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Editorial

Elena Stringa

Dear Readers,
| hope that this issue of the ESARDA Bulletin finds you well.

It is with great pleasure that | open this editorial with very
good news: the review of the ESARDA Bulletin for Scopus
is complete and the Scopus Content Selection and Advi-
sory Board has advised that the title will be accepted for
inclusion in Scopus. The comments of the reviewers were
very positive, confirming that articles published in our jour-
nal are “scientifically sound and relevant to an international
academic or professional audience” in the field of Nuclear
Safeguards and Non-Proliferation. Many thanks to the au-
thors and the reviewers who, during the last years, contrib-
uted with their work to achieve this goal.

Now that our objective of having our journal included Sco-
pus is very close, | strongly encourage you to continue to
submit to ESARDA your valuable work in order to increase
citation index and impact factor of our publications.

Academic contributions to be considered for publication in
the ESARDA Bulletin should be submitted by email to EC-
ESARDA-BULLETIN@ec.europa.eu together with the
signed paper submission form that you can find in the ES-
ARDA Bulletin web page, in the publications section of the

website. Technical contributions, i.e. articles relevant for
the ESARDA community with a content more technical
than academic, can be considered for publication in the
Connector newsletter by sending them to EC-ESARDA-
CONNECTOR®@ec.europa.eu.

In the Connector newsletter n.3, edited while | am writing
this editorial, you can find updated news from the various
ESARDA working groups, as well as the outcome of the
ESARDA working groups meetings held in 17-19 Novem-
ber, for the first time in a complete remote format.

As always, | conclude the editorial by thanking Chris Ha-
venga, author of the Bulletin cover, and Andrea De Luca,
ESARDA assistant editor, who contributed in a significant
way to the realisation of the journal.

Take care and have a pleasant reading.

Dr. Elena Stringa, PhD

Editor of the ESARDA Bulletin - The International Journal
of Nuclear Safeguards and Non-Proliferation
https://esarda.jrc.ec.europa.eu/
EC-ESARDA-BULLETIN@ec.europa.eu
Elena.Stringa@.ec.europa.eu
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Heterogeneity effects on nondestructive assay
measurements of enrichment in UF; cylinders

Allison T. Greaney', Susan K. Smith', Ramkumar Venkataraman', Jason M. Richards', Carlos D. Rael?,
Martyn T. Swinhoe?, Duc T. Vo?, Ron D. Jeffcoat®, and Glenn A. Fugate’,

'Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA
?Los Alamos National Laboratory, Los Alamos, NM 87545, USA
9Savannah River National Laboratory, Aiken, SC 29808, USA
E-mail: fugatega@ornl.gov

Abstract

Measurements were performed using multiple
mechanically cooled high-purity germanium detectors at
Six positions around standard industrial 30B cylinders (2.2
metric ton) of UF, to assess if matrix inhomogeneity is
detectable and its impacts on the measured apparent
uranium enrichment. Uranium enrichment was calculated
with FRAM™., Six of the nine cylinders appeared to be
homogeneous as indicated by having similarly accurate
apparent measured uranium enrichment, at all positions.
However, three cylinders appeared to have localized
inhomogeneities. This was manifested as very low
apparent enrichments, often <10% of the declared value,
on one side of the cylinder. Examination of the spectra
suggested both elevated “**Th-***"Pa daughter isotopes
and reduced “**U were measured at these locations. It is
hypothesized that these heterogeneous cylinders may
have experienced asymmetric solar heating, which caused
volatile UFto sublime preferentially away from the warmed
side. Care should be taken during uranium enrichment
verification when applying methods that include gamma-
rays associated with daughter nuclides to the
determination of uranium enrichment for cylinders that are
stored in sunlight.

Keywords: enrichment; UF,; HPGe; FRAM; spectrometry

1. Introduction

Accurate quantification of uranium enrichment in uranium
hexafluoride (UF,) cylinders is necessary for material ac-
counting and nuclear safeguards. Non-destructive assay
(NDA) methods using gamma-ray spectroscopy are often
used to verify enrichment declarations. NDA enrichment
determinations either employ only the 185.7 keV emission
associated with the ?*°U (e.g., the enrichment meter) or ra-
tios of gamma-ray emissions associated with the radioac-
tive daughter nuclides of one or more uranium isotopes.
The Fixed Energy Response Function Analysis with Multi-
ple Efficiency (FRAM™) code can perform isotopic analy-
sis on uranium using gamma- and X-ray peaks associated
with U, U, #*°U, and ***"Pa.[1] While more complex,
use of FRAM™ eliminates the need for measuring the wall
thickness of the cylinder or calibrations using known en-
richment uranium materials. For low-enriched uranium

(LEU) analysis, the software can be run in two modes:
“planar” which uses 60 — 250 keV peaks and “coaxial”
mode which uses 120 — 1010 keV peaks.[2,3,4] The latter
mode is useful for applications to thick-walled walled ves-
sels such as standard industrial 30B cylinders (2.2 metric
ton) of UF,. For an accurate uranium enrichment to be cal-
culated by FRAM™ or any other method that utilizes gam-
ma-ray emissions from uranium daughter products, the
UF, must be homogenously distributed with respect to
uranium and daughter products, and the ***Th and #**“"Pa
isotopes must be in secular equilibrium with their parent
%, Given that the half-lives of ***Th and ***"Pa are
24.1 days and 1.17 minutes, respectively, the sample must
be at least 3.5 months old (~95% of secular equilibrium) to
allow the system to minimize the effects of disequilibrium
on the measurement.

