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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• FIB-cut weathered micron sized nuclear 
fuel particles show a closed pore 
structure.

• Gas measurements on hot particles that 
are over 30 years old with low burnup 
show gas inclusions of fissiogenic Xe 
and Kr.

• The age of these particles could be dated 
to a few years before the Chernobyl 
accident.

• Using RIMS measurements of Zr, parti
cles within a pellet could be assigned to 
a possible origin.
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A B S T R A C T

The isotopic ratios of fission gas would provide important source information of a nuclear fuel sample found in 
the environment. However, it is believed that during a reactor accident like Chornobyl all fission gas is lost and 
that the radioactive particles found in the Chornobyl Exclusion Zone today are depleted in gases by the initial 
explosion and subsequent fire. We disprove this hypothesis by detection and analysis of trapped krypton and 
xenon in these particles. Our analysis of krypton and xenon isotopes by noble gas mass spectroscopy in com
bination with resonance ionization mass spectrometry establishes that important information about reactor 
operations like age, neutron flux and plutonium fission fraction can still be reconstructed from individual 
micrometer-sized particles even after decades of weathering in the environment.

Abbreviations: EDS, Energy Dispersive Spectroscopy; FIB, Focused ion beam; IAEA, International Atomic Energy Agency; RIMS, Resonant Ion Mass Spectrometry; 
SEM, Scanning Electron Microscopy; SIMS, Secondary Ion Mass Spectrometry; SNMS, Secondary Neutrals Mass Spectrometry; UN, United nations.
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1. Introduction

Various radioactive isotopes are released during the explosion and 
graphite fire at the Chornobyl reactor accident in 1986. Both the United 
nations (UN) and the International Atomic Energy Agency (IAEA) state, 
that this event resulted in the complete release of Krypton, (e. g. 33 PBq 
85Kr) and Xenon (e.g. 6500 PBq 133Xe) inventory of the reactor [12,30]. 
Additionally, fragments of the nuclear fuel itself were dispersed into the 
environment, predominantly within the confines of the Chornobyl 
Exclusion Zone, although the finest particles were dispersed across 
Europe [13]. These fuel remnants, often referred to as hot particles, 
predominantly comprise uranium along with fission and breeding 
products, exhibiting diverse morphologies and resilience to environ
mental conditions [18]. Most identified hot particles fall within the 
micrometer range [4,14,16,17,27,28].

Non-destructive analytical techniques such as Scanning Electron 
Microscopy (SEM), Energy Dispersive Spectroscopy (EDS), and quasi- 
non-destructive static Secondary Ion Mass Spectrometry (SIMS), Sec
ondary Neutrals Mass Spectrometry (SNMS) and Resonant Ion Mass 
Spectrometry (RIMS) have been essential in surface-level characteriza
tion of these particles [3,23]. Furthermore, gamma measurements can 
be used to quantify the activity of some isotopes within the particles 
[18]. In this work, we improve upon existing characterization of particle 
surfaces by (i) dissecting particles to reveal their unweathered internal 
cores, and (ii) extracting fission-produced noble gases from particles as a 
means of diagnosing reactor operations from fission products. The use of 
a focused ion beam (FIB) enables the examination of the unweathered 
internal material. Approximately 15 % of all fission products generated 
during reactor operation manifest as gaseous elements [5]. Notably, 
gases like krypton and xenon exhibit minimal solubility in uranium di
oxide, leading to their aggregation into bubble formations that coalesce 
into tunnel networks within the fuel [26]. Thus, fission gases are present 
both dissolved in oxide fuel at the site of production and in minuscule, 
nanometer- to micrometer-scale bubble inclusions [25,26].

However, investigations into fission gas content of microparticles 
have so far been limited to spent nuclear fuel particles prepared directly 
from research fuel samples [5]. The above measurements have yet to be 
tested on environmental samples or, specifically, on hot particles from 
Chornobyl. Important nuclear forensic information can be reconstructed 
by isotopic ratios from the fission gases krypton and xenon. This includes 
information about the fuel composition and burnup, neutron flux and 
spectrum, and the age of the sample via decay of 85Kr [1].

