Journal of Hazardous Materials 452 (2023) 131338

Contents lists available at ScienceDirect [R5 ARDOUS
MATERIALS

Journal of Hazardous Materials gy e

4
L

LSE\/[ER journal homepage: www.elsevier.com/locate/jhazmat r t
Research Paper ' :.) ]
Multi-element isotopic analysis of hot particles from Chornobyl el

Darcy van Eerten® , Manuel Raiwa ?, Paul Hanemann °, Laura Leifermann?,

Tobias Weissenborn °, Wolfgang Schulz “, Martin WeiB °, Danielle Ziva Shulaker b, Peter Boone b,
David Willingham b Keenan Thomas ", Brian Sammis ”, Brett Isselhardt”, Mike Savina ",
Clemens Walther*®

# Institut fiir Radiookologie und Strahlenschutz, Leibniz Universitat Hannover, Herrenhauser Str. 2, 30419 Hannover
Y Nuclear and Chemical Sciences Division, Lawrence Livermore National Laboratory, 7000 East Ave., Livermore, CA 94550, USA

HIGHLIGHTS GRAPHICAL ABSTRACT

e The advantages of resonance ionization
mass spectrometry for nearly non-

destructive micro analysis of isotope o Expected
ratios.

e Considering the effects of nuclear re- S5
actions and particle formation in the Fxpected
accident on the resulting isotope ratios. “a

o Assessing the origin of particles, time e
since release from the reactor, and )
retention of elements in the particles. + e o B

0008 0010 0012 0014
25,8

Chornobyl Hot Particles RIMS Isotope Ratios
ARTICLE INFO ABSTRACT
Editor: Edward Burton Microscopic fuel fragments, so-called “hot particles”, were released during the 1986 accident at the Chornobyl
nuclear powerplant and continue to contaminate the exclusion zone in northern Ukraine. Isotopic analysis can
Keywords: provide vital information about sample origin, history and contamination of the environment, though it has been
RIMS J underutilized due to the destructive nature of most mass spectrometric techniques, and inability to remove
Actinides

isobaric interference. Recent developments have diversified the range of elements that can be investigated
through resonance ionization mass spectrometry (RIMS), notably in the fission products. The purpose of this
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resonant-laser secondary neutral mass spectrometry (rL-SNMS) at the Institute for Radiation Protection and
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D. van Eerten et al.
1. Introduction

Characterizing the hazards posed by nuclear material in the envi-
ronment is important in both the immediate response to a contamination
event and its subsequent long-term management. So-called “hot parti-
cles” are derived from nuclear material, typically in the size range of pm.
Much of what we know about these particles is based on context; where
and when the contamination took place. This work looks directly at
individual hot particles from the perspective of the nuclear reactions
that produced them, and investigates how rapid isotope ratio analysis
can non-destructively answer questions relevant to radioecology and
nuclear forensics.

Previous work has demonstrated how the resonant laser secondary
neutral mass spectrometry (rL-SNMS) instrument in Hannover, Germany
can measure isotope ratios in the actinides U, Pu and Am on hot particles
from the Chornobyl Exclusion Zone (CEZ) [1,2]. Here, this capability is
extended to the fission products Cs, Rb, Sr and Ba by use of the laser
ionization of neutrals (LION) instrument in Livermore, USA [3].

The 1986 accident at the Chornobyl nuclear powerplant (ChNPP)
deposited a vast number of hot particles in the 30 km exclusion zone that
remain there to this day [4,5]. These particles are fuel fragments origi-
nating from the reactor core, and are composed of a large variety of
stable and radioactive nuclides [6,7]. They not only pose a radiological
risk via inhalation [8], but will also weather and degrade over time,
leaching radionuclides into the environment [7].

As noted by Konings et al., the material properties of emitted nuclear
material will be affected on the microscale by reactor operation, and on
the macro scale by the conditions of the accident scenario [9]. Kash-
parov and Salbu et al. have focused on the latter by categorizing particle
morphology on the distinct phases of the accident: those physically
ejected in the first explosions, and those highly chemically altered by the
graphite fires in the following days. The most chemically stable are
particles that fused with the zircalloy cladding at high temperatures,
while chemically low stable particles were highly oxidized [7,10,11].
This work considers those attributes in relation to the reactor-derived
isotopic composition of the individual particles, with emphasis on the
fission products and how those were affected by the accident and sub-
sequent weathering.

1.1. Hot particle analysis

Scanning (tunneling) electron microscopy SEM (or STEM), combined
with density information provided by back-scattered electrons (BSE),
are the primary methods of imaging hot particles and characterizing
their surface morphology [7,12,13]. Energy dispersive X-ray spectros-
copy (EDS) can be combined with these techniques to identify major
components of a particle. This is how U-Zr fused particles can be iden-
tified in the CEZ [7], or U-Nb particles can be found in Dounreay [14]. In
particles from Fukushima, highly concentrated Cs and other fissiono-
genic elements can be identified by EDS [12]. The sensitivity of EDS
however is limited, which means minor elements such as Pu or even Cs
can remain unidentified. For a more sensitive and quantitative element
map, micro or nano X-ray flourescence (XRF) can be used [12,13]. Such
methods are powerful tools for measuring very small or heterogenous
particles, but lack essential isotopic information. For example, they
cannot distinguish between natural and enriched uranium.

