Journal of Radioanalytical and Nuclear Chemistry (2023) 332:2741-2747
https://doi.org/10.1007/510967-023-08926-0

=

Check for
updates

A possible novel method in nuclear forensics: positron annihilation

spectroscopy

Csaba T6bi'?® . Zoltan Homonnay? - Karoly Siivegh®

Received: 23 February 2023 / Accepted: 29 April 2023 / Published online: 12 May 2023

© The Author(s) 2023

Abstract

Positron Annihilation Spectroscopy (PAS) is a non-destructive technique used mostly in material science for studying open
spaces/free volumes in materials. In this work, several different nuclear materials originating from the nuclear fuel cycle or
round-robin exercises are analyzed by PAS. Our goal was, as for a first test of applicability, to check whether the technique is
potentially suitable in a nuclear forensic examination for origin assessment of nuclear materials in order to support investiga-
tion. The results, presented below are promising and can certainly be further improved by analyzing larger sets of samples.

Keywords Positron lifetime spectroscopy - Doppler-broadening spectroscopy - Uranium ore concentrate - Nuclear fuel
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Introduction

Nuclear or other radioactive materials are present in every
step of the nuclear fuel cycle. Moreover, the peaceful use
of these materials can be found in the industry or in scien-
tific research, during medical diagnostics or therapy, and in
numerous other fields of science and technology [1]. How-
ever, nuclear or other radioactive materials associated with
these applications, if fallen into wrong hands, might be used
for terrorist or other criminal acts. Therefore, the Interna-
tional Atomic Energy Agency in its recommendations and
guidance is encouraging to establish State’s nuclear security
regimes, however, nuclear security is the State’s responsibil-
ity. “The responsibility for nuclear security within a State
rests entirely with the State, which has to ensure the security
of nuclear material, other radioactive material, associated
facilities, and associated activities under its jurisdiction.
Each State aims to achieve nuclear security by creating its
own nuclear security regime which is appropriate to that
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State” [2]. Nuclear Security means the prevention of, detec-
tion of, and response to criminal or intentional unauthor-
ized acts involving or directed at nuclear materials, other
radioactive materials, associated facilities, or associated
activities. The nuclear security infrastructure is an integrated
set of nuclear security measures. In response to a nuclear
security event, nuclear security measures should be initi-
ated, i.e. assessment, notification of competent authorities,
interdict(ion), activation of National Response Framework,
criminal investigation, radiological crime scene management
(collection of evidence), analysis of evidence (conducting
nuclear forensic and traditional forensic examinations),
prosecution and returning of the material under control [2,
3]. A key element of this system and response measures is
nuclear forensics, that means “the examination of nuclear
or other radioactive material, or of evidence contaminated
with radionuclides, in the context of legal proceedings under
international or national law related to nuclear security” [4].
During the nuclear forensic examination, in addition to the
exact identification and characterization of the materials
involved, the applied scientific methods should be, prefer-
ably, suitable for the determination of the origin (method of
production/manufacturing and or age since last separation.)
of the nuclear material. This requires not only destructive
techniques e.g. using chemical analysis, but sometimes it
is already very informative to apply detailed structural or
morphological characterization, i.e. lattice structure, grain
size, surface morphology, even visual outlook, and many
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others. To meet these requirements, Positron Annihilation
Spectroscopy (PAS) may provide a useful tool at the lattice
structure level, as positrons are sensitive to indicate changes
in the electron density distribution, lattice defect structure
and even secondary phase transitions can be explored.
Moreover, the techniques of PAS use well filtered specific
gamma energies (mostly the 511 keV annihilation radiation
and a characteristic gamma radiation of the positron source
nuclide in lifetime measurements) that is usually negligible
in relevant nuclear materials (some high energy gammas
may generate the 511 keV photons due to positrons born in
pair production), therefore the background radiation of the
radioactive sample causes no interferences. In the positron
lifetime measurements the measurement of the coincidence
makes the foreign positrons negligible, in the case of Dop-
pler broadening measurements the source of positrons does
not matter.

PAS is a non-destructive method that has been used in
materials science for decades. It is an important and unique
method in the study of the microstructure and the defect
distribution in metals [5—10]. Moreover, positrons provide
direct and exclusive information on free volumes in poly-
mers [11-15], semi-conductors [16—-19], and other non-
metallic materials [20-24]. Sometimes, PAS offers a valu-
able opportunity to study rather complex materials (chemical
complexes, mixtures), as well [25-32].