2. Material and methods

2.1. Particle separation

The particles described in this study were extracted from soil and 
sediment samples collected in the Chornobyl exclusion zone in 2014 and 
2017. For the analysis of particles without interfering background, they 
must be localized in soil samples and extracted on needles. For a detailed 
description of how this is done, refer to Leifermann et al. [18]. Five 
particles are prepared for cutting using FIB and six particles are prepared 
for the gas measurements.

2.2. Cutting particles using focused ion beam

The particle is prepared as described in Leifermann et al. so that it 
sticks firmly to the tip of a needle. A fresh needle is mounted onto a 
micromanipulator (KLEINDIEK NANOTECHNIK) in a focused ion beam (FIB) 
system (NVISION 40, ZEISS) at the Research center Jülich. The particle is 
positioned on a sample holder located on the sample plate, which 
allowed tilting of the sample. SEMGLUE is used to attach the second 
needle to the particle. Since this procedure has not previously been 
performed on particles, various currents are tested and adjusted to 
effectively cut through the particle. Once the particle is completely 

severed, the second needle is disengaged from the particle. Subse
quently, one half of the particle is retained on each needle, facilitating 
examination of the particle’s cross-section, while the other half 
remained available for additional measurements and analyses (fig. 1).

2.3. Sample preparation for noble gas measurements

For noble gas mass spectrometry measurements, the particles are 
removed from the needle tip and encapsulated within a tantalum foil, 
which is subsequently housed within a larger tantalum enclosure made 
by crimping a small segment of tubing (Fig. S1). This packaging is not 
gas-tight so that extracted noble gases are released for analysis. The 
enclosure is then placed under vacuum and heated with a 140 W, 
970 nm diode laser that is coupled to an optical pyrometer in a control 
loop that adjusts laser power to achieve a specified temperature of the 
outer package. To prevent introduction of potential hydrocarbon in
terferences into the mass spectrometer, each particle was initially pre
heated to 800◦ C to combust the hydrocarbon glue used for particle 
handling, and evolved gas was pumped away without analysis. Samples 
were subsequently heated in a series of heating steps starting at 1000◦ C. 
After each heating step, evolved noble gases were purified by reaction 
with hot and cold getters and then introduced into a Nu Instruments 
‘Noblesse’ mass spectrometer equipped with five Faraday cup detectors 
and five ion-counting discrete dynode multipliers. All stable xenon and 
krypton isotopes, plus 85Kr, were measured on ion multipliers. The 
temperature of heating steps was subsequently increased in 50–100◦ C 
increments until sufficient xenon and krypton had been extracted for 
precise isotope ratio analysis. At this point heating was halted to mini
mize possible damage to particles and preserve them for additional 
analyses, so no attempt was made to quantitively extract all fission gas 
present. Observed Xe and Kr signals were then corrected for any atmo
spheric contribution by assuming that all 80Kr and 129Xe observed are 
atmospheric, and correcting other isotope signals according to their 
atmospheric ratios. In most cases atmospheric corrections were less than 
5 % for major isotopes. Finally, amounts of Xe and Kr isotopes released 
in all heating steps for each sample were summed to calculate mean 
isotope ratios for all fission gas released from that sample. The complete 
step-degassing data are reported in table S5 in the supplementary 
material.

2.4. RIMS measurements after noble gas measurements

Following the measurements, the particle must be localized again. 
This is achieved by carefully unfolding the foil and applying a very dilute 
sugar solution onto it. The approximate position of the particle is 
continuously monitored using a Geiger Müller Counter (GMC). Subse
quently, the foil is inserted into a SEM to precisely locate the particles on 
the surface. The particle can then be further analyzed using RIMS at 
Lawrence Livermore National Laboratory (LLNL). For the analysis of 
zirconium as well as uranium and plutonium, the methodologies are 
described by [24,32].

3. Results

In this work, five particles are successfully cut using FIB and six 
particles are analyzed using noble gas mass spectrometry. The particles 
are labeled with names. An overview of the gamma activities of the with 
noble gas mass spectrometry analyzed particles can be found in Table 1.