Nuclear forensics has long used isotope ratios to determine the origin
and history of unknown nuclear material [15-17]. Actinide ratios serve
as characteristic fingerprints of reactor design and operation [18,19], as
do fission products [20,21]. Measuring these ratios typically involves a
tailored approach for each element through a combination of radio-
metric and mass spectrometric techniques, some of which are
destructive.

Radiometric techniques such as gamma and alpha spectrometry are
non-destructive and regularly used to determine isotope ratios on bulk
samples such as fuel pellets [22]. For microscopic particles, such
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analyses are time-consuming and often limited to the highest activity
radioisotopes such as 13’Cs and 2*! Am. Short-lived isotopes such as 13*Cs
(half-life 2.1 years) can only be measured shortly after an accident [12].
Beta-only emitters such as 20gy require long measurement times in
combination with chemical preparation [23], and has been measured in
limited capacity in hot particles [14].

Mass spectrometry enables ultra-trace analysis for both active and
inactive isotopes. Though highly sensitive, inductively coupled plasma
(ICP-MS) requires the sacrifice (dissolution) of a hot particle for analysis
[13], and may require extensive chemical preparation to remove envi-
ronmental and isobaric interference [21]. Secondary ion mass spec-
trometry (SIMS), allows spatially resolved measurement of a solid
sample (less than EDS, but far more sensitive). Nano-SIMS boasts higher
spatial resolution [24], and large sector SIMS instruments achieve
higher mass resolution [12]. However, neither technique removes
environmental or isobaric interferences completely, as shown by
Morooka et al. in their analysis of '3°Cs/!%’Cs isotope ratios in
Fukushima particles, which are hampered by *°Ba and '3"Ba [12].
Hydride formation presents another challenge, which depends on sam-
ple matrix and analysis method. As noted by Fallon et al. in the analysis
of a single enriched fuel particle, 238U1H formed ca. 0.55 % of the 238U,
used to show the insignificant interference on 2353y by 2341y [24]. This
is however not insignificant when measuring the 2*°U produced through
irradiation, or any of the 23%240:24L.242py jsotopes. In short, such tech-
niques focus on one element or isotope ratio at a time.

Resonant laser ionization adds the necessary selectivity, targeting
the electronic structure of a given element to step-wise excite it beyond
the ionization potential [25-27]. The technique removes the need for
chemical preparation, which allows for multiple analyses to take place
on the same sample. Resonance ionization mass spectrometry (RIMS)
requires only a suitable mass spectrometer, an efficient excitation
scheme per element [28], and the lasers to produce the necessary
wavelengths [29]. These requirements are not trivial, making RIMS fa-
cilities rare in the world. Its true strength lies in its range and speed, as
advances in both laser design and ionization schemes have broadened
the scope of elements that can be investigated.

The work presented here leverages the specializations of two
different RIMS instruments to investigate a diverse range of isotopes in
CEZ hot particles. Both the rL-SNMS facility [1,30] and the LION facility
[3,31] are non-destructive RIMS techniques based on the principles of
time-of-flight secondary ion mass spectrometry (ToF-SIMS), making
them suitable for surface analysis. The secondary ion fraction is
removed, while the neutral fraction is ionized by the lasers. rL-SNMS is
spatially resolved, giving a direct analysis of the isotope distribution on
the surface of a sample. It can resonantly investigate one element at a
time, and non-resonantly measure its oxides (as in [24]). LION is more
sensitive, and can measure multiple elements simultaneously. However,
to explore the applications of multi-element isotope ratio analysis one
must understand the origin of their production.

1.2. Isotope production pathways

ChNPP was an RBMK-type Soviet reactor operating on low-enriched
fuel with 2 % 23°U [32,33]. Though a total inventory of radionuclides in
the ChNPP core has been estimated [34], the ratios vary considerably
within the reactor itself, as shown both in models [35,36] and by ex-
periments [37,38]. For every isotope, multiple production paths may be
possible, turning each ratio into a unique indicator of radiation condi-
tions. Within the reactor, these various ratios are dependent on initial
composition, neutron energy and flux. Once out of the reactor, other
factors become dominant, namely chemical behaviour and time.

Even from a microscopic fuel particle, a surprisingly comprehensive
characterisation can be made by targeting a range of isotopes, both in
the actinides and fission products. As fuel burns up, the isotopic
composition changes, serving as a characteristic fingerprint of the design
and operation history of the reactor [17,19]. Burnup quantifies the
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energy produced in the reactor normalized by its fuel load, typically
expressed in MWd/kgU. It scales with the number of fissions that have
occurred per unit mass of fuel. Burnup is therefore a proxy for the
neutron fluence that drives transuranic isotope production and alters the
composition of most fission products by neutron capture after they are
produced. By comparing isotope ratios to burnup, we can assess the
influences inside and outside the reactor.

1.2.1. Actinides

235y /238y decreases with burnup, due to fission or through neutron
capture to produce 23°U and 2*°Pu respectively. 2°U/238U, 240pu,/239py,
241py /239py increase linearly with burnup, while 242Pu/2*°Pu increases
at an accelerated rate [37]. The rate of increase can distinguish RBMKs
from other reactors such as WWERs (Soviet light water reactors), the
only type to operate in Ukraine today [39].

