched uranium micro-particles (HEU MP) with a
235U atomic abundance of 40 % referred to as 19A32 and 19A33 were also used as a reference for
a-emitters because their specific a-activity (o-activity by mass unit) is higher than those of the
naturally-occurring (non-purified) U (by a factor of ~6) and of the U from reactor 3 (without Pu)
from FDNPP (by a factor of ~17). Therefore, we expect to have greater chances to detect such
pure HEU particles by a-autoradiography techniques instead of natural mineral particles rich in U
for the same U content. These particles, whose equivalent diameters range between 250 and 400
nm, were mixed with urban particulate matter (SRM 1648a, National Institute of Standards and
Technology, USA) that contains element like aluminium, silicon and lead which are expected to
be found in industrial environments. This SRM contains also natural U with an estimated
concentration about 5 mg-kg™ which is slighlty larger than the estimate of the average
concentration of U in soil (~ 3 mg-kg™). The estimated mass of natural U was equal to about 16
ng and the mass of HEU equal to about 32 ng [29]. These particles were trapped in a piece of
cotton and were extracted from the cotton tissue in an ultrasonic bath filled with ethanol. After
mixing with the organic polymer, particles were deposited on Lexan® disks like the Okuma

sample.

2.2. Methods for localising radioactive particles implemented in this study
2.2.1. Imaging Plates (I1P) technique
The imaging plate (IP) is a passive, two-dimensional radiation detector based on the photo-

stimulated luminescence (PSL) phenomenon [30, 31]. Due to their high sensitivity over a large
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range of energy levels, IPs applications are widely used in medical and environmental sciences.
There are three types of IPs: (1) TR (Tritium), (2) MS (Multipurpose Standard), and (3) SR (Super
Resolution). Differences between these IP types are: (1) the absence of protective layers for the
TR type and (2) variable thickness of the sensitive layer between IP types. In all of them, the active
layer is made of a photo-stimulating phosphor crystal, typically BaF(Br,I):Eu?* [31]. When
exposed to an ionizing radiation — energetic charged particles, X-rays, or y rays — some of the
incoming ionizing particles deposit a part of their energy which is stored in the phosphorous layer
in the form of FBr or FI- centres and Eu" ions [30]. The electrons that are trapped in these sites,
can be later released by visible light irradiation and reintegrated into the Eu®* ions followed by the
emission of 3 eV photons called PhotoStimulated Light (PSL) [30]. The emitted light in the blue
part of the visible spectrum can be detected, usually by means of a photomultiplier tube (PMT),
and its intensity is proportional to the incident radiation intensity recorded in the IP [33] with a
very large dynamic range of intensity, typically spanning five orders of magnitude.

To be used as a detector, IP must be calibrated for both the PSL response to radiation (energy and
type) and for spatial resolution. The IP calibration is done with known activity sources and
different exposure times [34]. In this study, we implemented TR films (IP, TR 12.5 cm x 25.2 cm,
Perkin Elmer) without a protective layer to increase the probability of detecting a emissions at
very low levels of activity from actinide-bearing particles. A methodology based on the overlay of
several IPs to try to identify different radioisotopes was developed [27]. Indeed, y rays and
electrons can imprint several IPs depending on their energy while a particles can only impact the
first (closest to the same sample) IP. Here, we applied this method by overlaying two IPs to
discriminate the impact of 3 and y versus a-particles. The IP in contact with prepared disks (IP1)

allows recording a, B and y PSL and the second IP (IP2) allows recording of only y and 8 PSL.
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Therefore, PSL emissions observed only for IP1 and not for IP2, or significantly stronger for IP1
than for I1P2, are very likely to indicate that samples contain a-emitters.

Two disks of the Fukushima sample (Okuma) and two disks of the HEU MP were analysed
with this device for an acquisition time of two weeks in the darkness in lead shielding
(Supplementary information A). This acquisition time was set to improve the chance to detect
alpha emission without much loss of sensitivity due to fading effect. Autoradiography images were
then recorded using the IP reader (Cyclone Plus, Perkin Elmer) with a pixel size of 150 dpi (dot
per inch) corresponding to one measurement each 169 pm in the IP screen. The IP reader quantified
the radiation intensity as PSL for each pixel (a total of 749 x 1452 pixels) and stored it in a TIFF
image format.