While EDS measurements of particles’ surfaces reveal features like 
molten zirconium from the fuels cladding, no such inhomogeneous 
features on the micrometer size were observed within the particles 
(Fig. S2 Supplement). The important feature shown in the SEM images in 
Fig. 2 is the intact pore structure that permeates the entire particle 
regardless of the apparent surface structure. The pores and grain 
boundaries are both sealed and isolated from one another, preventing 
the escape of any gas. Due to the small size of these gas bubbles, they are 
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only evident on smooth surfaces which necessitates the FIB cut. This 
pore structure spanning from a few micrometers down to the nanometer 
scale is the result of the produced fission gases during reactor operation. 
Such voids are commonly encountered in spent nuclear fuel and grow 
with higher burnup [26].

3.1. Noble gas measurements

As the temperature in the reactor core at meltdown is estimated at 
2500 ◦C, the presence of fission gas released by heating to the 1000◦ - 
1200 ◦C range indicates that the analyzed particles must have been 
ejected from the reactor well before peak core temperatures were 
reached. However, the presence of zirconium coatings on some particles 
that contain noble gases indicates at least brief exposure to temperatures 
at or above the melting point of Zr (1800 ◦C) [8,17]. The presence of 
noble gases in these particles indicates that they are not readily released 
from oxide fuels, even in extreme conditions of fire, explosion, and 
exposure to environmental weathering over long periods of time.

Particles without a Zr-cladding are also released. The Zr-cladding of 
the Ares particle, for example, may be interpreted as part of the molten 
cladding material, consisting of a zirconium alloy, and thus of natural 
isotope ratios. It cannot be ruled out that the uranium itself was not 
exposed to such high temperatures and that the Zr only melted on top of 
it. The measured particles were probably not exposed to the high tem
peratures in the reactor, as it would not have been possible to measure 
krypton, xenon and cesium under such conditions. The presence of 

burnup dependent fissiogenic Zr can be discerned in all particles, 
wherein this element is integrated into the particle’s structural compo
sition. Nevertheless, the surface of the particle may also exhibit Zr 
originating from the Zr utilized in the cladding. Substantial quantities of 
gas are detected even within particles lacking visible surface pores. This 
finding validates statements made by Rest et al. [26] regarding the 
nanometer-scale size of these pores, which may be less discernible on 
rough surfaces. Consequently, these measurements confirm that the 
bubbles observed in the cutted particles contain fission gas. However, it 
has no environmental consequences because, firstly, the gas is safely 
trapped in the fuel, secondly, large parts of it have already decayed in 
the fuel itself. Thirdly, even if it were released, the high radioactivity is 
in the xenon radioisotopes, which decayed a long time ago due to its 
short half-life and the remaining noble gases are inert and have only 
little effect on human body.

3.1.1. Source
Analysis of the isotope ratios of xenon and krypton can clarify the 

specific parent isotopes that underwent nuclear fission due to the 
different thermal fission yields for 235U and 239Pu. The ratio 86Kr/ 
(83Kr+84Kr) is used because 83Kr+84Kr is insensitive to neutron capture 
after production and thus reflects the fission yield ratio rather than the 
neutron flux [1]. The ratio 134Xe/(131Xe+132Xe) adheres to analogous 
principles. Notably, these fission yield ratios exhibit significant diver
gence between uranium and plutonium fission, this makes them valu
able for isotopic characterization [1,5]. The different fission yields for 
Pu-fission of 86Kr (0.761) and 83Kr+84Kr (0.484 +0.294) result in a 
ratio of one for pure Pu fission. If there is more U fission, the fission yield 
for 86Kr (1.96) increases much more than for 83Kr+84Kr (0.996 +0.552) 
and the ratio shifts to 1.3 (Magill, 2018) (Magill, 2018). The same as
sumptions and justifications of 86Kr/(83Kr+84Kr) also apply to 
134Xe/(131Xe+132Xe). With the fission yields for 235U, the ratio of 
134Xe/(131Xe+132Xe) for pure uranium fission is 1.07 and for 239Pu with 
a pure plutonium fission is the ratio 0.75 (Fig. 3).

