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Abstract:

Nuclear safeguards are technical measures used to detect
the diversion of nuclear material and technologies from
their peaceful use. A key trait of safequards is represented
by measurements, which allow operators and inspectors to
verify the nuclear activities and the amount of nuclear
material declared by the States. In particular, an important
class of measurements are Non-Destructive Assay (NDA)
techniques, which allow one to characterize samples while
preserving their physical integrity. NDA represents a rapid
and effective method for measurements of nuclear
materials in a variety of situations (from process lines to
finished products, scrap and waste materials), with the
possibility to perform on-site measurements, reducing
radioactive waste production and offering wide margins for
automatization and remote operation. However, there are
situations where the use of NDA is not recommended or
possible and one has to rely on Destructive Assay (DA) (i.e.,
techniques which alter the integrity of the item analysed).
This happens, for example, in environmental sampling,
when dealing with highly diluted nuclear materials, or when
the radiation emitted by the sample is weakly penetrating.
In conclusion, the integrated use of different NDA and DA
techniques is the best possible solution for measurements
in the frame of nuclear safeguards.

Keywords: Nuclear Safeguards, Nuclear Instrumentation,
Nuclear Measurements, NDA techniques.

1. Introduction

Nuclear materials and technologies offer a powerful tool for
the progress of society and industry across the world.
However, the same instruments may also be used in a
harmful way, like for the development of nuclear weapons.
To detect the diversion of nuclear material from plants and
facilities, preventing the proliferation of nuclear weapons
and the illicit trafficking of nuclear and radiological materi-
als, a series of international technical measures have been
developed in the form of legally binding agreements. These
measures are known as “nuclear safeguards”. Nuclear
safeguards originated from the signing of the Non-Prolifera-
tion Treaty (NPT) in 1968, when non-nuclear weapon
States officially declared that they would not develop nucle-
ar weapons and agreed on establishing measures enabling
the verifications of compliance to the NPT [1]. These verifi-
cations are performed by safeguards inspectorates: at an
international level, the reference authority is represented by
the International Atomic Energy Agency (IAEA) [2], while, for
example, at the European Union level the reference author-
ity is EURATOM [3], [4]. The European Commission collab-
orates actively with EURATOM in the frame of safeguards
development via the DG ENER (EURATOM Safeguards) [5]
and the Joint Research Centre (Nuclear Security Unit) [6],
[7]. Another important contribution to European nuclear
safeguards is given by the European Safeguards Research
and Development Association (ESARDA), an association of
European organizations established in 1969 to advance
and harmonize R&D in the area of nuclear safeguards [8].

Initially, safeguards were only focused on the verification of
activities and amounts of material declared by the States to
the inspectors, but after the Iraqi crisis of 1991 [9], through
the Additional Protocol (AP) (also known as INFCIRC/540)
by IAEA [10], they became aimed at providing a more com-
prehensive picture of a State’s nuclear activities.

Through safeguards, a State can demonstrate to others
that its nuclear material and technologies are being used
for peaceful purposes. The IAEA safeguards were estab-
lished about 60 years ago and nowadays it is clear that nu-
clear cooperation and the exchange of scientific and tech-
nological expertise among countries have benefited from
these measures. At present, more than 180 States world-
wide have put into force IAEA safeguards [11]. The continu-
ous enhancement of safeguards efficiency is crucial to
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improve the cost-effectiveness of safeguards mechanisms,
to encourage international peaceful nuclear collaboration
based on the exchange of nuclear technologies and mate-
rials, and to adapt to evolving/emerging technologies (e.g.,
Gen IV reactors, Small Modular Reactors, nuclear fusion,
...). Furthermore, by enhancing safeguards efficiency, the
IAEA can maintain its credibility and effectiveness in imple-
menting safeguards on a global scale.

To detect the diversion of nuclear material from declared
activities to undeclared activities, it is necessary to account
for the declared material via inspections and measure-
ments. In particular, measurements of mass and/or volume
and sample analysis play a key role in the control of nuclear
material since they allow the characterization of the material
both qualitatively (i.e., identifying its nature/components
(isotopic composition)) and quantitatively. Measurement
techniques can be divided into two main groups: Non-De-
structive Assay (NDA) techniques and Destructive Assay
(DA) techniques.