Extensive chemical separation is typically utilized to isolate elements
or isotopes of interest for analysis by radiometric or mass spectrometry
techniques [37]. Separating the isobars 2! Am/24'Pu and 2*®pu/?%%U are
particularly challenging [38]. The former is easily resolved with laser
ionization, while the latter is far more challenging due to its extremely
low ratio down to 107° [1,3,29].

21 Am grows in over decades as 2*'Pu decays, while 2**Am is pro-
duced almost exclusively during reactor operation. This presents an
opportunity to observe the chemical behaviour of both plutonium and
americium through the weathering of particles in the environment. If
some plutonium, or recently produced americium should leach out of
the particle, this could be reflected in lower 2*'Am/?**Am ratios. This
ratio in hot particles was briefly explored in previous work by Raiwa
et al. [1], but did not show significant deviation from known RBMK
ratios. Following this line of reasoning however, we can target other
isotopes that are dependent on the chemical behaviour of their
precursors.

1.2.2. Fission products

Fission produces a wide variety of isotopes. However, 1*’Cs and *°Sr
are particularly consequential for humans and the environment [23,40,
41]. These predominantly neutron-rich fission products quickly
beta-decay until they reach a long-lived or stable isotope. On an
elemental level, the fission product decay chains go from I — Xe — Cs —
Ba, and Br - Kr - Rb — Sr. For nuclides that decay beyond reactor
operation, the decay products become sensitive to the environment and
time-frame. The accident at Chornobyl is particularly interesting in two
time frames: the sudden cessation of reactor activity caused by the
melt-down and explosion, and the environmental factors in the decades
since.

The variables that contribute to the isotope ratios (fission, neutron
capture, time) can be examined from first principles by looking at in-
dependent and cumulative fission yields. These depend on the fissioning
isotope and neutron energy, found in nuclear data libraries such as JEFF,
JENDL, and ENDF [42]. Such ratios can be more accurately modeled by
models such as web-KORIGEN++ [42], and subsequently compared to
literature data where available.

1384 (stable) and '%’Cs (half-life 30 years) are directly produced in
the reactor at a similar rate, and have neglible neutron absorption cross-
sections. Aside from the decay of '*’Cs, 1%7Ba is also produced inde-
pendently in the reactor, but at only 1 % the rate of '*®Ba. The stability
of Cs in samples exposed to weathering could be investigated by
measuring the '3"Ba/*38Ba ratio in comparison to the ideal case. Purely
via the thermal 23°U fission yields (in JEFF 3.3 [42]), with no decay, a
ratio between 1%7Cs/!%®Ba of 802 =0.91 would be expected. This in-
creases with burnup as 2*°Pu builds up and contributes to fission. After
36 years of 3’Cs decay, this will result in a range of 3’Ba/!®Ba ratios
from 0.51 to 0.61 depending on burnup.

Modelling with webKORIGEN++, predicts a ratio of 0.56 for 10
MWd/kg and 0.58 for 16 MWd/kg, the range of burnup found in the CEZ
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hot particles. As webKORIGEN+ + does not have an RBMK reactor
model, a boiling water reactor (BWR) model was used, which estimates
the 23°Pu contribution to be higher than is likely in RBMKs [37]. As
shown by Robel et al. [20], a stable ratio **’Ba/!*®Ba of 0.53 + 0.02 was
measured on 33 year-old spent fuel samples that had never been exposed
to environmental conditions. Ratios substantially below this range could
therefore indicate depletion of radiocesium, such that ingrowth of 13’Ba
is slowed or entirely stopped.

The '%’Cs contamination of Europe after the Chornobyl accident [43]
has driven the measurement of Cs ratios in environmental samples to
distinguish between contaminating events such as nuclear weapons
testing and the Fukushima accident [21], or even between reactors in
Fukushima [12]. The production of stable 135¢g is dependent on 135 and
135¥e, with have half-lives of 6.6 and 9.1 h respectively. 135%e has an
extremely large neutron capture cross-section of 2.7 Mb. With increased
neutron flux, neutron capture into **Xe is favoured over decay into
135Cs, driving the large range in '37Cs/135Cs ratios sensitive to start up
and shut down of a reactor [20]. In fuel irradiated for the same time,
burnup reflects the total neutron flux and energy, and '*’Cs/**°Cs in-
creases as 1>°Cs decreases [20].

The environmental factors affecting this intra-elemental ratio should
be minimal, as even the effects of the significant power surge (only
seconds in duration) before the reactor meltdown will be small in
comparison to two years of regular reactor operation. However, the
fission products would need to remain captured in the particles to be
measured, which is not guaranteed due to the immense heat and pres-
sure of the meltdown and explosion. The noble gases Xe and Kr are
assumed in the literature to have escaped immediately during the ex-
plosion [34]. However, it is possible that such gases can remain trapped
in spent nuclear fuel [44]. Iodine and Cs are less volatile, but can also
dissipate (see [43]), and only Cs has multiple isotopes at long enough
half-lives to measure today. A change in isotope ratios from environ-
mental factors might be visible in Rb. A 85Rb/%”Rb ratio of 0.41 would be
expected from thermal fission, which increases to 0.53 if all ®°Kr
(half-life 10.8 years) were to have decayed fully. However, measuring
the extent of Kr retention in Chornobyl hot particles would be chal-
lenging as both Rb isotopes are naturally occurring.