To identify high-radioactivity spots, the autoradiography images of IP1 (Fig. 4a) and IP2 (Fig.

4b) were processed using the ImageJ software (https://imagej.nih.gov/ij/) in order to report the
PSL values of each IP pixel in a table. Raw PSL values were corrected by the software's drift

values of the IP reader (Eq. (1)).

PSL correctedpr = PSL? x 2.34 x 1075 (1)
For the IP2 the same calculation takes into account the loss factor of B-y between the two IP, which
determined to be 0.18 from a *'Cs source [27] (Eq. (2)).
PSL correcteaipz = PSL? x 2.34x1075/0.18 (2)
To highlight hot spots corresponding to a emissions only, the PSL-corrected values of the IP2 were
subtracted from the PSL-corrected values of the IP1 (Eq. (3)).
PSLy_ = PSL correcteatrr — PSL correctea 1pz (3)

Finally, PSL1-» was corrected for the background and the standard deviation (Eq. (4))

PSLl—Z = PSLl—Z — Meanpgckground — 3 X RSDbackground (4)


https://imagej.nih.gov/ij/

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

JRNC

Results of the processed IP PSL were then converted into a new autoradiography image with

ImageJ to visualize hot spot locations (Fig. 4c).

2.2.2. Fission Tracks (FT) technique

An additional Lexan® disk, acting as solid state nuclear track detector and referred to as
“FT disk”, was welded onto each Lexan® disk onto which the particulate sample was deposited
(referred to as “deposition” disk). The disks were then packed into a capsule and irradiated in the
TRIGA nuclear reactor (Jozef Stefan Institute, Ljubljana, Slovenia). A specific irradiation device
was used for that purpose in order to get a well-thermalized neutron flux with a high fluence, in
the 10% neutron cm range, to be able to detect particles with low numbers of fissile nuclei [35].
Fissile nuclides (%*°U, **Pu) underwent a fission reaction during which two fission fragments were
emitted. These fragments then impacted the Lexan® disks and modified their surface structure [24].
After irradiation, the FT disk was chemically etched to make FT visible under an optical
microscope. The sea urchin-shaped FT clusters are characteristic of the presence of a fissile
nuclide-bearing particle. With appropriate landmarks on both deposition and revelation Lexan®
disks, it is possible to locate the particle that produced the FT cluster.

FT clusters may come from either (1) a mineral particle of significant size with a
sufficiently high content of naturally-occurring U (like zircons, monazite or granites), or (2) a
particle coming from the FDNPP which contains human-modified U (i.e. purified and enriched in
fissile 2°U isotope) and possibly 2*°Pu (produced within the nuclear fuel by neutron capture or
initially added to UO- to make a MOX fuel). Once the particle localised, its source can be identified
by combining the determinations of the elemental composition from SEM-EDS and of the U

isotopic composition by secondary ion mass spectrometry.

10
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2.2.3. BeaQuant® technique

The BeaQuant® is a digital autoradiography real-time acquisition system based on the use of a
gaseous detection medium [25, 36]. The micro-pattern gaseous detector (MPGD) incorporates a
micromesh parallel ionization multiplier (PIM) [37-39]. In this gas mixture, charged particle
emitted by the sample interact with the gas and release their energy by ionization of the gas
mixture. Exposed to appropriate electric fields, the electrons created during the interaction are
multiplied, drifted and sent to the segment anode. A a-disintegration triggering the electronic
acquisition is thus reported on an autoradiography image in real time. BeaQuant® has the capability
to count and map a or B-emitting particles without influence of y emitters [25, 37] and with a high
spatial resolution (maximum resolution of 20 um for both o and 3 from tritium detection [39, 40].
With the MPGD, the BeaQuant’s® sensitivity is about 5x10° cps-cm™ for a U concentration of 2
ppm at secular equilibrium [25], with a detection linear response of 5 orders of magnitude [37].
Moreover, by adjusting the BeaQuant® amplification gains, it is possible to discriminate a and 3
emissions.