Non-Destructive Assay techniques allows the investigation
of a sample preserving its physical integrity, as suggested
by the name itself. NDA techniques have matured over the
years and gained in precision, and nowadays these tech-
niques allow for efficient and accurate measurement of nu-
clear material, including special nuclear material (SNM) like
plutonium and enriched uranium [12], as well as other nu-
clear materials such as neptunium *’Np) [13], which in turn
allows authorities to draw elaborate safeguards for nuclear
material accounting and control (NAMC), process control
and perimeter monitoring [14].

In contrast to NDA techniques, DA techniques involve sam-
pling from the material under analysis, affecting its physical
integrity. Each sample taken from the original item must be
representative of the bulk of the material from which it is
taken. Moreover, these samples usually undergo a prepa-
ration prior to the measurement, which changes their phys-
ical/chemical form. For example, specific solutions or ox-
ides may be required to carry out the measurement.
Besides the analysis of samples of nuclear material for the
verification of declared amounts of material, DA techniques
are crucial for the detection of undeclared nuclear activities
through environmental sample analysis. Furthermore, DA
techniques are crucial to certify working standards used for
the calibration of NDA techniques. The most common DA
techniques for nuclear safeguards are based on precipita-
tion/weighting of chemical analytes, analytical electro-/ra-
dio- chemistry and mass spectrometry.

Besides measurements, IAEA safeguards also involves
containment and surveillance as key elements for drawing
conclusions.

This paper describes the NDA techniques used for nuclear
safeguards — focusing on the main techniques and provid-
ing some examples of advanced and novel methods — with

the aim of pointing out their benefits and drawbacks. In-
stead, a detailed discussion of DA techniques and of con-
tainment and surveillance, which is beyond the scope of
the present work, can be found, for example, in [15].

2. Overview of NDA techniques

The main NDA techniques used for nuclear safeguards can
be classified into three groups:

a) Gamma-ray spectrometry: this technique measures
the gamma rays (and X-rays) emitted by radioactive nu-
clides in terms of energy and intensity. Because the pho-
tons are a “fingerprint” of the emitting nuclide, gamma-ray
spectrometry allows a qualitative analysis of the sample
(i.e., it allows one to recognize which nuclides it contains)
besides the quantitative analysis linked to the abundance of
isotopes in the sample. The reference tools for this NDA
technique are gamma-spectrometers, which can include
scintillators and semiconductor detectors. The detectors
sense radiation based on the excitation (scintillators) and
ionization (semiconductors) of the active material by the in-
coming y rays [16]. In the context of nuclear safeguards,
scintillators (like Nal(Tl) or LaBr,), having a good efficiency
but a relatively poor energy resolution, are commonly limit-
ed to uranium enrichment studies. On the contrary, semi-
conductors like high-purity germanium (HPGe), offering ex-
cellent energy resolution but a limited efficiency, are
routinely used to obtain and unfold complex spectra such
as the one of Pu isotopes. Figure 1 shows a comparison of
spectra of U and Pu acquired with different instruments.

Nevertheless, it should be pointed out that gamma-ray
spectrometry is not capable of measuring the isotope **Pu
due to its very low specific gamma activity. Moreover, the
drawback for the excellent resolution of HPGe is that the
detector must be maintained at a low temperature (typically
at 77 K), which makes the detector setup bulky and expen-
sive. A good compromise between efficiency and resolu-
tion is represented by semiconductors like CdTe and
CdZnTe, which can be operated at room temperature. In
[16] a list of the state-of-the-art scintillators and semicon-
ductor detectors is available, showing all their main features
and discussing their performance.

In general, gamma-ray spectrometry is fundamental for the
detection of divergences (“defect verification”) between the
declared and measured values of spent fuel [18], [19]. As an
example, semiconductors are routinely used for the detec-
tion of fission products in spent fuel.