The detector geometry, in relation to the distribution of the
UF, inside the cylinder, is also important for accurate anal-
ysis. Depending on the manner in which the cylinder was
filled, the UF, may be found in different wall thickness dis-
tributions. Initially, gas transfers of UF, tend to fill with
a central void as material sublimes into the cylinder. Liquid
filled cylinders initially have a void in the top horizontal half
of the cylinder due to volume reduction as the liquid freez-
es into the denser solid. It should be noted that these are
initial geometries which likely progress toward an interme-
diate state through sublimation and mechanical fracturing
over some variable time frame where all surfaces have
a significant thickness of UF, and the large void is predom-
inantly found in the top half of the cylinder. The distribution
of UF, around a full cylinder likely meets the ~1 cm infinite
thickness requirement of the 185.7 keV gamma-ray for the
enrichment meter method at almost any point. Theoretical-
ly, enrichment meter and FRAM™ do not require an infinite
thickness for higher energy peaks (e.g. **“"Pa) and so do
not need an infinite thickness of UF,. Berndt et al. [5] dem-
onstrated that the detector location and filling profile influ-
ence the detector response, and therefore the accuracy of
the enrichment, as measured by the enrichment meter
measurement. As such, the detector positions were cho-
sen to “guarantee” the requirement of infinite thickness by
focusing on the bottom third of the cylinder. Other studies
have recently investigated localized spatial impacts related
to heel and daughter distribution on spectra and enrich-
ment measurements.
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This study presents position-dependent gamma-ray
measurements of 30B cylinders made with high purity ger-
manium (HPGe) detectors and analyzed using FRAM™
vb5.2 distributed by ORTEC® to determine the uranium en-
richment. This approach has been shown to produces
quick, accurate results comparable to those of the tradi-
tional enrichment meter method [2,6] and has the added
advantages that it does not require determination of the
wall thickness of the vessel, calibration on a known enrich-
ment uranium material, or an infinite thickness type geom-
etry. This work focused on determining the impacts on en-
richment as determined by FRAM™ due to potentially
variability within the physical UF, distribution and daughter
nuclide distribution around the cylinder by performing hori-
zontal profiling.

2. Methods

Gamma-ray spectra were collected around nine 30B UF,
cylinders that ranged in enrichment between 0.71 and
4.95 weight% *°U. Examination of various enrichment
calculation methods [6] and neutron emission rates [7]
measurements of these data have been reported else-
where. The spectra were collected in six positions around
the cylinder using commercial, mechanically cooled high
purity germanium (HPGe) detectors (Fig. 1). These posi-
tions were selected to attempt to produce a uniform ge-
ometry that assumed a homogenous distribution of ura-
nium and daughter products inside the cylinder without
collimation. Both coaxial (three detectors; all ORTEC®
portable HPGe detectors) and planar (two detectors;
both Canberra/Mirion Falcon 5000 HPGe detectors)
crystal types were used. A 10 to 30 minute spectrum was
collected using each detector at all six positions around
the cylinder (e.g., 5 detectors x 6 positions = 30 gamma-
ray spectra per cylinder). The position numbering system
was kept constant across all cylinders: positions 1, 2, and
3 were on one side of the cylinder while position 4, 5, and
6 were on the other side (Fig. 1). Three of the detectors

were angled so that they were in contact with the face of
the cylinder near the base where the suspected UF, pro-
file was thickest. The two coaxial detectors had to be po-
sitioned in a similar geometry but 12 inches from the wall
of the cylinder to decrease the overall deadtime of the
measurement. Deadtimes varied between 20% and 90%,
with high dead times are addressed in section 4.2. The
data were initially collected to examine the full gamma-ray
spectrum of each cylinder and so the methodology was
not optimized for enrichment measurement purposes,
e.g., no collimation was used which may have improved
the measurement.