However, samples analysed with BeaQuant® need to be perfectly flat: any surface
roughness can induce artefacts corresponding to artificial hot spots on the autoradiography image.
The sample preparation carried out in this study is therefore perfectly appropriate for BeaQuant®
analyses. Disks were placed during four days within a GS-1010 sample holder (10 cm x 10 cm),
in front of the gas detector and analysed with the measurement parameters configured for 238U in
order to detect a emitters (referred to as method 1) specifically. As Fukushima samples are highly
contaminated with *¥'Cs (>10 kBq-kg™), a second acquisition was realized with a configuration

more restrictive on U energy in order to avoid **’Cs detection (referred to as method 2). The

11
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acquisition time was set to ten days because the sensitivity was reduced with these settings. The
IAEA-472 standard sample was also analysed by method 2 in order to check the decrease in
background due to the energy limitation. For method 2, the pixel size chosen for the analysis
reached up to 50 um and increased to 400 um after post-processing in order to integrate a stronger
signal per pixel.

After acquisition with both methods, post-processing was conducted to remove the f
contribution. Betas were identified by their significant contribution in the low amplitudes. The
filtering consisted of removing these low amplitude signals to keep the background noise as low

as possible.

2.3. Morphological and elemental characterisation of the particles by SEM-EDS
(Scanning Electron Microscopy - Energy Dispersive Spectroscopy)

A scanning electron microscope (FEI Quanta™ 3D FEG (Field Emission Gun), Eindhoven,

The Netherlands) equipped with backscattered and secondary electron detectors was used to
determine the size, the morphology and the elemental composition of the particles.

Elemental analyses on particles were realized in-situ via EDS with an Octane Elect Plus detector

(EDAX, Ametek, Tilburg, The Netherlands), which has a surface area of 30 mmz2. Analyses were

performed with an accelerating voltage of 30 kV to detect U X-ray at 13.6 keV.

3. Results and discussion

3.1. Theoretical performance of the three methods
Theoretical calculations were made to estimate the numbers of (1) a emissions and (2) FT

depending on the elemental/isotopic composition and the size of the particle. In this section, we

12
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253  considered a pure UO; particle with a density of 10.97 g-cm™ and a 2*°U abundance corresponding
254 to that of fresh FDNPP fuel (*°U = 3.7 atomic %). We considered also spent FDNPP UO; fuel of
255  reactor 3 containing 0.7 wt% of Pu [41], MOX fuel of the reactor 3 containing 0.05 g-g* of Pu
256  [41], and a natural zircon with a U weight concentration around 1 wt% (determined in zircon

257  crystals from the Saranac Prospect, Bancroft, Ontario) [42].

258
259 3.1.1. Calculation of the number of detected a-tracks
260 The theoretical number of a-tracks detected by a-autoradiography techniques, n., for a

261  solid sample is given by Eq. (5)

! C
262 n, = % X K X Ny X tini X g X g X pp X dP3 X [M_Z X (Zi=234,235,238(XiU X AiU)'l'
Cpy
263 2?:1(XUdp,j X AUdp,j)) + = Zi=239,24O(XiPu X AiPu)] (5)

Mpy

264

265  Where K is the detector efficiency (ratio of the number of registered a tracks and the theoretical o
266  emitted), Na is the Avogadro constant, tini is the integration time processed for experimental
267  analysis (10 days) (S), 7. is the transmission coefficient of a-nuclei within the particle, ',
268 transmission coefficient of a-nuclei between the particle and the detector, pp is the particle density
269  (g-cm™®), dp is the equivalent particle diameter (cm), Cu is the weight concentration of U in the
270  particle (0.88 g-g* for pure UO2, ~102g-g* for zircon), Cpy is the weight concentration of Pu in
271  the particle (~0.05 g-g* for MOX), My is the molar mass of U, Mpy is the molar mass of Pu, Xiu is
272 the total isotope abundance of 2*U, 23U and 2*8U isotopes in U, Xipu is the total isotope abundance
273 of ?®Pu and %%Pu isotopes in Pu, Xudpj is the abundance of U decay products:

274 3 (Xt < o) = 6% X, % Ay, = 6% X x Ay, 1N the case of naturally-occurring U at secular

275  equilibrium or negligible if the U had been chemically purified (U from FDNPP), /4 is the

13
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disintegration constant of the radionuclides (s*). According to the literature, the efficiency (K) of
IP for o detection is 64% (derived from [27] and [33] based on 23%Pu), while it reaches 51% for the
BeaQuant® device (derived from [37]).