The positron, entering the sample material, loses its
energy in a few picoseconds and reacts as a low energy
particle in (thermal) equilibrium with its surroundings. As
the antiparticle of the electron, sooner or later, the positron
will annihilate with a surrounding electron. However, before
the annihilation, positrons get involved in various interac-
tions. A positron might participate in chemical reactions or
be trapped in a neutral or negatively charged open volume
defects. In non-metal materials, some of the positrons are
able to form even bound states with electrons. This bound
state is called positronium (Ps) and it resembles a hydrogen
atom in which the proton is replaced by the positron. The
most important physico-chemical reaction of a positron or
a positronium in solid materials is the process of getting
trapped in free volumes where the free volume means atomic
scale voids, lattice defects. This trapping is due to the local
fluctuations of the Coulomb potential [5].

At the end of its lifetime, a positron usually annihilates
into two 511 keV gamma-photons with an electron. The
local electronic structure (mostly electron density) modi-
fies the lifespan of positrons and changes the momentum
distribution of the annihilating electron positron pairs in the
matter [5, 33, 35]. The two most commonly used techniques
in PAS studies are Positron Annihilation Lifetime Spectros-
copy (PALS) and Doppler Broadening Spectroscopy (DBS).
If fast positrons are used, the source of which is a radioactive
nuclide, positrons penetrate the material up to a few tens of
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microns. However, if a slow positron beam is used, only the
topmost few microns of the sample surface is scanned [33].
In this study, we have applied fast positrons, so, the results
are characterizing the bulk of the sample materials.

Radionuclide containing materials have been measured
many times by PAS technique. Upadhyay et al. studied UO,
powders finding that positrons are suitable tools to deter-
mine defect structures in ceramic powders [35]. Roudil et al.
studied material exchange mechanism in actinide doped UO,
[36]. Lund et al. measured impurities and their effect on
the enthalpy change of vacancies in depleted uranium [37].
Macchi et al. identified oxygen related defects and vacancies
by PAS in UO, thin films [38]. As the above examples show,
PAS might be a powerful technique in the field of structural
studies of nuclear materials. Nevertheless, PAS has not ever
been used to identify the structure and the origin of nuclear
materials in forensic examinations.

The aim of this study was to show that the PAS technique
might be a tool that is able to provide structural information
about nuclear materials and, in some special cases, it might
even help track the origin of the material in a cost effective
and fast way. During the work, we compared nuclear materi-
als of different but known origin and of certified structure.

Experimental

Fourteen different nuclear samples were analyzed in this
study by PAS. Most of the selected samples were certified
reference materials. These samples were nuclear materials
with known analytical data determined by other techniques,
i.e., reference materials from the International Atomic
Energy Agency, samples from nuclear forensic round robin
exercises e.g. Collaborating Material Exercise (CMX)
organized by the Nuclear Forensic International Technical
Working Group (ITWG), samples analyzed in international
partnerships and even some real confiscated materials. The
materials selected for the study are described in Table 1.

Most of the samples were, even in their ‘as received’
states, fine powders. However, some of them had to be pul-
verized to cover the positron source with the sample ade-
quately. This process was performed on Samples No. 2, 3, 4,
and 13. Prior to the measurement, each sample was homog-
enized and 300 to 500 mg was taken for the measurement
depending on the density and the amount of the particular
sample. The sample thickness was large enough so that all
the positrons emitted from the source were absorbed in the
sample.

The samples were mostly uranium oxides of different
chemical composition. Thus, every sample contained all
the isotopes being normally present in an uranium decay
chain. However, this background radioactivity did not dis-
turb PAS measurements. First, the activity of the positron
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Table 1 Nuclear samples

measured by PAS. Samples with Sample ID Sample type Sample origin* Chemical composition**
the same c.hemical compositions Sample no. 1 Nuclear fuel pellet ITWG round robin exercise  UO,, U304
2?;?&;?;??;2;““1]36“ are Sample no. 2 Nuclear fuel pellet ITWG round robin exercise UO,

Sample no. 3 Nuclear fuel pellet ITWG round robin exercise UO,

Sample no. 4  Nuclear fuel pellet ITWG round robin exercise UO,

Sample no. 5  Nuclear fuel pellet Confiscated by authorities ~ UO,, UO;-2H,0

Sample no. 6  Nuclear fuel pellet Confiscated by authorities ~ UO,

Sample no. 7 Uranium ore concentrate Reference material U504

Sample no. 8  Uranium ore concentrate Reference material UO,e2H,0

Sample no. 9 Uranium ore concentrate Reference material UO05:0.8H,0, U505,

Sample no. 10  Uranium ore concentrate Reference material U;0q, UO5-2H,0, UO;-0.8H,0