Gamma-ray spectrometry is an NDA technique requiring
sophisticated instrumentation and skilled operators: deep
training [20] is crucial to master both the hardware and the
software (including numerical codes) accompanying the
spectrometers [21]. The relative error associated with gam-
ma-spectrometry measurements varies with the isotope
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Figure 1. Examples of (a) high resolution (HPGe) and (b) low resolution (Nal)
spectra for **U and **Pu. Image adapted from [17].

content (enrichment, fuel burnup, ...) and with the counting
time: typical values are in the range of ~0.1%-10% [22].
Generally, high-resolution gamma-spectrometry can detect
directly a mass of **U/**Pu greater than about 10 mg [23],
[24].

It is worth mentioning that a novel technique based on
gamma-ray detection such as partial defect verification:
gamma-ray emission tomography [25].

b) Neutron assay: this technique is based on the detection
of fission neutrons emitted by fissile and special nuclear
materials either spontaneously or due to reactions induced
by an investigation source. The detectors used for this as-
say are typically gas-filled detectors, mainly °He proportion-
al counters which can detect thermal neutrons via the
reaction:

n+°He— p+°H + 764 MeV
(0, = 5330 b) ()

The charged reaction products in Equation (1) interact with
the filling gas of the detector (via ionization and excitation
events), generating an electrical signal (charge pulse), from
which the presence of neutrons is deduced. Since fission
events generally release 2-3 neutrons [26], neutrons pro-
duced by fission can be discriminated from random

neutrons occurring from background natural/cosmic radia-
tion and from the ones of interrogation sources by using
electronics working in coincidence mode. The rationale for
discrimination is the following: if two pulses are detected
within a short time window (“gate”) they are considered as
temporally correlated events and are counted as a real fis-
sion event (“double”), on the contrary, if only one event is
detected it is considered a random individual neutron. This
is the basis of the neutron coincidence counting method
(NCC), which is the most widespread NDA technique for
the determination of the Pu mass in bulk samples. More
complex algorithms, such as neutron multiplicity counting
methods (NMC) have been developed to account for sin-
gle, double and triple events detected within the gate, in or-
der to extract quantitative information about the neutron
multiplication effect within the sample [27]. If real coincident
multiples are present, the distribution in time of events (de-
tector pulses/counts) that follow an arbitrarily chosen start-
ing event (pulse) is given by the Rossi-alpha distribution:

S(t) = A+ R-e'% 1)

where A is the accidental coincidence count rate, R is the
real coincidence count rate and tis the die-away time of
the detector assembly [23]. The exponential form of the
Rossi-alpha distribution comes from the fact that a popula-
tion of coincident neutrons emitted at a time t = 0 in a
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fission reaction will decay in time as e = . Figure 2 shows

an example of a Rossi-alpha distribution: a prompt gate
starting at t = 0 and ending when the distribution reaches a
plateau collects real coincidences (“R”, green area) plus ac-
cidental events (“A”, red area), while a sufficiently delayed
gate as wide as the first one collects only accidental
events. Counting the events in the two gates and subtract-
ing the events collected in the delayed gate from those col-
lected in the prompt gate gives the real counts. This is
done in practice using shift register electronics [15], [23].
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Figure 2. Rossi-alpha distribution (dashed line) of detection
events. Key: R = real coincidence counts (green area), A =
accidental coincidences (red area), dotted line: accidental
coincidence background, T = neutron die-away time.

The main advantage of passive NMC (i.e., NMC without an
investigation source) is that it does not need calibration with
a series of representative physical standards to determine
the instrument response curve like NCC. Moreover, the ad-
ditional precision of this technique makes it suitable for the
analysis of heterogeneous Pu samples like scrap MOX
material.

Since the Pu spontaneous fission yield (due to **Pu, #*°Pu
and **Pu decays) is higher than that of U, Pu-containing
samples can be investigated without the use of an external
neutron source inducing fission, while for U measurements
an investigation neutron source has generally to be em-
ployed. As #*°Pu is usually the major even isotope present
in both low- and high-burnup plutonium, the plutonium
mass measured with neutron assay is typically expressed
as equivalent mass of *°Pu (m**), namely the mass of
#9py that would give the same coincidence response as
that obtained from all the even isotopes in the actual sam-
ple [23]. For measurement of **°U enrichment in uranium
samples, an AmLi (a,n) source is typically used to induce
fission in the sample because of the low average energy
(around 0.5 MeV) of its neutrons, so that fast fission (e.g.,
on #**U) is negligible. Note that an investigation source is
also needed to measure **Pu mass [23].