The gamma-ray spectra were analyzed with the commer-
cial FRAM™ software in “coaxial” mode, using the ULEU_
Cx_120-1010 parameter set. Using this parameter set, the
software uses ratios of high and low energy peaks to
quantify the isotopic fractions of ***U, *°U, ***U, and ***U.
The **U enrichment is calculated using a ratio between
the 185.7 keV peak from **U and the 1001 keV peak from
234mpg (*%4Th), following Egn. 1.[1] where N = number of at-
oms of isotope i, C(E) = peak area of gamma-ray j of ener-
gy £, T, ;= half-life of isotope /, BR, = branching ratio of
gamma-ray j, and RE(E)= relative efficiency value of gam-
ma-ray j determined by a nonlinear least squares curve fit
to the relative efficiency values at various energies. Thus,
this method relies on the attainment of secular equilibrium
between **U and **“Th, unless the date of last chemical
separation (in the case of UF,, gas transfer) is known, in
which case the code can make the appropriate correction.
The software calculates a relative efficiency curve based
on the measured gamma-rays and detector efficiency, as
run in “physical efficiency” mode using eleven peaks from
uranium isotopes and daughter products: 143, 163, 185,
and 205 keV from ?*°U and 258, 742, 766, 880, 883, 945
and 1001 keV from ***™Pa, and requires no calibration.[4]
The software can also be used in “planar” mode, which re-
lies on low energy x-ray and gamma-ray peaks to quantify
the isotopic fractions, however 30B cylinder walls are too

H

72

Figure 1: Geometry of the six position analyses around a 30B cylinder. The grey area is to suggest the expected distribution of UF, inside

the cylinder.
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thick for this method. The ratio of N' and N¥ is the enrich-
ment as atom % but is converted by the software to
weight % which is more commonly employed in the nucle-
ar industry.

N C(Ef) T;Z BR; RE(E/.)

3. Results

To assess the accuracy of the measured apparent enrich-
ment, the percent difference between the measured and
declared weight% value was calculated following Egn. 2.

235 235
( Umeasured - Udeclared )

235 U

declared

% difference =100 *

@

Six cylinders showed accurate, relatively constant uranium
enrichments at all six positions around the cylinder, repre-
sented by calculated apparent enrichments within 20% of
the declared value at all positions (Fig. 2 left). Three cylin-
ders were found to have different apparent enrichments on

either side of the cylinder with side 1-2-3 showing one
consistent apparent enrichment within 10% of the de-
clared value, and side 4-5-6 showing a different apparent
enrichment (Fig. 2 right).

The spectra were examined in Peak Easy v4.98.1 [8] to de-
termine the count rates of the 185.7 keV peak from #*°U
and the1001 keV peak from #**"Pa. Count rates, relative to
the live time, measured by five detectors in six positions
around apparently heterogeneous cylinders are shown in
Fig. 3. There was a correlation between slightly lower
185.7 keV count rate relative to the other side (~5% differ-
ence in count rate) and decreased apparent enrichments
calculated as calculated by FRAM™ in these heterogene-
ous cylinders. Variations in 185.7 keV count rate by ~4% as
a function of measurement position at the cylinder have
been noted by Dufour et al. (2019) [9] so these slight varia-
tions in 185.7 keV count rate not significant. The 1001 keV
peak count rates show large variation between the two
sides of the heterogeneous cylinders, with the apparently
low-enriched side showing up to 6x higher ***Th-***"Pa
count rate (Fig. 3).
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Figure 2: Accuracy of position analyses around the six “homogeneous” cylinders (triangles) and three “heterogeneous” cylinders (circles)
plotted as the percent difference of the measured enrichment relative to the declared cylinder tag enrichment.
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Figure 3: The deadtime corrected 185.7 keV peak count rate (left column) and 1001 peak count rate (right column) plotted by position,
in counts per second, for three heterogeneous cylinders. Count rates for Cylinders A, B and C are groups in the top, middle and bottom
plots, respectively. Markers denote five different detectors and colors correspond to position (1, 2, 3 = blues; 4, 5, 6 = reds).
Measurements at positions 1, 2, and 3 produce accurate **U apparent enrichments while the measurements at positions 4, 5, and 6
shows apparent enrichment values that are consistently low. The Y-axis range varies because the three cylinders contain different
U enrichments. Measurement uncertainty propagated from the total counts is within the data points.
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4. Discussion
41 Detector performance

Because each detector was used at every position around
the cylinder, these data can be used to evaluate detector
performance without an added bias of position-depend-
ence. When the homogeneous cylinders are considered,
the planar detectors measure, on average, slightly more ac-
curate uranium enrichments (Fig. 4). Using FRAM™ to cal-
culate an enrichment, planar detectors average + 9% accu-
racy while coaxial detectors average within +13% accuracy,
but the difference between planar and coaxial detector ac-
curacy is not statistically significant (Fig. 4). Therefore, we
conclude there are no significant differences in the accuracy
of the enrichment calculated from spectra measured by pla-
nar vs. coaxial detectors and that “coaxial” mode on
FRAM™ can be applied to either detector type. Given this,
we can generally evaluate the effects of detector placement
independently from detector performance.