The determination of the exact value of the product 7. X 7', was not carried out in this work
because it is difficult to estimate. It depends on (1) the particle composition which contained the
a-emitting radionuclides, (2) the distribution of the a-emitting radionuclides within the particles
(i.e. homogeneously distributed or not, as inclusions, etc.), (3) the radionuclide itself (particle type
and emission energy) and (4) the collodion layer thickness into which particles are trapped [37].
Three transmission values were assumed for calculation: 0.01, 0.1 and 1, which correspond to low,

medium and high transmissions respectively.

3.1.2. Calculation of the fission-tracks (FT) detected number
The theoretical number of FT (nf) observed in 2x-steradian can also be estimated for the

same types of particles according to Eq. (6) modified equation from [43]:

T !
nFT:gXKdryXNAXtirXUFTXUFTXPPX

(6)

X235, X Cy X 0235, X239, X Cpu X 0239,
MU MPu

3
dp X ¢ X < +
Where Kgry is the track registration efficiency of Lexan®, which is estimated to 96 % + 4 % [44],
Na is the Avogadro constant, tir is the irradiation time processed for experimental analysis (S), #et
is the transmission coefficient of fission fragment within the particle , # rr is the transmission
coefficient of fission fragment between the particle and the detector (the product #er X 7kt iS

determined to be 1), pp is the particle density (g-cm™), dp is the equivalent particle diameter (cm),

¢ is the thermal neutron flux (1.00 x 10*° neutrons-cm-2) provided by the TRIGA reactor, ¢ is the

14
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fission cross section under thermal neutrons, (5.80 x 1022 cm2 for 2°U and 7.42 x 1022 cm? for
239Py), Xossu is the total isotope abundance of 2%°U in U, Xzsopy is the total isotope abundance of
239Py in Pu, Cu is the weight concentration of U in the particle (0.88 g-g™* for pure UO;,, ~102 g-g°
L for zircon), Cpy is the weight concentration of Pu in the particle (~0.05 g-g™* for MOX), My is the

molar mass of U, Mpy is the molar mass of Pu.

3.1.3. Comparison of the a-autoradiography and FT methods theoretical

performance for the actinide-bearing particles of interest
These calculations are applied on elemental compositions chosen previously. Results are

plotted in Fig. 2.
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Fig. 2 Graphical representation of theoretical calculation results for ne X 1’ = 1 (high transmission)

expressed as the number of detected a-tracks/FT plotted against particle size, particle composition
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and technique used, with logarithmic scales for both axes. A: HEU 40 %; B: Natural U mineral;
C: Irradiated U from the FDNPP reactor 3; D: MOX of the FDNPP reactor 3 (for graphs C and D
the burnup average values determined by [41] are considered). Colored solid lines represent results
for IP; colored dashed line represent results for BeaQuant®; colored dotted lines represent results
for FT. The black lines represent the detection limits of each method in our analytical conditions
(see Table 1). Results for ne X n’¢ = 0.1 (medium transmission) and e X 1’ = 0.01 (low

transmission) are given in supplementary information B.

The theoretical calculations demonstrate the impact of the transmission coefficient and
particle size and composition on detecting of a-emissions. For a transmission coefficient of the o
nuclei equal to 1 (N« X n’« = 1), the theoretical calculations show that only HEU particles larger
than 1 pm can be detected by IP and the BeaQuant®, whereas HEU particles larger than 0.1 pm
can theoretically be detected with the FT method. Regarding the naturally occurring U particles,
they can be detected by all of three methods respectively with a full transmission of the a-nuclei
for equivalent diameters larger than 15 pum for IP and BeaQuant®, and larger than 2 um for FT. By
contrast, detection of irradiated U particles and reactor 3 MOX particles with equivalent diameters
larger than 0.2 um is possible even with the lowest transmission factor (. x n’« = 0.01) by means
of the three tested methods. Actually, as explained by [45], a small fraction of Pu in U (in the 1073
— 107 range) strongly increases the number of o-emissions.

Accordingly, the FT method may be the method offering the best chance of detecting U

bearing-particles from FDNPP with an equivalent diameter greater than 0.3 pm.

3.2. Experimental results
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334 Results of the comparison of the three localisation methods for particles that create FT or
335 a-track clusters above the detection limits are summarized in Table 1. Regarding the BeaQuant®,
336  we gathered the results obtained with the two-acquisition methods (methods 1 and 2), as the same
337  post-processing was implemented for the two methods.