Sample no. 11 Uranium ore concentrate Reference material U,(NH;)O4-3H,0

Sample no. 12
Sample no. 13
Sample no. 14

Uranium ore concentrate
Uranium ore concentrate

Uranium ore concentrate

Reference material UO;-H,0, U;04

U 3054, Uy(NH;)O4:3H,0

U05:0.8H,0,
(U0,)30,(0H),-12H,0,
(U0,)5(50,),(OH),-8H,0

Reference material
Round robin exercise

*Please note, that the origin of samples cannot be given precisely for security reasons

**Chemical composition were determined by X-ray Diffraction Analysis

source was well over the activity of the samples and even
that was well below the undistorted detection limits of the
detectors. Moreover, in the case of PALS, the coincidence
technique applied eliminates the background almost totally.
In the case of Doppler-distribution measurements, none of
the isotopes in the samples had a characteristic line around
the annihilation energy. So, only a Compton-background of
these isotopes was expected around the annihilation line.
This background was more or less flat, leaving the Doppler-
parameters unaffected.

After covering the positron source, all the samples were
wrapped in aluminum foil together with the positron source,
ensuring that the sample covered both side of the source
adequately.

The positron source for PAS measurements was made of
carrier free >*NaCl sealed between thin (2 mg-cm~2) Kapton
foils. The activity of the source was approximately 5-10° Bq.

PALS measurements were performed by a fast—fast coin-
cidence system with two BaF, crystal detectors. The pho-
tomultipliers were Philips XP2020Q tubes. The electronics
was built from ORTEC CF-DDs and TAC, and a Tennelec/
Nucleus PCA-3 card (AD-converter + memory). The Spectra
were collected in 4096 memory channels till reaching about
1.5 million counts overall. The channel time was 12.9 ps
while the time-resolution of the system was about 220 ps.

The Doppler Broadening Spectroscopy (DBS) meas-
urements were performed with a High Purity Germanium
(HPGe) detector manufactured by DSG (Detector Sys-
tem GmbH). The electronics contained a Canberra 2026
amplifier and a Tennelec/Nucleus PCA-3 card (AD-con-
verter + memory). The resolution of the system was about

1.1 keV for the annihilation photo-peak (511 keV). For the
characterization of the samples, we used both of the usual
Doppler-parameters, S- and W-parameters.

Results and discussion

Results of the DBS measurements are shown in Fig. 1
arranged in an S—-W diagram.
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Fig. 1 Results of Doppler Broadening Spectroscopy measurements.
Closed symbols indicate fuel pellets while open ones mark uranium
ore concentrates. Where error bars are not given, they are smaller
than the size of the symbol

@ Springer



2744

Journal of Radioanalytical and Nuclear Chemistry (2023) 332:2741-2747

Fuel pellets (Samples 1-6, full symbols) provide S—W
pairs scattered widely on a more or less straight line. Even
if the dominant phase is UO, in these cases (as confirmed
by powder XRD measurements), the characteristic Doppler-
parameters distinguish samples of different manufacturing
processes. This phenomenon gives a chance to find a way to
identify the origin of the fuel pellets. The points are well-
separated indicating different electronic structures for the
various pellets. Even if further details of the defect structure
created in the manufacturing process cannot be read from
these data, the wide separation of S—W pair values are prom-
ising from the point of view of forensic research. However,
in irradiated materials, highly enriched uranium, and in Pu,
defects can be created due radiation damage in addition to
those produced by the manufacturing process. These may
include F-centers, colloids, and He bubbles.

Obviously, this limited study only provides a hint and
further research is needed to decide whether the observed
differences are random or they are characteristic to the man-
ufacturing processes of the pellets.

On the other hand, ore concentrates (open symbols) pro-
vide S—W pairs scattered in a small area in Fig. 1. Despite
the fact that sometimes even the chemical composition of
the samples differ, the S—W points are very close to each
other. This steadiness of S—W data can well suggest that,
in all the ores, positrons annihilate at similar surroundings,
regardless even of the chemical composition of the ore. This
latter assumption is supported by lifetime data (see below)
suggesting similar annihilation surroundings, as well. This
might help localize the place of annihilation.

In comparison to DBS measurements, the positron life-
times distinguish the fuel pellet and ore concentrate samples
in a different way: they show significant differences divid-
ing the samples into two groups (Fig. 2). The fuel pellets
(Samples No. 1-6, closed symbols) and the uranium ore
concentrates (Samples No. 7-14, open symbols) can easily
be separated by the average positron lifetimes having average
lifetimes of 267 +5 ps and 317 +7 ps respectively. The ore
concentrates provide always a significantly longer lifetime
than any of the manufactured pellets. The longer value indi-
cates a ‘looser’ structure (probably with more defects). The
average electron density is much lower in the ores than in the
fuel pellets providing a longer average lifetime.