If the range in 1Cs/!3>Cs ratios are characteristic of major events
[21], 90gr /88y ratios can be used as a more specific chronometer to
calculate the time elapsed since fuel discharge. °°Sr has a similar half-life
to 1%7Cs of 29.8 years. It is of particular concern to the environment as a
chemical homologue to calcium, thereby readily taken up in places
where calcium accumulates, such as in bones [45]. 88gr and °°Sr are both
direct fission products, produced in near equal ratio by both 23°U and
239y, with very low neutron absorption cross sections (0.024 b and
0.010 b respectively). The ratio is therefore in theory minimally sensi-
tive to burnup. Assuming °°Sr decays outside the reactor, this could
serve as a measure of time since fuel discharge, since both isotopes
behave chemically identically. The measured ratio m can be compared
to the estimated fission yield fy, such that

i | LSy 5 85y y 28.91 o
me = | ggz—
Sry ~ Sr,, In(2)

Using the above fission yields and 36 years since the Chornobyl ac-
cident, we would expect a ratio for °°Sr/%®sr around 0.67. Using
webKORIGEN+ +, a ratio of 0.69 is calculated, using slightly different
fission yields in the JEFF-2.2 library. This increase suggests that burnup
may contribute to the ratio in the form of neutron capture on the short-
lived 8%Sr (half-life 50.6 days), though its neutron cross section is low
(0.42 b). An estimate of time passed since fuel discharge could therefore
be made within the range of two years, accounting for the variation in
fission yields, and assuming burnup is an insignificant factor. Measuring
this ratio on the Chornobyl particles, where the time of release is very
well known, could demonstrate whether this ratio is useful as a time
stamp of the event.
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2. Methods
2.1. Hot particles

Drill cores, pond sendiments, and asphalt scrapings were sampled in
the CEZ in 2014 and 2017 [46]. The method of isolation and extraction
of the particles is described by Leifermann et al. [46], but is briefly
described here. After sieving the sample, high density particles are
separated from the remaining sample using a high density polytungstate
solution. Particles are imaged and identified in a scanning electron mi-
croscope (SEM) in backscatter mode to contrast the particle from the
surrounding matrix. Energy-dispersive X-ray spectroscopy (EDS) is used
to confirm the particle contains U, and Zr if applicable. Particles are then
attached onto tungsten needles using SemGlu (Kleindiek Nanotechnik).

The selection of eight particles covers a range of burnups, mor-
phologies and sampling location to study the impact on fission product
ratios. The particles were reimaged at LLNL with an SEM (FEI, Inspect F
model) at high vacuum with 5 kV current (Fig. 2). Gamma spectroscopy
was performed at LLNL in coaxial and planar geometry. PeakEasy soft-
ware [47] was used to determine the ratio between the count rate in
counts per second (cps) on 241Am (59 keV) and 137¢g (661 keV) on the
coax detector.

2.2. rL-SNMS

The rL-SNMS instrument in Hannover has been previously described
in work by Raiwa [1]. The instrument consists of a time-of-flight mass
spectrometer (TOFSIMS.5 by IONTOF), five Z-pinched 10 kHz Ti:Sa la-
sers (following the Mainz design [29]) pumped by three 532 nm Nd:YAG
lasers. Two of these lasers were utlized for this study. A Bi* ion gun is
used to sputter the first atomic layers of a sample, ionizing a fraction of
the resulting atoms and molecules. In RIMS, the ionized fraction is
removed by an external bias at + 500 V, after which the lasers irradiate
the remaining neutral fraction. The target element is ionized, along with
oxidized forms of uranium and rare earth elements. In this study, U
isotope ratios were measured simultaneously with resonance Pu by the
non-resonant U oxides. A standard Pu solution was measured to correct
for instrumental mass fractionation. Rastering the ion gun over the
sample allows for a spatially resolved elemental intensity map at a beam
size down to 70 nm, with the resolution achieved depending on the total
ion signal available [2,41]. For isotopes on the order of 102 counts per
sample, 126 x 126 pixel raster size is chosen to balance signal intensity
with spatial resolution.

2.3. LION

Livermore’s LION instrument is similar to the rL-SNMS, but has a
custom-built ToF-MS instrument [31]. We used an Nd:YAG laser at
1064 nm to desorb atoms and molecules from the surface. Because Rb
and Cs are readily vaporized, analyzed as secondary ions in which the
signal was measured without resonantly ionizing the elements.

LION has six 1 kHz grating-tuned Ti:Sa lasers, pumped by three Nd:
YLF lasers, with the possibility of lasing at fundamental, double, or triple
frequency. Unlike the rL-SNMS, the lasers are not automated to switch
between wavelengths. U, Sr, Pu and Ba were measured in the same
spectrum, using a combination of ionization schemes (Fig. 1. Through
use of a 200 ns delay, equivalent to 1 m/z [3], the U, Pu isobaric
interference can be separated. Standards were measured to correct for
isotopic mass fractionation.