In four of the measured particles (Ares, Eurybia, Heimdall, Thor) in 
Fig. 4 the resulting fission gases are mainly caused by uranium fission. 
This also fits very well with the fuel used in the reactor, which has an 
enrichment level of approximately 2 % 235U and a low burnup of around 
11 GWd/tU [9,15,31,33]. The substantial error bars observed for Ida 
stem from the limited gas release during these measurements which is 
consistent with its small size, low 137Cs concentration, and the likeli
hood of variable loss of included fission gas during ejection in the ex
plosion. Consequently, it is unsurprising that the recorded gas quantities 
are modest, resulting in high uncertainties.

The isotopic composition of the Nereus particle deviates significantly 
from that of the other microparticles. This is far outside the expected 
range and indicates significantly more 239Pu fission in the production of 

Fig. 1. Cutting process with two needles at one particle. Left: schematic diagram of the cutting process. Right: Cut particle with one half of the particle on one needle.

Table 1 
The table shows the particles measured using noble gas mass spectrometry. The 
activity is given in Bq at the time of measurement. The morphology estimated 
from the structure in the SEM image and the main elements measured in the EDS 
are also shown. It is evident that the particles exhibit adhesions of various ele
ments on their surface, including Fe and S. The nomenclature of the particles is 
employed for the purpose of identification.

Particle Date of 
Measurement

137 Cs 
[Bq]

241Am 
[Bq]

Main 
elements

Morphology

Ares 18th March 
2019

150(1) 7.6(1) U, Zr, Fe UXZrYOZ

Eurybia 20th January 
2023

19.2(1) 0.82(1) U UO2

Heimdall 03th August 
2021

10.1(1) 0.51(1) U -

Ida 04th August 
2021

0.09(1) 1.0(2) U, Fe, S UO2

Nereus 12th August 
2022

28.8(1) 1.68(2) U UO2+X

Thor 17th August 
2022

19.3(1) 1.36(2) U UO2
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the fission gases. Both, the krypton and the xenon ratios are in the range 
of more plutonium fission, although the xenon values differ more.

The SIMS and SNMS results suggest that the isotope ratios U and Pu 

Fig. 2. a) Particle structure of Momos before cutting. b) Pore structure of Momos after cutting with FIB c) Particle Mjöllnir with weathering before cutting, d) Pore 
structure of weathered particle Mjöllnir.

Fig. 3. The plotted 86Kr/(83Kr+84Kr) to 134Xe/(131Xe+132Xe) ratios serve as 
indicators of the likely sources of these isotopes from nuclear fission processes. 
Reference lines corresponding to the variation of the initial ratios during pro
duction in a range of fission sources on the figure for comparison [1]. The 
extremities of calculated values are highlighted using gray and black triangles 
and boxes, delineating the range of possible ratios. Each colored dot on the plot 
represents a measured ratio of 86Kr/(83Kr+84Kr) to 134Xe/(131Xe+132Xe), 
providing empirical data points within the context of the plotted theoretical 
calculations.

Fig. 4. The isotope ratios of 235U/238U and 240Pu/239Pu were measured with 
RIMS and SNMS. The data from van Eerten et al. [32], Raiwa [22] and 
Makarova et al. [20] were used. Nereus lies exactly in the trend of the particles 
and is not an outlier. The particle has an average burn-up and the U and Pu 
values provide no indication of a particle that was formed from other fuels.
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of Nereus are not unusual. They are exactly in line with the trend of the 
particles measured in various previous studies by van Eerten [32] and 
Raiwa [22] and the data published by Makarova et al. [20]. The particle 
is in the medium burnup range.