338

339 Table 1 Results obtained with the three-localisation methods tested in this study. “/”” corresponds
340 to sample not analysed. For IP and BeaQuant® values of background noise and detection limits
341 reported here are the averages for all of our experiments for all samples. Background noise and
342  detection limits for the FT, IP and BeaQuant® methods are expressed in number of fission tracks

343  observed per cluster, number of a-tracks observed per cluster, and counts per pixel, respectively.

Detection Number of clusters detected for samples
Localisation | Background | limit (DL) = HEU | HEU
method noise fora MP MP Ozlgljsn;a gglng 25;?; Control
cluster | 19A32 | 19A33
FT 1 3 4 4 3 2 1 /
IP 2 6 0 / 9 1 14 /
BeaQuant® 1 3 / 0 0 3 1 1

344

345  Background noise is determined for parts of the detector without radioactive particles. The
346  detection limit values are calculated according to the Eq. (7):

347 DL = meanpackgrouna + 3 X RSD (7
348 The FT method allows locating particles that contain fissile nuclei for both HEU MP and
349  Okuma disks (Fig. 3). The advantage of this method that it is insensitive to the background

350 associated with the high activity of *'Cs.
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HEU MP

20B2 20B20

351

352  Fig. 3 Images of large FT clusters (more than 30 tracks) observed for HEU MP sample disks and

353  Okuma sample disks. Observations were made with a binocular glass (x 6.5).

354
355 The IP method revealed pixel clusters with significant PSL above DL only for Okuma disks
356  (Fig. 4.c).
A C Results
357

358 Fig. 4 A: Autoradiography image of IP1 without correction; B: Autoradiography image of 1P2
359  without correction; C: Autoradiography image after processing which allowed localising
360 significant clusters of pixels. Yellow dots correspond to clusters of pixels above DL.

361
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The BeaQuant® has a homogeneous background whatever the sample. Clusters are
observed for the Okuma sample (disks 20B16, and 20B20) and for the Control sample (IAEA-
472). The detection of one pixel above background for the Control sample, which has a relatively
low ¥"Cs activity (Supplementary information C), suggests that the influence of the B-y activity is
not fully removed. The background observed could be link to radon levels induce by long exposure
time and Lexan® disks. However, this method did not allow the detection of a-emitting particles

for the HEU MP and for the disk 20B2 of the Okuma.

3.3. Comparison of methods for the localisation of pure U-bearing particles and
radioactive particles in a sediment sample from FDNPP

Here we compared the performance of the methods applied to the HEU MP samples that
contain only pure micrometric U particles. For these samples, only the FT method allowed the
detection of particles as shown in Table 1. The inefficiency of IP and BeaQuant® methods may be
associated with the particle diameter correlated to the transmission coefficient. As demonstrated
in Fig. 2, for transmission coefficients respectively equal to 1, 0.1, and 0.01, the equivalent
diameter of particles should be higher than 1, 2, and 5 um to be detected. Accordingly, for detecting
pure HEU particles (***U atomic abundance of 40%), only the FT method was efficient. Indeed,
SIMS measurements show that most of the HEU particles have diameters between 0.25 to 0.4 um.
This can be explained by (1) the fact that particles are too small (in the micron range) and thus do
not contain enough a-emitting nuclei, (2) the transmission coefficient or yield for IP and
BeaQuant® methods are too low, or (3) a fading effect may limit their detection by IP [46].

Consequently, a activity could not be detected within 10 days.
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The three methods were also applied to the sediment sample Okuma collected near the
FDNPP. As explained previously, aliquots of the sample were deposited on three Lexan® disks.
The FT method enabled the detection of three particles in the disk 20B2, two particles in the disk
20B16 and one in disk 20B20.

However, the IP method did not allow the detection of a-emitting particles at the same
locations on the FT disks, although several clusters of pixels with an intensity higher than the
detection limit were detected at other locations (Fig. 5). The pixel clusters (set of pixels with a
spatial resolution of 150 dpi (169 pm)) can be induced by B-y emissions of radio-cesium and by
radon levels which may impact background levels with long exposure time, that were not fully

removed by the data treatment. It cannot be mineral particles that contain naturally occurring U as

these particles would also have been detected by means of the FT method.

Fig. 5 Comparison between FT and IP results for disks 20B20 (A), 20B16 (B), and 20B2 (C). Star
shapes correspond to the location of FT clusters and blue points correspond to clusters of pixels

detected by IP (reading with a resolution of 150 dpi (169 um)).