4.2 Heterogeneous apparent enrichments on
opposite side of the cylinder

Six of the cylinders analyzed at six positions showed no
significant differences in apparent enrichment related to
detector position. Data collected from all positions at these
six cylinders showed a similar range of accuracy, as deter-
mined by the percent difference between the measured

and declared enrichment (Fig. 2 triangles). However,
three of the cylinders analyzed showed extremely different
apparent enrichments related to detector position on each
side of the cylinder (Fig. 2 circles). Disequilibrium effects
between parent and daughter isotopes can be ruled out
as the cause of low apparent enrichments, because all
eight of these low-enriched cylinders were analyzed be-
tween 6 months and 3.5 years after their fill dates. It is
therefore assumed that secular equilibrium has been at-
tained on a whole-cylinder scale. While variations can be
observed from heel deposits [10], they are not likely to be
as systematic as observed in these studies. Thus, we pro-
pose that heterogeneous UF, and daughter product distri-
bution within the cylinders caused the low apparent en-
richment observed on one side of the cylinder. It is
assumed that detector placement relative to the filling pro-
file illustrated in Fig. 1 would have captured a homogene-
ous UF,-daughter mixture. However, given that UF, can
sublime when heated, asymmetric solar heating of the cyl-
inder could result in a heterogeneous UF, distribution.
A cylinder oriented east —west in a storage yard is likely
warmed to a greater degree on its southern side due to
solar heating. This process could result in partial UF, subli-
mation and removal from the warmed side, leaving behind
nonvolatile daughter nuclides like Th and Pa on the
warmed side. The cylinder wall temperatures were not
measured during this analytical campaign, so it is impor-
tant to note that proposed sublimation from solar heating
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Figure 4: Accuracy of each detector for the six “homogeneous” cylinders plotted as the percent difference of the measured enrichment

relative to the declared cylinder tag enrichment.
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is only speculative, and further experiments should be
completed to test this phenomenon.

The removal of parent U isotopes from the daughter Th
products would result in localized disequilibrium between
U and Th/Pa on the heated side of the cylinder. The added
UF, to the cooler side would have minimal impact on the
gamma-ray signal observed, as the 185.7 keV line would
be self-shielded and the daughter nuclides would not pro-
vide significant contributions for months. However, the
warmed side would likely have observable gamma-ray ef-
fects because UF, shielding was removed, allowing for
a stronger daughter-product signal. This was observed in
several cylinders analyzed here; Fig. 3 compares the 185.7
and 1001 keV peak count rates at six positions around
three cylinders. These cylinders were measured with five
detectors, and each are plotted to show that the meas-
ured count rates were systematic across multiple detec-
tors and not due to improperly tuned or faulty detectors.
For each of these cylinders, positions 1, 2, and 3 show ac-
curate apparent enrichments while positions 4, 5, and 6
show extremely low apparent enrichments. There is a clear
1001 keV peak count rate offset between each side of the
cylinder; the low apparent enrichment side has a signifi-
cantly higher 1001 count rate (Fig. 3). This is also true for
the 766 keV peak from ***™Pa, implying that the daughter
product activity was measurably higher on the suspected
warm side of the cylinder than on the cool side.

Additionally, there is a strong relationship between dead
time and position. The majority of the spectra collected on
the apparently low-enriched side (positions 4, 5, and 6) of
the cylinders have exceedingly high dead times (>60% of
the total count time), whereas all spectra collected on the
“normally” enriched side (positions 1, 2, and 3) have dead
times < 60% of the total count time (Fig. 5). These high
dead times occurred in all detectors used. High dead times
are presumably due to the relatively high daughter product
activity. This would suggest that cylinders with significant
dose differences between their sides may produce errone-
ous data on the side with higher dose readings, because
dose generally correlates to the abundance of high activity
#mpg, Therefore, dose rate measurements and/or dead
time monitoring could be used in the field to quickly identify
potentially heterogeneous UF, distribution within cylinders.

4.3 Measuring spatial disequilibria within UF; cylinders

Because FRAM™ relies on a ratio between the 1001 keV
peak and the 185.7 keV peak, it is sensitive to spatial homo-
geneity between parent U and daughter Th and Pa iso-
topes. This means FRAM™ calculates a lower apparent en-
richment on the warm side as there is increased signal
related to the high energy gamma-ray peak signal from 2**U.
The traditional enrichment meter method is less susceptible
to the effects of spatial disequilibria as it only uses the inten-
sity of the #*°U peak; however, it is not totally immune. Data
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Figure 5: Dead time (% of total time) plotted against the accuracy of the **U enrichment measurement for the three heterogeneous
cylinders. Accuracy is calculated as the percent difference between the measured and declared enrichments. Colors correspond to

position (1, 2, 3 = blues; 4, 5, 6 = reds) as in previous figures.
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in Fig. 6 show a comparison between the spectra analyzed
with FRAM™ and the 185.7 keV enrichment meter method
for the three cylinders presented in Fig. 3. The enrichment
meter was calibrated on two homogeneous cylinders from
this facility with an enrichment of 4.95% and 0.71% “*°U. It
was assumed that all wall thicknesses were the same, so
no corrections were made for wall thickness. The results
from the enrichment meter data treatment on the warmed
side are much more accurate than the FRAM™ results but
are still slightly depressed from the true enrichment (Fig. 6).
As shown in Fig. 3, the 185.7 keV count rates are very simi-
lar between the two sides. This is likely because, although
some UF, was suspected to be have been removed from
the warm-side wall, a deposit that was close to infinite