A closer look at the lifetime spectra can probably clarify
some of the dim aspects of the connection between PAS and
the structure of a uranium oxide sample. Every spectrum
was evaluated into three lifetime components, all indicating
a separate positron state in the sample.

The longest lifetime was, in every case, a low intensity
(<2%) long-living (1600-1800 ps) component. This can
be identified as the sign of positronium (Ps) formation on
the surface of the uranium oxide grains. This kind of Ps-
formation is well-known for fine grained materials [34]. In
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Fig.2 Average positron lifetime results. Where error bars are not
given, they are significantly smaller than the size of the symbol

our cases, the intensity of this component was always too
low and lifetime differences were irrelevant. Therefore, we
ignore this component for further discussions.

The medium lifetime component was around 381 +5 ps
in every studied sample and proved to be surprisingly sta-
ble, regardless of the type of the sample. The length of the
lifetime indicates a positron trapped in a relatively large
free volume hole (interstitial, U-vacancy, vacancy cluster,
etc.) with low electron density in the hole. Due to the sta-
bility of the lifetime, we should look for a crystal position
that is present in both types of materials, ores and fuel
pellets. Unfortunately, this limited study does not allow
us to identify the defect.

The relative intensity of the medium component varies
with the type of the material (Fig. 3). It is significantly
higher in the uranium ore concentrates (55 +4%) than in
the manufactured pellets (33 =4%). This result suggests
that the concentration of the corresponding crystal defects
vary while the ore is processed. Although they are still
present in fuel pellets, the manufacturing process removes
a lot of them.

The shortest positron lifetime suggests a ‘denser’ struc-
ture in pellets (Fig. 4) than in ores. The lifetime is shorter
in pellets (173 +£ 6 ps) than in ores (204 +9 ps). Conse-
quently, as this lifetime component is usually connected
with free annihilation (or shallow traps in certain cases),
the average electron density is higher in fuel pellets than
in ores.

Summarizing the lifetime details, we should conclude that
the manufacturing process removes a lot of free volume type
crystal defects from the ores and leads to a structure with
higher electron density in every case. According to positron
lifetime data, the structures of processed pellets of differ-
ent origins are close to each other. On the other hand, the
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Fig.3 The intensity of the medium lifetime component. This compo-
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Fig.4 The shortest lifetime component in the different samples. This
lifetime represents the dense, regular parts of the materials (crystals)

studied ore concentrates differ remarkably from each other
and from the pellets.

The marked difference between the ore concentrate sam-
ples must be due to two different effects. The origin of the
ore (the mine) obviously determines what kind of impurities
as dopants may be present in the uranium mineral lattice
(pitchblende, uraninite, etc.) and what kind of other minerals
may form mixed phases with the uranium compounds. On
the other hand, the oxide type uranium minerals are often
denoted as U;0y, indicating a UY/U" mixed oxide. The lat-
tice of such an oxide readily contains defects, thus offering
trapping sites for positrons.

Chemical and thermal processing of the ore concentrate
(fuel pellet production) partially removes these defects just

like the chemical impurities, and this can sensitively be
observed in the positron lifetime data.

Conclusions

According to our results, PAS can be used to differentiate
between nuclear materials based on microstructure. PALS
can definitely separate ore concentrates from fuel pellets.
The average positron lifetime measurements can be helpful
to identify enriched pellets according to their origin. Moreo-
ver, remarkable indications were found that the method is
able to differentiate uranium ore concentrates by their geo-
graphical origin. DBS provided well separated S—W values
for the pellets, suggesting a possibility to identify the nuclear
forensic signature (e.g. manufacturing technology) of fuel
pellets. To establish a useful forensic tool, further studies are
required to collect more data to gain higher statistical sig-
nificance for the observed differences in spectral parameters.
A database with PAS analytical data on nuclear materials
would be useful for origin assessment of the samples.

Additional measurements are needed on model com-
pounds to determine the mechanism of the formation and
annihilation of positron states in the different types of
nuclear materials.

Our measurements showed that the PAS is a cost effec-
tive, low-maintenance, easily accessible and easy-to-main-
tain technique that can be used to perform rapid nuclear
forensic analysis in case of some special type of nuclear
materials as uranium ore concentrates.
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