3.1.2. Age dating
Fig. 5 indicates how the date when the particles were irradiated can 

be inferred from the Kr and Xe isotope composition. The initial 85Kr/ 
(83Kr+84Kr) ratio varies somewhat with the fissioning material, but can 
be estimated by its correlation with the stable isotope ratios 134Xe/ 
(131Xe+132Xe) or 86Kr/(83Kr+84Kr), which are also diagnostic of the 
fission source. Measured 85Kr/(83Kr+84Kr) ratios are much less than 
estimated initial ratios due to radioactive decay, which allows an esti
mate of the date of irradiation. All particles have indistinguishable 85Kr 
dates ranging from October, 1981 + /- 8 years to November, 1985 + /- 
1 year, with a median age of July, 1985. This is consistent with the 
typical residence time of Chornobyl fuel rods in the reactor was 
1100–1200 days [2].

3.1.3. Thermal neutron flux densities
Isotope ratios involving 136Xe can be used to estimate thermal 

neutron flux densities in the reactor. 136Xe is produced through neutron 
capture by 135Xe, which boasts a notably high thermal neutron capture 
cross-section of 2.65 * 106 b. The conversion of 135Xe to 136Xe scales 
with the thermal neutron flux density. This relationship underscores the 
utility of 136Xe as a sensitive indicator of neutron activity under varying 
operational conditions. The values for all particles except Nereus are 
usual for the RBMK reactor and correspond to the expected values [11, 
21]. Noticeable different is the Nereus particle with significantly lower 
values for the thermal neutron flux densities (Fig. 6).

3.2. Comparison with RIMS measurements

The isotopic ratios of zirconium were also measured by resonance 
ionization mass spectrometry (RIMS). The Zr originates from two 
different sources: Zirconium produced by fisson (fissiogenic) is 

incorporated into the U matrix and distributed homogeneously over the 
particles’ entire UO2 matrix. Natural Zr is used for the fuel cladding. 
Hence, Zr at the surface of the particles has natural isotope ratios and 
little or no fissiogenic zirconium isotopes. Analogous to the noble gas 
measurements the different fission yields are used to estimate the frac
tion of 239Pu fissions. The method is described in detail by [24]. In brief, 
the 93Zr/91Zr and 94Zr/91Zr ratios shift from 1.10 and 1.09 for 100 % 
235U fission towards 1.6 and 1.77 with increasing 239Pu fissions 
respectivly. Interference from non-fissiongenic zirconium is ruled out by 
comparing the results of both isotope pairs. In this case the 93Zr/91Zr 
would drop as 93Zr is pure anthropogenic and not found in natural zir
conium while the ratio of 94Zr/91Zr shifts towards its natural abundance 
ratio of 1.55. These shifts lead to a discrapency in the calculated 239Pu 
fission fraction which indicate contamination with natural zirconium. In 
this study this was the case for the particle Ares which clearly shows 
cladding fused to its surface (Fig S3.).

The results for the remaining five particles are given in Fig. 7. All 
particles show about 10 % fission fraction from 239Pu which is compa
rable to the calculated value by the noble gas measurements (For 134Xe/ 
(131Xe+132Xe) all particles around 20 %, but Nereus 63 %, 86Kr/ 
(83Kr+84Kr) more differences between the particles from 11 % to 31 % 
and Ida, which is not evaluable with the large uncertainties). One par
ticle (Ida) shows a lower fission fraction consistent with 0 for the 93Zr 
based value. As the value is outside the 1-sigma uncertainty of the 94Zr 
value this is most likely a result of a minor natural zirconium interfer
ence. Nereus shows smaller spots of zirconium, which could be cladding 
material with neutral zirconium isotopic ratios in the element mapping, 
which can also reduce the apparent 93Zr/91Zr ratio.

4. Discussion

Analysis of the cut edges has provided deeper insights into the nature 
of fuel fragments from Chornobyl, particularly highlighting the presence 
of gas inclusions within the particles regardless of surface structure and 
environmental weathering. The predominant closed porosity of the 

Fig. 5. The age of the particles is shown in the figure. The source of the fission 
is again indicated on the X-axis. The ratio of the radioactive 85Kr (T1/2=10,74 
years) to the stable 83Kr+84Kr is given on the Y-axis. From this, the age of the 
particles can be easily calculated using the decay law. The black lines give the 
fission yields, which is the initial isotope ratio at formation, for various fission 
sources, with the same color-coding as in Fig. 4. The colored dots are the 
measured particles. The horizontal lines indicate the different decades to which 
the isotope ratios can be calculated back. All particles are calculated to have a 
similar age of approximately 40 years. The position of Nereus shows again that 
it must come from a different source of fission than the other particles.