thickness for the low energy 185.7 keV gamma-ray re-
mained. Thus, the peak is only slightly altered by suspected
material removal. Additionally, the higher dead times result-
ing from increased daughter product activity likely impacted
the apparent enrichments calculated by the enrichment me-
ter. Going forward, the possibility of heating-induced spatial
disequilibria and its detection by different spectral analysis
methods should be considered when using these methods
in the field. Because the cause of the heterogeneities re-
ported here is only speculative (i.e., we do not have confir-
mation that the heterogeneous cylinders were exposed to
more sunlight than the homogeneous cylinders), further
study of this phenomenon in laboratory and field settings is
encouraged.
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Figure 6: Comparison between FRAM™ (using peaks between 120 — 1010 keV) and the enrichment meter method (using only 185.7
keV) on heterogeneous cylinders. Data measured with two detectors from three heterogeneous cylinders are shown. Because FRAM™
relies on a ratio between the 185.7 and 1001 peaks, it is more sensitive to spatial disequilibria between UF, and its daughters in the

cylinder. Colors correspond to position (1, 2, 3 = blues; 4, 5, 6 = reds).




ESARDA BULLETIN, No. 61, December 2020

5. Conclusions

The application of FRAM™ to determine enrichment of UF,
in thick-walled cylinders can be performed with similar ac-
curacy using either planar or coaxial detectors. However,
caution should be exercised when applying FRAM™ or
other enrichment meters that require the use of uranium
daughter isotopes for measurements on UF, cylinders, es-
pecially if there are significant discrepancies between
deadtime and/or dose rates at different locations around
the cylinders. Cylinder placement within a storage yard
should be noted when measurements are made, and if un-
even solar heating is suspected, measurements should be
taken at multiple points around a cylinder to assess the
accuracy of the uranium enrichment measurement. Fur-
ther studies are needed to assess the effects of solar heat-
ing on UF, distribution within a cylinder.
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Abstract:

Safeguarding the disposal of spent nuclear fuel in
a geological repository needs an effective, efficient,
reliable and robust non-destructive assay (NDA) system to
ensure the integrity of the fuel prior to disposal. In the
context of the Finnish geological repository, Passive
Gamma Emission Tomography (PGET) will be a part of
such an NDA system. We report here on the results of
PGET measurements at the Finnish nuclear power plants
during the years 2017-2020. The PGET prototype device
developed by IAEA and partners was used during 2017-
2019, whereas an updated device was used in 2020. The
PGET device contains two linear arrays of collimated
CdznTe (CZT) gamma ray detectors installed opposite
each other inside a torus. Gamma activity profiles are
recorded from all angles by rotating the detector arrays
around the fuel assembly that has been inserted into the
center of the torus. Image reconstruction from the resulting
tomographic data is defined as a constrained minimization
problem with the function being minimized containing
a data fidelity term and regularization terms. The activity
and attenuation maps, as well as detector sensitivity
corrections, are the variables in the minimization process.
The regularization terms ensure that prior information on
the (possible) locations of fuel rods and their diameter are
taken into account. Fuel rod classification, the main
purpose of the PGET method, is based on the difference
of the activity of a fuel rod from its immediate neighbors,
taking into account its distance from the assembly center.
The classification is carried out by a support vector
machine. We report on the results for 10 different fuel
types with burnups between 5.72 and 55.0 GWa/tU,
cooling times between 1.87 and 34.6 years and initial
enrichments between 1.9 and 4.4%. For the 77 fuel
assemblies measured, the total misclassification rate
including misclassifications of missing fuel rods, present
rods and water channels, was 0.94% for the Olkiluoto
campaigns and 0.66% for the Loviisa campaigns. Further
development of the image reconstruction method is
discussed. We conclude that the combination of the PGET
device and our image reconstruction method provides
a reliable base for fuel rod classification. The method is
well-suited for nuclear safeguards verification of BWR fuel
assemblies in Finland prior to geological disposal. For
VVER-440 assemblies, some further work is needed to

investigate the ability to detect missing rods near the
center of the assembly.

Keywords: geological repository; iterative reconstruction;
nuclear fuel; nuclear safeguards; PGET

1. Introduction

Finland will start disposal of spent nuclear fuel in a deep
geological repository around the mid-2020’s, likely the
first country in the world to do so. The construction of the
underground facility is ongoing at Olkiluoto, Eurajoki. For
safeguards purposes, the disposal heeds an effective, ef-
ficient, reliable and robust non-destructive assay (NDA)
system for spent nuclear fuel verification. The combina-
tion of Passive Gamma Emission Tomography (PGET)
and Passive Neutrino Albedo Reactivity (PNAR) [1] will be
used for this, because a combination of NDA methods
will give better confidence of the accuracy of the declara-
tion [2]. At the end of 2017, the International Atomic Ener-
gy Agency (IAEA) approved PGET for the verification of
spent nuclear fuel. The method can be deployed on all
fuel types once the performance has been validated.
Other state-of-the-art methods (e.g. Fork detectors [3])
can only detect a gross deviation of material in the fuel
assembly, but PGET has been demonstrated to accom-
plish reliable rod-level detection [4], [5]. This is crucial for
ensuring effective nuclear safeguards of the final
repository.