239-242py can be measured directly. Rather, 2*8Pu is quantified by
measuring the non-resonant contribution to the m/z 238 peak in a
manner used previously on a Chornobyl hot particle [2]. In this work, an
extra laser was tuned to be slightly off-resonance with the first step in the
Pu scheme (Figs. 1, 420.864 nm), and alternated with the resonant laser
(420.764 nm) such that every other shot was off-resonance. The
off-resonance spectrum represents all sources of background and allows
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Pu U Sr Pu Ba Pu
(delayed)
Tonization
** Potential

L Excited
state

A A V'
| Ground state|

LION multi-element LION 238py

rL-SNMS

Fig. 1. Laser ionization schemes used in this work on rL-SNMS and LION to step-
wise excite elements from the ground state to an autoinizing state beyond the ioni-
zation potential. Arrows indicate the laser wavelength and colour, transparent where
lasers are being used in multiple schemes. The exact wavelengths for each step are
given in the text where relevant or in the references [29,48,49]. For rL-SNMS two
lasers were used. Six lasers were used in multi-element LION, with the Pu and Ba
lasers delayed by one mass unit to remove interference by U and Cs respectively.
Non-resonant ionization is used in the second steps for U, Sr and Ba. Four lasers were
used for LION 238pu where the first step was blinked between resonant and
non-resonant schemes.

a quantitative correction. Alternating the on- and off-resonance lasers
ensures that drifts in signal level over time do not affect the result. While
it is possible to do this in a two-step scheme [1,50], a three-step scheme
is more successful at suppressing 23%U [2,3].

2.4. Correction for environmental contamination

Environmental exposure can introduce natural 88Sr, 137Ba, and
138Ba. The extent of contamination can be calculated using the non-
fission isotopes of Sr and Ba. The two most abundant non-fission iso-
topes are used to estimate the natural fraction and averaged. In the
example of Sr, these isotopes are % Sr and 87Sr such that the estimated
8851‘e can be calculated as

SSSY‘, _ l x (Sﬁsrm 87Srm
2 86R 87R

) (2)

where “R is the ratio to 8Sr as measured by isotopic standard, and 86Srm
and ¥Sr,, are the measured peaks. Errors are propagated by the sum of
squares of relative errors on each measurement. The corrections for
137Ba and !3®Ba are identical, using peaks on '*>°Ba and !*°Ba. The total
ratio subtracts this estimated contaminant, and must then be corrected
for the fractionation caused by the lasers. This is significant in barium
due to odd-isotope enhancement caused by hyperfine splitting [51]. The
final ratio for barium is then
137Ba Ba137 _ Bal37 K
B4~ Ba® —Bal™ " R ®
m e

where K and R are the known ratio and standard measured ratios of
137Ba/138Ba. Further information on error analysis can be found in the
supplementary materials.

3. Results and discussion
3.1. SEM

The BSE results from the particles in Fig. 2 show the diverse range of
morphologies represented in a small sample set, ranging in activity from
101-10? Bq per particle. Following the categorization of Kashparov,
the visual attributes of the particles could be indicative of their forma-
tion in the accident, and consequently relate to their rate of dissolution
in the environment [7]. A full analysis of the reactivity with the envi-
ronment would require a detailed analysis of the oxidation state, which
requires X-ray spectroscopy techniques such as X-ray absorption
near-edge structure (XANES), as studied for uranium in Dounreay par-
ticles [13] or extended X-ray absorption fine structure (EXAFS), as
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Fig. 2. Back scattered electron (BSE) images of eight particles from the CEZ, extracted via methods developed by Weiss and Leifermann [46], and labeled by origin
(B: Pripyat, K: Kopachi, C: Cooling Pond, R: Red Forest). The total **’Cs+ 2*!Am activity is given in Bq. For the rest of this paper, data points are colour coded to the
specific particle.
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studied on Cs species in Fukushima [52]. Such analysis is beyond the
scope of this study, however consideration of their morphology is a
helpful classification tool for comparison with other studies [46,53].

Kashparov’s first category describes those which were ejected from
the reactor during the explosion without significant chemical alteration
or visual alteration to the UO5 fuel’s ceramic structure, and conse-
quently a low environmental dissolution rate. Particle C036 (light or-
ange) shows a very smooth particle surface compared to other particles.
B018 (light green) shows a more laminated structure. B024 (violet)
exhibits typical high burnup structure, characterized by the visible grain
boundaries through which fission gases dissipate [9].

Kashparov’s second category covers those highly oxidized by the
high temperatures of the explosion and subsequent fires. C008 (yellow)
and B022 (indigo) both showcase these highly porous forms. While B022
maintains a cubic structure, C008 has completely fractured, and is
enveloped by organic material containing silicon (see supplementary for
EDS results). Kashparov et al. identify these as the most susceptible to
dissolution in the environment, though it should be noted that they were
sampled long after their estimated dissolution half-life of 1-7 years [10].
B010 (bright orange) could also be featured in this category, as it has a
similar aggregate form, though resolution is poor due to its small size
and low conductivity. Though U is clearly identified in the EDS spectrum
(see supplementary), no '*’Cs or 2! Am activity could be measured.