Another option for performing neutron assay is by using lig-
uid and plastic scintillators (or gaseous ones [28]), where
fast neutrons are detected via the light nuclear recoils
(mainly protons) they generate in the scintillator itself. As the

recoil energy is correlated to the initial neutron energy, this
technique allows operators to perform a quantitative/spec-
trometric analysis of the fast neutron field. Moreover, if scin-
tillators are equipped with thermal neutron absorber layers
(containing B, Cd, Gd, Lj, ...), they are able to detect (count)
thermal neutrons too. The use of scintillators is more recent
and less widespread than that of gaseous detectors [29].

Finally, note that fission chambers [16] are employed in cas-
es where high neutron fluxes can overcharge the detectors,
like in the measurements of spent nuclear fuel.

The most ubiquitous detectors for neutron assay based on
®He are the neutron coincidence counter (NCC) — with or
without an interrogation source — [23], the active well coin-
cident counter (AWCC) [15], the EURATOM fast collar [30]
(routinely used by the European Commission’s inspectors)
and the underwater coincidence counter (UWCC) [31] (usu-
ally dedicated to Pu measurements in MOX fuel assemblies
prior to irradiation). Instead, an example of detection sys-
tem based on (liquid) scintillators is the fast neutron collar
(FNC) [32], [33]. The instruments used for neutron counting
contain a series of detectors which are typically arranged in
compact geometries such as “wells” for relatively small
samples or “collars” suitable for the analysis of bigger sam-
ples like PWR and BWR fuel pins/assembilies, etc. All these
instruments offer compact and easy-to-use solutions for
short-time on-site Pu and U measurements, relying on a
large set of well-documented and internationally recog-
nized procedures; however, they are bulky instruments of-
ten housing radioactive sources, so they are not usually
customizable for measurement of “non-standard” samples.
For instance, some counters are optimized only for PWR
fuel assembly analysis and the presence of a radioactive
source rises radiation protection issues. When dealing with
massive/self-shielding samples, cadmium liners can be
generally inserted in these instruments to improve the pen-
etrability of the interrogating neutron flux in the sample:
when cadmium liners are present, the instrument is said to
operate in “fast mode” (e.g., the EURATOM fast collar oper-
ates in fast mode) [34].

Typically, the IAEA international target values (ITV) for the
relative uncertainty of neutron assay techniques are of a
few percent, but errors around 1% or less can be usually
achieved by properly tuning the measurement time [22],
[30], [35]. The minimum detectable mass of ***U via neutron
counting technigues lies commonly in the range 1 mg - 100
mg, while for plutonium the detection limit ranges roughly
from 1 mg to 500 mg in terms of m**, depending on both
the method used and the material composition of the item
analysed [23], [36], [37], [38].

c) Calorimetry: this technique is based on measuring the
thermal power produced by the radioactive decay of sam-
ples placed inside containers, using calorimeters based on
thermocouples and/or thermopiles. The main advantages
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of the technique are that the assay is independent of the
sample geometry and that it applies to a wide range of ma-
terial forms. Calorimetry is mainly used to assess the total
mass of plutonium inside a sample, but it requires knowl-
edge of the plutonium isotopic mass ratios (usually given by
gamma-ray spectrometry) [39], [40]. The Pu measurement
via calorimetry is justified by the relatively high thermal
power emitted by Pu isotopes and decay products, in par-
ticular *®Pu and **'Am [39], [40]. Calorimetry is the most
accurate NDA technique available for plutonium mass
measurements, and it has become a standard in the USA
[39]. Nevertheless, it shall be noted that calorimetry meas-
urements typically require a long time for thermal equilibri-
um to be reached and, moreover, a quite stable room tem-
perature should be kept not to jeopardize the measurement
performance, which makes calorimetry not suitable for in-
dustrial/workplace environments. The relative error associ-
ated with (the sole) thermal power measurement is typically
below 1% [41]. It shall be noted that, due to the typical di-
mensions of the instrumentation used for calorimetry
measurements, this technique is often restricted to small
samples (< 80 L in volume). However, there exist systems
for the calorimetry of samples with a volume of up to about
400 L [42]. The detection limit in terms of Pu mass general-
ly ranges from a few tens of mg to about 10 g of Pu,