Fig. 6. The Xe isotope ratios are plotted on the X-axis, as in Fig. 4, which 
indicate the source of the fission gases. The Y-axis shows the 136Xe isotope 
ratios, which are normalized to the same isotopes as for 134Xe. The 136Xe is an 
indicator of the thermal neutron flux densities in the reactor. The black lines 
give the fission yields, which is the initial isotope ratio at formation, for various 
fission sources, with the same color-coding as in Fig. 4. while horizontal lines 
represent various calculated thermal neutron flux densities, compare to Fig. 4. 
The majority of data points cluster around the 2 * 1013cm− 2s− 1 range, which is 
relatively low but characteristic of RBMK reactors. Nereus exhibits a distinct 
deviation from other particles, indicating significantly lower thermal neutron 
flux exposure compared to the rest of the dataset.
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particles results in the retention of the gas. The gas inclusions in the 
particles can originate from the detected pores or be incorporated into 
the UO2 matrix. These particles contain significant amounts of noble 
gases that persist decades after the Chornobyl accident which is in direct 
disagreement with previous reports where it was stated that all fission 
gas was lost from the core [30].

Plutonium is generated over time within a reactor through neutron 
capture by uranium and subsequent decay processes. This trans
formation results in the formation of plutonium with typically small 
quantities within the reactor. A review of the data from the noble gas 
measurements reveals that, with one exception, the data agree on their 
assessment of the fuel burnup, origin, thermal neutron flux, etc. The sole 
particle that fails to meet expectations is Nereus. There is no evidence 
that plutonium was contained as a raw material in the Chornobyl reactor 
[9,10,31]. It can be definitively stated that mixed oxide fuel (MOX) was 
not used in the Chornobyl incident, as the U and Pu isotope ratios of 
Nereus are clearly consistent with those observed in Chornobyl and the 
other measured particles [6]. At the top and bottom ends of the fuel rod, 
the neutron fluxes are significantly lower than in the middle of the fuel 
rod. In addition, the neutron flux densities decrease from the outside to 
the inside of the reactor, so an additional factor here could be not only 
the upper edge of the fuel rod, but also the radial center of the reactor. 
The higher 132Xe/131Xe ratio of Nereus indicates a that the particle 
experienced more fluence and thus a longer time in the reactor. So, on 
the one hand we have the values of 134Xe, which indicate a high burnup, 
and on the other hand the ratio of 136Xe/(131Xe+132Xe), which indicates 
a low neutron flux, thus low burnup and a longer time in the reactor. 
Also, the 235U/238U ratios of 1.22 % indicate, that this particle has a very 
low neutron flux. A prolonged residence time and/or an edge position in 
a relatively low neutron flux region of the reactor can account for the 
majority of the observations.

The possibility of an adherent contamination of Xe can be excluded, 
because negligible 129Xe was observed. The 129Xe is the indicator for 
contamination with atmospheric xenon, since this is not formed in the 
reactor due to the long half-life of the parent nuclide 129I (T1/ 

2=1.57 *107 years) [19]. The origin of the Xe isotope ratios is evident for 
all particles, with the exception of Nereus, for which a definitive 
explanation remains elusive.