First PGET images of fuel assemblies of different types
and with varying cooling times and burnups were pub-
lished in [6] and [7]. These results indicated the need for
improved image reconstruction and analysis methods. Re-
cently, we proposed a method in which attenuation and
activity images are simultaneously reconstructed from the
data by formulating the reconstruction as a constrained
minimization problem and solving it with a Levenberg-Mar-
quardt type of method [8]. In the present study, we apply
this method to PGET data taken at the two Finnish nuclear
power plants (NPPs). We show that high-quality results are
produced, enabling to detect a single missing rod in
a wide range of different assembly types and parameters.
The results are significant in both the context of Finnish
safeguards and the global context of nuclear fuel
disposal.
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2. Materials and methods
2.1 Imaged spent nuclear fuel

PGET measurements were performed at the two Finnish
NPPs, Olkiluoto (OL) and Loviisa (LO), during the years 2017-
2020. A total of 77 individual assemblies and 4 non-fuel items
(e.g. fuel dummies) were measured. The assembly types
were VVER-440 at Loviisa and 9 BWR type assemblies at
Olkiluoto (SVEA-64, SVEA-96, SVEA-96 OPTIMA, SVEA-100,
ATRIUM10, GE12, GE14, 9x9-1AB and 8x8-1). The assem-
blies were chosen to cover a wide range of operating param-
eters: burnup from 5.72 to 55.0 GWd/tU, cooling time from
1.87 to 34.6 years and initial enrichment from 1.9 to 4.4 %.
We report results from a selection of measurements from the
campaigns in Olkiluoto in 2017 and 2019 (OL17, OL19) and
Loviisa in 2018 and 2020 (LO18, LO20). The main fuel charac-
teristics are presented in Table 1. The measured assemblies
were chosen to best reflect the strengths and future develop-
ment areas of our software and to represent a wide range of
fuel characteristics and specifics (such as 1 to 3 completely
removed fuel rods, burnable absorber rods or partial rods),
measurement campaigns and assembly types.

2.2 PGET device

The PGET device (see [6] for details) contains 174 highly colli-
mated CdZnTe (CZT) gamma-ray detectors arranged in 2 lin-
ear arrays on opposite sides of a torus. These arrays are ro-
tated around the fuel assembly to collect data from all angles.
All measurements were done underwater in spent fuel
ponds. Measurements were conducted with different num-
bers of projection angles and measurement times per angle.
Some assemblies were measured at different vertical, hori-
zontal and rotational positions. Most of the measurements
were done with the PGET central plane at a height of 0.5-1.1
m from the bottom of the assembly, the exact position vary-
ing between measurement campaigns. In this work, we show
results from measurements with 360 angles and 800 ms pro-
jection time per angle (OL17, OL19, LO18) or 924 ms projec-
tion time per angle (LO20). Data were collected in four energy
windows. The lowest two windows were 400-600 keV and

600-700 keV. The third and fourth windows were 700-1500
keV and above 1500 keV for OL17, OL19 and LO18, and 700-
2000 keV and 2000-3000 keV for LO20. The choice of these
windows is related to the gamma peaks of the radioactive nu-
clei present. All image reconstructions shown in this work are
from the 600-700 keV window which contains the 661 keV
gamma peak from Cs-137, the most abundant gamma ray
emitter in spent fuel.

The so-called prototype PGET device was used for the
campaigns in 2017, 2018 and 2019. However, some indi-
vidual detectors were replaced in-between campaigns.
The campaign at Loviisa in 2020 used a new PGET device
with a more compact design for easier handling and
a slightly optimized collimator.

2.3 Data analysis and image reconstruction
2.3.1 Image reconstruction algorithm

The core idea of our image reconstruction strategy is to re-
cover simultaneously the activity and the attenuation map
from the data. To enhance performance with real data, we
also tweak the detector sensitivity correction during the re-
construction process. This is all attained by formulating the
reconstruction task as a constrained minimization problem
where the activity and the attenuation maps, as well as the
sensitivity correction coefficients, are the variables, and
the function being minimized consists of a least squares
data fit term and regularization terms [9]. Namely, the mini-
mization problem takes the following form:

IH(1)A-C(c)slib+a, 1R,
min v, || A, [+ a llog(e) I )
+a, || 7 (s-C(c)s)II
with the bounds

A[’qs b. )

# Type BU(GWd/tU) CT(a) Campaign Characteristics

1 VWER-440 55.0 6.8 LO20 3 missing (corner), burnable absorber rods

2 VVER-440 42.0 7.9 LO20 1 missing (corner)

3 VVER-440 43.0 2.7 LO18 Burnable absorber rods

4 VWER-440 22.8 27.6 LO18 Activity and attenuation gradient

5 SVEA-64 32.6 20.7 OoL19 2 rods in the reactor for 2/4 fuel cycles

6 SVEA-64 32.9 20.7 OoL19 Intra-rod activity differences

7 SVEA-96 40.7 8.9 OoL17 2 missing (bottom-left and bottom-right quarters)
8 SVEA-96 OPTIMA | 39.8 13.7 OoL19 Measurements at two heights