The BeaQuant® device showed few pixels with values above the DL, i.e. with 3 or 4 counts

(pixel resolution: 400 um). However, again, when results are compared to those of the FT method,
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403 no correlation is observed whereas any types of a-emitter-bearing particles would have been
404  detected with the FT method. So false pixel detection on the Control sample and blank samples
405 may suggest that the BeaQuant® settings and/or data treatment does not fully remove B
406  contributions (Fig. 6). Actually, considering the higher *’Cs activity of the Fukushima samples
407  compared to that of Control sample, we cannot exclude the possibility of an increase of the
408  background due to the B emissions of radio-cesium as observed with IP.

409 To summarise, no correspondence was observed between on one side the pixels above the
410 DL recorded with the BeaQuant and the clusters of a-tracks above DL with the IP method and on

411  the other side the localisation of FT clusters that exceed the DL.
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413  Fig. 6 Comparison between FT and BeaQuant® results (400 x 400 pm?). A: HEU MP sample; B:

414 Okuma disk 20B2; C: Okuma disk 20B16; D: Okuma disk 20B20. Purple star shapes correspond
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to the location of FT clusters and coloured pixels correspond to counts detected with the

BeaQuant®.

Combination of theoretical calculation and experimental comparison of the three
localisation methods revealed that only the FT method allows locating U-bearing particles for the
Okuma and HEU MP samples. Several hypotheses can be put forward to explain the absence of
particle detection by the two autoradiography methods:

(1) Particles were too small, and consequently a-activities were too low to induce
detectable o activity per surface unit (IP pixel size 169 x 169 um?2; BeaQuant® pixel
size 400 x 400 um?).

(2) The layer of organic polymer (collodion) used to fix the sediment particles may
significantly reduce the number of a emerging from the surface of the sample disks
(low n’s). It should be noted that the collodion thickness is not controlled or known.

(3) The self-absorption phenomenon may be too high if the U is embedded in the form of
nanoparticles within larger radioactive microparticles mainly made of silica for
instance (low no). Actually, according to the literature, a-emissions from actinides have
a penetration of only a few pm in U-rich minerals [47].

(4) A fading effect may occur for the IP method, which can lead to loss of information for
low activities with the two-week long exposure time of this study [46]. Nevertheless,
such a long exposure time was mandatory to increase the probability of detecting
micrometric particles.

The size and U concentration of the three particles that gave large clusters of FT in disks

20B2, 20B16 and 20B20 were evaluated by SEM-EDS. The particle of the disk 20B2 (Fig. 7a1)
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has a pseudo-spherical shape with a diameter of ~40 um. The particle on the disk 20B16 (Fig. 7a2)
has a rod shape with a length of ~50 um in the longest dimension. The particle on the disk 20B20
(Fig. 7a3) has no specific shape with a length of ~40 um. These particles contain elements that are
abundant in many minerals including Si, O, Al and Fe (Fig. 7b1, b2 and bzs) although they also

include the following elements: Ti, Mg, Na, K, P and S for disk 20B2, and Zr for disks 20B16 and

20B20.

Az Ti

[¢]
Ti Si

8]

e
NadlPs ke

Fig. 7 SEM images and EDS spectra of the three particles that produces large clusters (A1, A2, B,
B>, C1 and Cy) are presented. Ai: SEM image of the particle of the disk 20B2; Az: EDS spectrum
of the particle of the 20B2 disk; B1: SEM image of the zircon of disk 20B16; B,: EDS spectrum
of zircon of the disk 20B16; C1: SEM image of the zircon of the disk 20B20; C,: EDS spectrum

of zircon of the disk 20B20. Red stars represent the spots where EDS spectra were performed.
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Given their elemental composition and morphology, it is assumed that the particles detected
in disks 20B16 and 20B20 are zircons. In contrast, the elemental composition of the particle
observed on disk 20B2 is very close to that of the FDNPP-originating particles observed by [4,
10]). However, U was not detected by EDS in the particle found in disk 20B2 despite the
observation of a large FT cluster, which may indicate that its concentration remains below the EDS
detection limit, i.e. less than 1 wt%.