depending on the thermal power resolution of the calorime-
ter [42], [43].

NDA techniques are commonly divided into two categories,
active and passive techniques: in the former case, one
measures the radiation spontaneously emitted by the sam-
ple, in the latter case the radiation measured is induced in
the sample employing external sources. Table 1 summaris-
es the main NDA techniques discussed in this Section,
while Figure 3 shows some examples of instrumentation
typically employed to perform these assays.

The techniques discussed so far represent the most wide-
spread and consolidated NDA methods used for nuclear
safeguards (note that the IAEA inspectors use more than
100 different NDA systems [15]). More advanced and/or
novel NDA techniques have been developed to increase
the effectiveness and efficiency of nuclear safeguards. A
few meaningful examples of these techniques are briefly
outlined in the following lines, while a more detailed over-
view of these methods can be found in [15] and [34].

K-Edge Densitometry (KED) consists in irradiating a sample
with highly collimated X-rays and measuring the abrupt
change of the transmitted X-ray intensity in correspond-
ence of the so-called “absorption edge” of the atomic

Main .
NDA Catego Type Instrument L Advantages Disadvantages
gory yp applications 9 g
U enrichment Complex
determination Possibility to instrumentatign need for
Qualitative (LEU and HEU), precisely detect/ e
. . . . ) deep operators’ training,
+ Spectrometers Pu isotopic identify nuclides, a .
Gamma-ray . o o . possible need to keep
Passive - (scintillators and composition wide range of
spectrometry quantitative ) P detectors at low
semiconductors) | verification, fresh | software and codes
. temperatures,
MOX fuel for nuclide . .
e . o (sometimes) expensive
verification, spent identification. . .
e instrumentation.
fuel verification.
Compact and Bulky instrumentation,
easy-to-operate (possible) presence of a
Gas-filled Pu and U mass instrumentation, radioactive source
G . well-documented (hence, dose to
Quantitative proportional measurement at ; . )
. . international operators), (possible)
Neutron Passive or (and counters, practically any . .
. . - . procedures, high need for reference field/
assay active sometimes scintillators, enrichment and ) )
o . . . accuracy sources for calibration,
qualitative) fission chemical/physical ) - .
achievable, self-shielding effects in
chambers sample form. .
relatively short the sample can perturb
measurement time measurements, fixed
(<1h). setup (sometimes).
Applicable to a Long time needed to
wide range of reach thermal equilibrium
material forms, very and/or good statistics,
Total Pu mass accurate, simple need for near-constant
Calorimetry Passive Quantitative Calorimeters technology, ambient temperature,
measurement. .
relatively cheap (often) adapt only for
instrumentation, no small samples, not
calibration source suitable for U
required. measurements.

Table 1. Summary of the key features of the main NDA technique used for nuclear safeguards.
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Figure 3. Examples of instrumentation used for the main types of NDA techniques (not to scale).
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K-shell of a selected element to determine its concentration
in the sample [44]. KED is generally applied to uranium or
plutonium solutions with concentrations > 50 g/L, so that it
is an ideal candidate for the analysis of reprocessing prod-
uct solutions [22], [45]. The measurement uncertainty can
be below 0.5% (depending on the counting time) [22].