The final category concerns U-Zr particles, where the fuel has fused
with the zircalloy cladding at high temperature, and should be the most
stable in the environment. KOO1 (red) and R010 (dark green) are iden-
tified as containing Zr through EDS (see supplementary). KOO1 is the
largest particle, and has a structure that varies between smooth and
porous. As shown in Fig. 7, the Zr is located only on the smooth parts,
whereas the uranium is present in both smooth and porous parts. R010,
one of the smallest particles, is smooth and contains Zr all over.

As maintained by Kashparov et al. [7], such surface analysis should
be indicative of the chemical behaviour of the particles in the environ-
ment [7]. However, as pointed out by Konings et al., higher burnup will
damage fuel structure through the diffusion of fission gases, which are
released at lower temperatures with oxidized fuel [9]. Uranium isotope
ratios will indicate the burnup of the particle, as will Cs ratios. Pluto-
nium isotope ratios relate the particle specifically to RBMK type re-
actors. 137Ba,/!*®Ba ratios will show to what degree Cs has diffused out of
the particle, and while 8Rb/%’Rb could show the retention of Kr fission
gases, in these particles it will indicate the degree to which
environmentally-derived Rb has covered the surface of the particle.
Finally, ®°Sr/%8sr as a function of burnup should not significantly
change, allowing for an estimation of the time passed since particles
were released from the reactor.

3.2. Actinides

Fig. 3 compares measured actinide isotope ratios to known signa-
tures from reactors. WWER and RBMK reactors operated in the former
Soviet Union and largely continue to operate [34]. Both reactor types
used fuels of varying 2>°U enrichment, with WWERs at higher enrich-
ment (e.g. 3.3, 3.6, 4.4 %) than RBMKs (e.g. 1.8, 2.0, 2.09 %). The
particles measured by both rL-SNMS and LION align well with the
known ratios for RBMK reactors, with the exception of B010, which does
not contain plutonium.

Fig. 3 shows that B010 is depleted uranium (DU), a by-product of the
enrichment process with a 23°U/2%8U ratio lower than natural uranium
(0.007). However, it also contains measureable amounts of 236y (F ig. 4),
implying it derives from a reactor. This is consistent with Soviet-era fuel
reprocessing, where U in spent fuel was separated and re-enriched [37,
54]. Because the B010 particle is the first DU particle reported in the
CEZ, more of these particles would have to be analyzed to confirm
whether this derives from ChNPP or from other civilian uses of DU.
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Fig. 3. Four-isotope plot showing the range in U and Pu isotope ratios
depending on burnup. Ratios are compared to literature data on RBMK-type
(black) and WWER-type (grey) reactors [37].
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Fig. 4. Three-isotope plot for **U and ?*°U normalised to 2*®U. Ratios are
compared to literature data on RBMK fuel assemblies [37] at known initial
enrichment (noted in %). Some assemblies were made of recycled fuel (noted
’r’), enriched in 236y,

3.2.1. Capabilities of rL-SNMS and LION

An estimation of the initial fuel enrichment can be made by analysing
2350 vs 226U, shown in Fig. 4. Previously published work shows that the
fuel used in ChNPP was enriched to 2 % [32], which was increased in
later years to 2.4 % to increase safety [33]. Variations in 236y5,/2354 can
indicate fluctuations in neutron flux or energy at the microscopic level
that may not have been captured in the gram-scale samples measured by
Makarova et al. [37]. It should also be noted that sharp increases in
burnup at the rim of a fuel pellet can result in significant variation in
isotopic composition at the micrometer scale [3,55].

As discussed in Section 2.3, multi-element analysis does not suffi-
ciently suppress 233U interference on 2*®Pu, as the non-resonant U signal
is larger than the resonant Pu. The non-resonant signal can be subtracted
by interleaving on- and off-resonance lasers every other shot (Section
2.3). The 238pu/?*°Puy ratio (Fi g. 5) is an order of magnitude below that
of 24?py, translating to extremely low signal and subsequently large
errors, such that two particles (B022, R010) had errors over 100 % and
are not shown. As previously noted in the literature [37], there should be
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Fig. 5. Three-isotope plot for ?**Pu and 2*?Pu normalised to **Pu compared to
literature values for RBMKs as in earlier figures [37]. Two particles were not
measureable above the limit of detection.

an increasing trend with burnup, with significant variation possible
[55], [3]. Though three of the five particles (C008, C036, K001) appear
to deviate from the linear trend seen in Makarova, the data are within
uncertainty of the previously published data and therefore cannot
confidently say whether the samples derive from material that was
subject to abnormal neutron conditions.

Reducing the uncertainty requires long and stable measurements of
the particles, for which the mounting method is not suitable. Analysis
length of the particles were limited because the desorption laser heated
the glue attaching the particle to the needle, resulting in the loss of four
particles (B022, B018, C008, R010). Fig. 6 shows deviations between the
240py /239py measured by rL-SNMS and LION. For the two U-Zr particles
in particular, K0O1 (red) and R010 (dark green), the 240py, /239py values
are notably higher when measured by rL-SNMS than by LION. We hy-
pothesized that a compound may be overlapping at 240 m/z in the rL-
SNMS, deriving from the =zirconium area. Subsequent spatially
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Fig. 6. Comparison of results from rL-SNMS, multi-element LION and 2*®Pu
blinked LION for the ratios 2*'Pu/?*°Pu and 2*°Pu/?3°Pu, with literature values
for RBMKs [37]. All 2'Pu/?*Pu data is decay-corrected to the date of the
Chornobyl accident, 26th April 1986.
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resolved analyses by rL-SNMS targeted 2*°Pu in the clearly identifiable
regions with high and low Zr in K001.