In the current analytical conditions and in the investigated samples, among the three
methods tested, only the FT method allows localising U-bearing particles (natural or
anthropogenic). However, as shown by SEM-EDS results on disks 20B16 and 20B2, the FT
method itself does not distinguish between natural U particles and those that may originate from
FDNPP. Coupling of FT imaging and IP B-y imaging could allow differentiating between
naturally-occurring U in minerals and anthropogenic U-bearing particles from FDNPP. Indeed, the
correlation of a FT cluster with an IP pixel cluster of radio-cesium B-y signals would strongly
suggest that the corresponding particle originates from FDNPP. This method was implemented on
these three disks. Instead of the IP data treatment described in Eq. 4, the IP1 autoradiography
image was treated in order to detect large clusters induced by B-y emission. The obtained B-y
images were then superimposed with the FT imaging.

In the case of the zircon particles, no correspondence with 3 signals was found (Fig. 8B),
whereas in the case of the potential anthropogenic particle a coincidence was clearly observed
(Fig. 8A). Therefore, this particle has great chances to be anthropogenic, released by FDNPP.
Further investigations will be performed on that particle in order to identify its origin. These
preliminary results suggest that coupling of FT and B-y IP can be an alternative technique to

determine the source of U-bearing particles. Such result could be improved by coupling FT and
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BeaQuant® in p mode thanks to its better pixel resolution and less sensitivity to the ambient

background.

Fig. 8 Superimposition of the localisation FT and B-y cluster respectively for disks 20B2 and

20B16 (A and B). Light blue stars represent FT clusters.

4. Conclusions

The analytical and experimental results of this study demonstrate that under the chosen
analytical conditions and the selected samples the fission track method is more effective than the
two tested a-autoradiography methods to detect and localise U-bearing particles.

In this study, HEU MP, as well as particles containing fissile nuclei (natural, or
anthropogenic U) in a sediment sample collected in the vicinity of the FDNPP were only recorded
by the fission track method. However, the current study also demonstrated that, for a sediment
sample, this method alone does not allow to distinguish (1) particles released by FDNPP which
contain fragments of nuclear fuel from (2) mineral particles which contain naturally-occurring U.
Indeed, our experiments showed that natural zircon minerals with a diameter larger than 10 um

were also detected by means of the FT method. On the contrary, the two a-radiography methods
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did not provide any results for our samples. This may probably be explained by a too high auto-
absorption (1) either in the collodion layer, which is nevertheless required to prevent
contamination of the detector by radioactive particles, or (2) possibly within the particles
themselves. Nevertheless the results obtained for the two a-radiography methods confirm that
presently the developed data treatment did not enable full removal of the contribution of the 3
and/or y emitters on the o images. Thus, the implementation of a method coupling the FT efficiency
for the detection of a-emitters and the IP efficiency for the detection of 3-y-emitters was tested in
order to attempt the discrimination between naturally occurring U-bearing particles and
anthropogenic particles. Results are promising because they enabled the distinction between zircon
particles and a particle that could potentially come from FDNPP. Restricting the analysis to
particles detected by both methods will definitely avoid isolating U-rich minerals and significantly
increase the probability of identifying anthropogenic radioactive particles.

To conclude, this study opens new perspective for the detection and localisation of U-
bearing particles in sediment/soil samples. The combined methodology will be applied to more
sediment and soil samples collected in areas located within the main radioactive contamination
plume of FDNPP in order to isolate U-bearing particles. The methodology can also probably be
improved by coupling the FT method with the BeaQuant® instrument because of its better

sensitivity and spatial resolution than IP.
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A: Scheme of imaging plate experiments.
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B: Graphical representation of theoretical calculation results for products A. e X1’ = 0.1 (medium
transmission) and B. e x n’« = 0.01 (low transmission) expressed as the number of alpha/FT
detected as a function of particle size, composition and technique used, at logarithmic scale.
Colored solid line represent results for IP, colored dashed line represent results for BeaQuant®.
These same black lines represent the detection limits of each method in our analytical conditions.
Green line is for MOX of the FDNPP reactor 3; Orange line is for Irradiated U of the FDNPP

reactor 3; Pink line is for HEU 40%; Blue line is for Natural U mineral.
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681 C: BeaQuant® results after the application of low amplitude filter A. Quality control disk 19A33;

682  Fukushima samples; B. 20B2 (two acquisitions) and C. 20B16; D. Blank and IAEA-472 samples.
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