Interferences can occur when elements having similar K
absorption edges are present, so that corrections must be
applied for samples containing both uranium and plutoni-
um. Alternatively, when dealing with mixtures of uranium
and plutonium, one can exploit Hybrid K-Edge Densitome-
try (HKED) [44], [45], which results from the combination of
KED with X-ray fluorescence (XRF). HKED employs a single
X-ray source for K-edge densitometry and fluorescence ex-
citation. The concentration of the most abundant actinide is
determined by KED, while the concentration of the other is
derived from the XRF peaks. HKED is applicable to all U,
Th, Pu, U-Th and U-Pu specimens containing at least 0.2
g/L of the main actinide, so that it allows the verification of
reprocessing plants solutions having typical U concentra-
tions of 150-250 g/L and Pu concentrations of 1-3 g/L [45].
An accuracy of about 0.20% for U and 0.60 % for Pu can
be achieved in samples with a U/Pu ratio of about 100 [45].
Needing a fine X-ray spectrometry, both KED and HKED
are normally performed with HPGe detectors [22]. Note
that the accuracy of KED and HKED is better than that of
high-resolution gamma spectrometry, leading to lower de-
tection limits for the mass of nuclear materials. Another ad-
vantage is using an external, tunable investigating source
instead of relying solely on the radiation emitted by the
sample itself, which may be too weak to detect the source.

Moving to neutron measurements, an advanced NDA tech-
nique is the Neutron Resonance Transmission Analysis
(NRTA) [46]. NRTA is based on the measurement of the in-
tensity of neutrons that have traversed a sample as a func-
tion of the neutron energy. By so doing, it is possible to

correlate the reduction in the intensity of neutrons of a giv-
en energy to their absorption inside the sample due to the
presence of specific isotopes, which are individuated and
quantified. NRTA can determine the mass of all the iso-
topes of Am, Pu and U that are of interest for nuclear safe-
guards [46]. NRTA requires, upstream the sample to be in-
vestigated, a pulsed high-energy particle accelerator
producing neutron bursts, and, downstream, a neutron de-
tector (typically a °Li-glass scintillator coupled to a TOF
(Time Of Flight) electronics for neutron spectrometry [47]).
Each neutron burst comprises neutrons with a continuous
energy distribution, but only neutrons with an energy in the
0.1-40 eV energy range are of interest for NRTA. NRTA has
found a distinctive application in the analysis of spent fuel
pin assemblies, which can be measured in parallel. Typical
statistical uncertainties for NRTA are in the range 1%-4%
[46]. In contrast to gamma spectroscopy, NRTA can be
used to interrogate high-Z bulk material [47]. Moreover, dif-
ferently from neutron counting techniques, which can de-
tect only fissile and or fissionable nuclides, NRTA can char-
acterize any isotope provided that it has strong and definite
resonances in the energy region considered.

As a final example, a novel technique based on neutron
measurement is the Differential Die-Away Self-Interrogation
(DDSI) [15], [48], [49]. DDSI essentially consists in measur-
ing fissile uranium and plutonium isotopes in spent fuel us-
ing spontaneous fission neutrons from ***Cm that are pre-
sent in the assembly as the interrogation source. The
sensitivity of the fissile mass measurement is enhanced by
measuring the sample with and without a cadmium liner
between the sample and a surrounding moderator. In addi-
tion, the fertile mass can be assessed through the multi-
plicity analysis of the neutrons detected soon after the initial
neutron pulse. Neutrons are detected using several °He de-
tectors, which enhance the sensitivity of the measurement.
Through DDSI, a statistical uncertainty of around 1% for an
average spent fuel assembly (burnup around 40 GWd/tU
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and 4% **U) can be achieved in few minutes [48]. DDSl is a
powerful tool for detecting small quantities of fissile materi-
al, even if it is shielded or placed within a non-fissile matrix.

As described, NDA offers a powerful tool for supporting in-
ternational safeguards; in the following section, the benefits
and drawbacks of NDA for nuclear safeguards compared
to other types of measurements and measures will be
discussed.