Results are shown in Fig. 7. The first measurement in Fig. 7a was
made in fast imaging mode, which increases the spatial resolution at the
cost of signal intensity, but allows for a detailed map of the surface of the
particle. Zirconium-rich areas form a hollow triangle shape on the par-
ticle, revealing a porous core of UO™ in the middle and at the bottom
edge. Fig. 7b shows that the resonant 2*°Pu is not correlated to the Zr
areas. The isotope ratios seen in Fig. 7c demonstrates the reproducibility
of the rL-SNMS measurements.

The measured 2*2Pu/?**Pu and 236U/238U by rL-SNMS and LION are
consistent within uncertainty (Fig. 7c). However, 240py /239y and
23542381 values are measured higher in rL-SNMS than with LION, and
are uncorrelated to the surface Zr content (Fig. 7b). A further statistical
analysis comparing the performance of rL-SNMS and LION is found in
the supplementary material. The noted discrepancies between
240pu,/239py and 2%°U/2%8U are not large enough to change the assess-
ment of particle origin, evident by Fig. 3.

3.3. Fission products

The fission products give insight into the environmental history of
each individual particle since the accident, shown in Fig. 8. The
235 /238 ratio is used as a burnup monitor, where the lowest ratio has
the highest burnup (particle B022). Measurement of Cs and Rb by SIMS
on the LION could not be performed on K001 and R010 (U-Zr particles)
due to poor quality spectra derived from interfering compounds. Mea-
surements of Ba in B022, and **’Cs y in R0O10 were below the limit of
detection and are not shown.

3.3.1. RbandCs

The ratio predicted by web-KORIGEN+ + (Section 1.2.2) for
85Rb/8Rb derived from a thermal fission is in the range 0.41-0.53 (grey
band in Fig. 8a), where higher ratios would indicate more 8Kr retention
in the particle by completely decaying to %°Rb. Only ®°Rb/*’Rb
measured in particles B024 and B018 lie in this expected range, but at
the high values of 0.55 + 0.02 and 0.54 + 0.01 respectively. We cannot
correct for contamination with natural Rb (pink line) as both isotopes
are naturally occurring, and therefore cannot interpret Kr retention in
the particles. With the exception of B018, higher burnup particles show
more environmentally-derived Rb.

The '%7Cs/1%5Cs ratios in Fig. 8b show an increasing trend with
burnup, reflecting the local irradiation conditions of the fuel [20]. These
ratios are significantly lower than the data previously reported for bulk
soil samples from the CEZ [21] (dated to May 2022, shown in the grey
band in Fig. 8), which likely represent an average across the reactor.
This distinction may be particularly relevant if applied to Fukushima
particles, where ambiguity remains as to whether particles were formed
near the fuel, or in the volatile gases in the reactor [12,21].

3.3.2. Sr, Ba, and gamma

The *°Sr/38sr ratios in Fig. 8c have an average ratio of 0.66 + 0.02
(measured in May 2022) showing little variation with burnup within
uncertainty. Using Eq. (2), this would indicate of 37 + 1 years have
passed since the particles were released from the reactor. The actual
time of 36 years would result in a higher ratio (0.67 + 0.01 shown in
grey in Fig. 8). While the time passed since Chornobyl is well known, this
ratio could act as a time stamp in cases where it is not. Such a method
could be useful in categorizing particles of multiple independent re-
leases, like the particles at Dounreay which were released into the
environment over many years from different reactors [14]. The chemical
behaviour of Cs has been measured in two ways. The 1¥"Ba/!*®Ba ratio
in Fig. 8c shows a direct loss of Cs by the absence of 13”Ba accumulated
outside the reactor. Comparison of 2*!Am/!%’Cs y activity as shown in
Fig. 8e is a common measurement made by gamma spectrometry [14],
presuming the chemical stability of parent nuclide 2*'Pu, and the linear
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Fig. 7. a. Secondary ion fast imaging of K001,
showing the concentration of UO" and ZrO" on
the particle, overlayed on top of the total sec-
ondary ion image. b. rL-SNMS measurement of
K001 resonant on plutonium, showing 2**Pu™*
(red) 2*°Pu™ (green) overlayed on UO" (white).
Three 10 um regions of interest (b.1, b.2, b.3)
are selected to assess the isotope ratios in areas
rich in Zr (b.1, b.3) versus without (b.2). c.
Isotope ratios measured with the three methods
in this work, and additional measurments done
with rL-SNMS on the full particle (b), Zr-rich
areas (b.1, b.3), and the center (b.2).
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concentration increase of both nuclides with burnup (shown in Fig. 6 for
241py and in Fig. 8 for 137Cs).