9 ATRIUM10 49.7 7.9 OL19 2 missing, measurements at two heights

10 | 8x8-1 18.6 34.6 OoL19 Long CT

11 9x9-1AB 35.0 20.7 OoL19 Different assembly type compared to others presented
12 GE12 43.1 11.7 OL19 Measurements at two heights

Table 1: Measured fuel assemblies and their characteristics: assembly type, burnup (BU), cooling time (CT) and measurement campaign
(at Loviisa (LO) and Olkiluoto (OL) during the years 2017-2020). The characteristics are from the licence-holder’s declaration.
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Here A and u are the vector forms of the discrete activity
and attenuation maps, respectively, and the vector ¢ con-
sists of the coefficients used to correct for the detector
sensitivity differences in the data sinogram s. The least

squares term || H(u)A—-C(c)s || measures how well A, u
and c fit the data s. The rest of the terms are regularization
terms, which can be understood to incorporate some kind
of a priori information in the reconstruction process, name-
ly, they predispose the algorithm towards certain kinds of
solutions. The regularization parameters «, , «,, «, and
o, balance the contribution of each term.

In more detail, in the data fit term || H(1)A=C(c)slI3,
H(H) is the system matrix depending on the attenuation
map u : a detailed description of how to implement the
system matrix H(u) can be found in [8]. The product
H(u)2 is the forward projection, i.e., a sinogram simulat-
ed using A and u . The system matrix models the effects
of attenuation and collimator blurring. The spatial respons-
es are computed based on the given dimensions of the
device and assuming an opaque collimator. C(c) is a diag-
onal matrix formed from the detector sensitivity correction
coefficients ¢ so that in the product vector C(c)s, which is
the sensitivity-corrected sinogram in vector form, all the el-
ements of s corresponding to values from one detector are
multiplied by one coefficient in c.

The effect of the regularization terms &, || R, 4 ||§ and

a, | Rﬂ H ||§ depends on the choice of the matrices R,
and A, . From the two types of regularization terms intro-
duced in [8], to which we refer for the precise mathemati-
cal formulation, we considered in this paper only the ge-
ometry aware prior. We consider this prior to be suitable in
the context of verification of spent nuclear fuel. This choice
for the matrices /7, and R, assumes that the locations
and diameters of possible rods, whether they are actually
present or not, are known. In practice, this prior asserts
that the solution should look approximately like it is made
out of rods, each having a uniform activity, with the prede-
fined diameters in the predefined locations. A rod can be
missing in these solutions by having zero activity and the
attenuation of water.

The term o, || log(c) ||5 penalizes large absolute values of
Iog(c) and so prefers solutions where the coefficients in
c are close to one, i.e., the corrections made are not large.

The last term, a, || 7 (s - C(c)s) |5, where 1 is a vector of
ones, requires that the sum of all counts in the corrected
sinogram C(c)s is close to the sum of all the counts in
the sinogram s. The scope of this term is to keep the same
“overall scale” of the sinogram after correction. The data
sinogram s has actually already undergone a preliminary
detector sensitivity correction, and the role of the coeffi-
cients c¢ is only to fine-tune this. The approach we first in-
troduced in [8] did not include the correction coefficients c.

The bounds (2) on the activity values and attenuation coef-
ficients used in the minimization process are such that
they exclude the possibility of a material with high activity
and low attenuation coefficient, which is a physically un-
likely case. In practice, to define these bounds, one must
give lower and upper bounds for the attenuation coeffi-
cients and an upper bound for activity values (the lower
bound for activity is always considered to be zero). The
bounds can be better understood by visualizing them in
the attenuation-activity plane, as depicted in Fig. 1, where
the allowed values form a triangle.
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Figure 1: Example of the bounds for the activity values and
attenuation coefficients (for 661 keV gamma rays) used in the
minimization process. The values inside the triangle are allowed.

To estimate the activity (and attenuation) bounds and to build
the matrices R, and Ru for the geometry aware prior, rod
locations and diameters are needed. We retrieve this informa-
tion by identifying the assembly type from an “off-the-shelf”
filtered back-projection (FBP) reconstruction, and then using
the known grid and rod dimensions for that type of assembly.
In case the assembly type has water channels, these are not
assumed to be known: rather a full grid of rods is assumed.

In practice, the bounds for attenuation coefficients are esti-
mated by considering the measurement energy window
and the materials assumed to be imaged. Once the attenu-
ation coefficients for water and rods are estimated, and lo-
cations and diameters for the rods are computed from hav-
ing identified the assembly type, the upper bound for
activity values is estimated by simulating a sinogram using
rods with some uniform activity value a. The upper bound
for activity values is then set so that the ratio of a and the
maximum value of the simulated sinogram is the same as
the ratio of the upper bound and the maximum value of the
data sinogram.