As a final remark, it shall be highlighted that the border be-
tween NDA and DA becomes less clear when sampling is
concerned: if an NDA technique is applied to a sample tak-
en from an item, the same NDA technique can be consid-
ered non-destructive for the sample or destructive referring
to the original item because its integrity has been compro-
mised by taking the sample. For instance, this “destructive”
sampling is heeded when an item does not fit the detector
dimensions and a portion of it is taken as sample and used
for the selected NDA measurement. For example, HKED is
classified as a non-destructive technique when it is as-
sumed that it can be directly applied to the whole item un-
der analysis (or when the sampling phase is neglected)
[50], [51], while it is considered destructive when sampling
is assumed to be required [45], and the same holds true for
the other NDA techniques.

3. Discussion

In Section 2 the three main classes of NDA techniques
were illustrated, discussing the specific advantages and
disadvantages of each specific instrumentation type as
they relate to nuclear safeguards. This section is dedicated
to a discussion of the benefits and drawback of NDA in
general.

Hereunder are listed the (main) benefits of NDA:

1) Preservation of the physical integrity of the material un-
der analysis: non-destructive techniques offer the advan-
tage of assessing nuclear material content without caus-
ing damage to the material itself. Hence, the physical
(and chemical) state of the object investigated is not al-
tered. This is crucial when dealing with valuable or sensi-
tive materials, which can be used or further processed
after the measurement.

2) Reduction of radioactive waste: NDA techniques do not
generate of additional radioactive waste, for example
with the preparation of a sample for analysis inside labo-
ratories that, after the measurement becomes a waste.
On the contrary, destructive techniques generally pro-
duce waste that needs to be managed and disposed of,
involving radiation protection issues and, sometimes,
safety/security issues.

3) Use at standoff distances: NDA methods are non-intru-
sive, namely they do not require physical contact with

the material being measured, mitigating the radiation
hazard to personnel. This is particularly useful when
dealing with items that are difficult to handle or manipu-
late directly. Moreover, this paves the way for automati-
zation and remote controlling, which further reduces the
exposure to operators.

4) Possibility to carry out on-site measurements: a lot of
NDA techniques can be adapted for field measurements,
allowing inspectors to assess the nuclear material con-
tent on-site, thus reducing the need for transportation of
materials to dedicated measurement facilities, which in
turn limits issues with radiation protection and/or safety
and security. This way, issues related to the delay of in-
ternational transfers of nuclear material which may be
necessary for independent destructive analysis are
avoided. In some cases, such as for the verification of
spent nuclear fuel, on-site NDA is the only possible
option.

5) Speed and cost: NDA techniques do not require sam-
pling, which reduces the steps needed for a measure-
ment. Not having to deal with the preparation and ma-
nipulation of a sample (generally in a dedicated
laboratory) simplifies the measurement procedure and
allows the user to get quickly to the result. This is par-
ticularly important in the context of nuclear safeguards,
where it is crucial to timely verify the declared masses
[13]. Furthermore, NDA instruments are typically cheaper
than other laboratory instruments such as those used for
DA [62].

6) Availability of methods and procedures: a great deal of
well-documented, internationally recognized analysis
procedures exist for NDA; modern software packages
guide the user to perform the measurement from calibra-
tion, to data acquisition and analysis/interpretation (for
example, the MAESTRO® software for gamma-ray spec-
trometry by ORTEC® [53)).

7) Possibility of cross-checks: as there are various NDA
techniques available, one can use them for cross-valida-
tion on the very same sample (it is not modified by the
non-destructive measurement), increasing the confi-
dence in measurement results.

Despite the numerous advantages just presented, there
are also a few specific drawbacks connected to the use
of NDA, which are given below:

1) Limited precision: NDA methods often provide less sen-
sitive, accurate and precise measurements (i.e., larger
uncertainties) compared to destructive techniques,
which can impact the accuracy of material accountancy
and verification [23].

2) Difficulties with some sample geometry/setup: heteroge-
neous samples or large bulk samples can pose limits to
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these techniques, for example, due to self-shielding
techniques or due to a variable spatial distribution of
burnable poisons. Similar problems arise with highly di-
luted nuclear materials. If NDA cannot guarantee to pro-
vide a measurement representative of the sample, other
techniques have to be used; for instance, DA techniques
are typically used for environmental sampling analysis for
the detection of undeclared nuclear activities.