The measured isotope ratios and the calculated age of the particles 

are consistent with the literature on the Chornobyl reactor accident [20, 
30]. There is no radiological hazard from the noble gases that have not 
yet been released or are being released slowly. The calculated age of the 
particles clearly dates them into the irradiation period before the acci
dent. It is unnecessary to determine the age of the particles from Chor
nobyl, as the release period is known. However, determining the age of 
other radioactive particles of unknown origin or from several sources is 
beneficial for further research. While such a radiochronology analyses is 
also possible by the isotopic pair 90Sr/88Sr [29,32] this gives an 
important second measurement, which were done for Ares and Heimdall 
by van Eerten et al. [32] and calculates to be 1985 ± 1, therefore the 
same age as the 85Kr measurements for these two particles. Here the 
produced fission gas is partially lost during the irradiation period while 
the strontium does not suffer from this effect [1]. There is no radiolog
ical hazard from the up to 1.5 % of noble gases in particles in the 
environment that have not yet been released or are being released 
slowly. 98,5 % of the original inventory in Chornobyl remained in the 
shelter. The correct identification of a sample from the edge of a pellet is 
of paramount importance in nuclear forensics as its elemental and iso
topic ratios differ dramatically from the average fuel pellet and thus 
would lead to wrong conclusions about the source of the sample [7,34]. 
The results after heating the particles give the same results and were 
thus confirmed by two different measuring devices RIMS and SNMS 
before and after heating. This validation underscores the reliability and 
robustness of the analytical approach employed in this study.

5. Conclusion

In summary, the measurements conducted have yielded significant 
success. Two novel methods for analyzing particles originating from 
Chornobyl have been established and will be utilized in future studies. 
The process of cutting the particles has been proven effective, enabling 
one half of them to serve as reference materials for future measurements. 
Analysis of the cut edges has provided deeper insights into the nature of 
fuel fragments from Chornobyl, particularly highlighting the presence of 
gas inclusions within the particles. Noble gas measurements carried out 
at LLNL have opened up new possibilities for studying µm-sized parti
cles. These particles contain significant amounts of noble gases that 
persist decades after the Chornobyl accident. These measurements made 
it possible to identify whether the particles came from fission processes 
of uranium or plutonium. What is impressive is that the age of the 
particles could be determined to a specific time window before the ac
cident happened, despite the small amounts of gas measured. Further
more, reconstruction of thermal neutron flux densities within the reactor 
during operation is achieved based on these measurements. They are 
aligning well with calculated models. Additionally, RIMS measurements 
conducted post-heating of the particles to high temperatures have 
consistently provided results corroborated by two separate measure
ment devices. This validation underscores the reliability and robustness 
of the analytical approach employed in this study.

Outlook

Further studies on more particles from Chornobyl and on Nereus 
would help to unravel the puzzle of the unusual Xenon isotope ratios. It 
would also be interesting to investigate other particles with unusual 
isotope ratios to see if there could be more samples with possibly more 
Pu fission.

The noble gas measurements can also be carried out in the future on 
other sources. These measurements could explain the origin and history 
of unknown fuel samples. Other types of reactors should have different 
characteristic gas releases and should also be distinguishable from 
detonated nuclear weapons. Furthermore, more particles from Chor
nobyl should be examined in order to be able to better explain particles 
like Nereus and to increase the statistics.

Fig. 7. The isotope ratios of 86Kr/(83Kr+84Kr) and 134Xe/(131Xe+132Xe) as well 
as of fissiogenic 93Zr/91Zr and 94Zr/91Zr are shown. The fissiogenic Zr is built 
into the UO2 matrix of the particles in contrast to the Zr cladding from the fuel 
rods. The proportion of 239Pu fission is calculated from these ratios and plotted 
on the y-axis for the respective isotope ratios and particles. No Zr ratios could 
be measured for Ares, as it has a Zr cladding with natural Zr isotope ratios. The 
fissiogenic Zr was measured for the other 5 particles. The error bars for Ida are 
particularly large, as hardly any gas could be measured here.
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Environmental implication

The detection of trapped fission gases like krypton and xenon, vol
atile fission products, in Chornobyl microparticles challenges previous 
assumptions that such gases were fully released at the high temperatures 
of the accident. This new process understanding suggests that long term 
environmental contamination by hot particles is more complex than 
initially thought. Understanding fission product entrapment and reten
tion in these particles - and release even after decades- highlights po
tential long-term environmental impacts and the need for ongoing 
monitoring and analysis to assess ecological consequences accurately of 
long-lived radioactive pollutants in the ecosystem.
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