After correction for environmentally-derived natural Ba (see sup-
plementary), only C036 fully retains Cs in the particle, matching the
expected reactor-derived ratio plus the ¥’Cs decayed over 36 years
(grey band Fig. 8d). This is surprising as it is a cooling pond particle,

indicating no leaching of any kind occurred when it was likely sub-
merged for many years. Particles C008, B024 and R010 fall below the
natural ratio (pink line Fig. 8d) towards 0.03, the modelled ratio of
137Ba/138Ba directly out of the reactor without decay of '*’Cs. B018 and
K001 have partially retained Cs. The supposed chemical stability of the
U-Zr particles does not appear to translate to Cs retention in K001 and
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Fig. 8. Fission products as a function of >*U/?3®U. Isotope ratios measured in
LION via SIMS (Cs, Rb) and RIMS (Ba, Sr, corrected for contamination of
naturally occurring isotopes, though Rb is not). Ratios are not date-corrected,
but as measured in May 2022. Gamma spectrometry was done with a HPGe
detector in coax geometry, comparing count rates at the 59.5 keV 2*'Am peak
and '¥’Cs 661.7 keV peak. The naturally occurring ratios for Rb and Ba are
indicated with a brown line. Estimated ranges, either from literature or in
modelling, as described in the text, are in grey.

R010, and neither does particle burnup. Surface features in Fig. 2 on the
C008, B024 and K001 particles show physical ways by which Cs could
have diffused out of the particle via pores and fractures, in contrast to
the smoothness of C036.

In previous work on hot particles from a larger dataset, 24'Am/*%"Cs
y ratios were measured in CEZ hot particles to be in the range 0.04-0.01
(grey band Fig. 8e), where deviations by orders of magnitude are
attributed to leaching behaviour in the environment [46]. In this
interpretation, B0O18, K001, C036 and B024 fall within the predicted
range, while B022 and C008 clearly deviate and show leaching behav-
iour. While '¥’Cs y was not measured above the limit of detection for
R010, >*'Am y was, indicating Cs leaching.

The differing behaviour of B024 is peculiar, as it indicates depletion
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of Cs with respect to Ba, but not with respect to Am. This could point to
different time points at which the Cs is lost. Cesium loss can be attributed
to the reactor operation, the extreme heat of the reactor meltdown, and/
or subsequent loss in the environment (suddenly or gradually). Both
ratios should therefore be considered in further study of leaching
mechanisms.

4. Conclusions

RIMS analysis of both actinide and fission products offers a
comprehensive study of isotope ratios in single hot particles from the
Chornobyl Exclusion Zone. While many techniques may be used to
measure a single attribute of a particle, this work shows how a range of
isotope ratios can be used to answer different questions useful to
radioecology and nuclear forensics simultaneously. From the view of
forensics, the actinide isotopes tie the sample to a specific nuclear
reactor type, while Sr isotopes measure the time passed since release
from the reactor. For radioecology, fission product isotopes can be
measured alongside and distinguished from environmentally-derived
isotopes. These ratios are influenced by fuel burnup, particle forma-
tion in the accident, and weathering in the environment. The results
showed that unique isotope ratios can be measured for each particle,
tied specifically to RBMK-type reactors in the mid 1980 s, and that
notable changes in the ¥Ba/!*®Ba ratio indicate a range of retention of
Cs in the particles.

Visual markers related to both fuel burnup and particle formation
had more influence on Cs retention than burnup alone or sampling
environment. The cooling pond particle C036 showed no leaching of Cs,
making it the most environmentally stable particle in this data set, as
predicted by its smooth surface. Highly porous structures as in particle
C008 showed depletion in Cs with respect to Ba and Am, and B022 was
leached with respect to Am. B024 and B018 showing visible fractures
and pores typical of burnup structure, are significantly depleted of Cs
compared to Ba, but not to Am. R010 and K001, both U-Zr particles, are
leached of Cs with respect to Ba. RO10 contains too little 13’Cs to be
measured by gamma spectrometry, and KOOl does not show any
leaching behaviour with respect to Am. This suggests that a variety of Cs
leaching pathways are possible, including no leaching at all. More par-
ticles will need to be analysed to establish a leaching mechanism
dependent on both particle structure, burnup and environment.

Actinide ratios obtained by both rL-SNMS and LION were within the
expected ratios for RBMK reactors at low to medium burnup. The most
accurate and precise ratios are obtained with LION using a resonant
three-step laser ionization scheme, with the addition of a fourth non-
resonant laser to correct for non-resonant ionization of non-target ele-
ments. This is particularly important to measure the very low-
abundance 2*®Pu, which must be separated from the vastly dominant
238, The U-Zr particles K001 and R010 were distinguishable by lower
than expected 2*°Pu/23°Pu ratio measured by LION. Spatial analysis in
rL-SNMS indicates that this is not caused by the presence of Zr or lack
thereof, though further analysis is needed to determine the relevance of
this discrepancy.

This work has demonstrated the versatile and flexible capabilities of
multi-element RIMS analysis on single hot particles. Rather than a
sacrificial final step, isotopic analysis can be performed quickly and in
first order, preserving the particle for subsequent investigations such as
leaching [46]. The increasing relationship between *7Cs/!*°Cs and
burnup was observed, in a notably larger range than previously reported
in the literature for samples from the CEZ. This highlights the need for
single particle studies alongside bulk environmental analysis. The
development of RIMS has diversified the range of elements that can be
investigated non-destructively through the study of isotopic ratios,
informed by their production pathways and sensitivity to environmental
factors.
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