3) Sensitivity to environmental factors: NDA measurements
can be performed on-site, but this makes them more de-
pendent on environmental factors such as shielding,
background radiation, and detector efficiency, which
need to be carefully accounted for to achieve accurate
measurements.

4) Need for specialized equipment and expertise: analytical
methods used for nuclear safeguards, including NDA
techniques, often requires sophisticated instruments
(e.g., neutron sources) which may not be readily available
or easily operated by non-experts. Additionally, the inter-
pretation of data can be complex and requires skilled an-
alysts to ensure accurate results [54].

5) Limited material identification: some NDAs can quantify
the amount of nuclear material (quantitative techniques),
but are not able to identify the specific isotopes present
in the material. For this purpose, destructive techniques
like mass spectrometry or radiochemical analysis can be
employed. However, there are NDA techniques capable
of directly quantifying specific isotopes in an assay, such
as the traditional gamma-ray spectrometry already dis-
cussed in the previous section or more exotic techniques
like nuclear resonance fluorescence (NRF) [55].

6) Relatively high detection limits: NDA techniques have de-
tection limits that are generally higher than those of DA,
meaning that they might not be suitable for measuring
very low quantities of nuclear material or detecting highly
diluted material or low-energy radiation. For the afore-
mentioned cases, a destructive analysis is needed (for
example, dissolving the sample into a liquid scintillator
after a proper chemical treatment). For example, the limit
of detection of NDA for fissile nuclides is typically in the
range of micrograms to some milligrams (per gram of
sample material), while the most advanced DA tech-
nigues like ion mass spectrometry can detect down to
tens of picograms of the nuclide of interest [14], [34], [43],
[56], [57], (58], [59].

7) Tampering risk: because NDA measurements are non-
intrusive, there is a risk of tampering or attempts to de-
ceive inspectors by altering the exterior of the material
without affecting the nuclear content.

Table 2 offers a visual recap of what has been illustrated.

Pros Cons

® Preservation of material
integrity;

e Higher detection limits and
uncertainty compared to
DA;

* Not applicable to weak
radioactive sources (e.g.,
highly diluted radionuclides);

e Reduction of radioactive
waste and personnel’s
exposure;

¢ Wide margins for
automatization and remote
control;

e Sensitivity to environmental
factors;

e Possibility of on-site
measurements;

* Need for specialized
equipment and trained

¢ Rapid and (relatively) cheap operators;
methods; e | imited material
identifications with certain

¢ Wide international expertise NDA (e.g., calorimetry);

available;

¢ Possibility of cross-checks * Tampering risk.

with different NDAs on the
same sample.

Table 2. Summary of the main advantages and disadvantages of
NDA.

4. Conclusion

NDA techniques are crucial to assess and verify the nuclear
material content in various items, such as nuclear fuel,
waste, or other materials, without altering the sample
integrity.

NDA offers several advantages, but it also has a series of
drawbacks. Despite NDA being generally less precise than
DA, the precision of NDA methods has improved signifi-
cantly over the years owing to advancements in detector
technology, calibration techniques, and data analysis meth-
ods. Nevertheless, while NDA methods may have inherent
limitations in achieving the same level of precision as de-
structive assays, they offer the main advantage of preserv-
ing the physical integrity of the materials investigated and of
allowing on-site field measurements, which is crucial in
many practical scenarios. Overall, NDA techniques stand
out as valuable tools in nuclear safeguards, but their suc-
cessful implementation depends on proper instrumenta-
tion, skilled analysts, rigorous calibration procedures, and
careful consideration of potential uncertainties and errors in
the measurements.

In conclusion, a combination of NDA and DA techniques,
besides the use of complementary safeguard strategies like
containment and surveillance, nuclear forensics and satel-
lite imagery, is the best solution for nuclear safeguards pur-
poses, to maximize the benefits and overcome the limita-
tions of each approach allowing for a more comprehensive
assessment of nuclear material content and safeguards ef-
fectiveness [60]. The fact that an NDA technique can be
applied to a sample taken “destructively” from the item to
be analysed is just another example of how non-destructive
and destructive operations can be combined for the analy-
sis of nuclear materials.
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