Finally, the minimization problem (1) is solved iteratively using
a Levenberg-Marquardt type of algorithm [10], that takes the
bounds (2) into account [11]. All the reconstructions are
computed using 120 evenly spaced measurement angles
(every third angle from the total of 360 measurement
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angles), which provides a good balance between computa-
tional efficiency and quality of the reconstruction in order to
perform a reliable rod classification.

2.3.2 Rod classification

To classify rods into missing or present ones, the basic idea
is to consider the difference of a rod’s activity from the aver-
age activity of its immediate neighbors plotted against its dis-
tance from the assembly center. Rod activity values are com-
puted as a weighted average of the values of all the pixels
that consist at least partly of the rod. The weights are propor-
tional to the fraction of the area of the pixel that is covered by
the rod, namely, the border pixels contribute less to the aver-
age. The sum of the weights is not normalized to one and as
the classification is done on rod-level, the average attenuation
and activity values for individual rods can exceed the bounds,
as can be seen in Fig. 3.

The classification is carried out by training a support vector
machine [12] on the reconstructions of training data sets from
varied assemblies, including mock-up fuel and real spent fuel
assemblies with different rod placements and intensities.
Data from assemblies of mock-up fuel constructed from neu-
tron-activated cobalt rods containing Co-60 were measured
at the Atominstitut at the Technical University of Vienna where
the PGET system is prepared for spent-fuel measurements
[6]. At first, rather than classifying all the rods at once, we be-
gin classifying them as missing one by one starting from the
most likely case. After classifying a rod as missing, the differ-
ences the classification is based on are recalculated by dis-
carding from the calculations of the neighbor average all the
rods classified as missing at that point. This prevents the
missing rods from bringing down the neighbor average.

When a rod shows to have at least a couple of missing neigh-
bors, we compute another neighbor average of only the rods
that are classified as missing and use that as well: if a rod’s
activity is close to the average of its missing neighbors’ activi-
ties, it is classified as missing. This comparison allows classi-
fication of larger missing rod areas where rods might not have
neighboring rods present. For the second comparison,
a second support vector machine was trained using the
same reconstructions as training data as was used for the
first support vector machine.

The final result is a plot where missing and present rods are
separated rather than by a straight line, by a possibly more
complex curve.

3. Results

Good quality reconstructions are needed as a basis for
detecting anomalies and accurately classifying spent fuel
rods. In the following we present results from data from
a selection of measurements (see Table 1) and demon-
strate the ability to detect missing rods, burnable absorber
rods, water channels and intra-rod activity differences.

3.1 Missing and abnormal rod detection

Missing rod detection in hexagonal VVER-440 assemblies is
demonstrated for two assemblies in Fig. 2 with activity and
attenuation reconstructions and a rod classification figure.
Assembly #1 in the top row (BU 55.0 GWd/tU, CT 6.8 a) has
three missing fuel rods and five burnable absorber rods (see
Section 3.2.) and assembly #2 in the bottom row (BU 42.0
Gwad/tU, CT 7.9 a) has one missing rod. In both cases the
missing rods are clearly visible in the reconstructions and cor-
rectly classified by the algorithm. The central water channel is
also classified as missing in both cases (see Section 3.3.).

Figure 2: Activity (left column) and attenuation (middle column)
reconstructions and classification into missing (orange) and present
(blue) rods (right column) for two VVER-440 assemblies. Assembly
#1 in the top row has three missing rods, a central water channel
and 5 burnable absorber rods near the corners. Assembly #2 in the
bottom row has one missing rod and a central water channel.

Fig. 3 shows two classification metric plots for the VVER-
440 assembly #1 with three missing rods and five burna-
ble absorber rods (see also Fig. 2, top row). Each circle
represents a rod position and the color denotes the
ground truth rod type. The rods get grouped by their
characteristics and the rod classification is based on the
kind of plots on the right. On the left, the three missing
rods show low attenuation and low activity, and on the
right they have a negative activity difference compared to
their neighboring rods. The burnable absorber rods get
grouped with the present rods but the water channel po-
sition deviates from the rest of the rods and is correctly
classified as missing.

Activity and attenuation reconstructions and rod classifi-
cation for the SVEA-96 assembly #7 (BU 40.7 GWd/tU,
CT 8.9 a) with two missing rods is shown in Fig. 4, top
row. The four innermost rods are part of the water chan-
nel. The bottom row shows the reconstructions and the
classification for the SVEA-64 assembly #5 (BU 32.6
GWwd/tU, CT 20.7 a) with two fuel rods that have been in
the reactor for only two out of the normal four fuel cycles
and thus have a different burnup than the other rods in
the assembly.
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Figure 3: Rod classification plots for the VVER-440 assembly #1 (see also Fig. 2, top row). Linear bounds and average rod values are shown
in the attenuation-activity plane on the left and rod activity difference from the neighbors as a function of the distance from the assembly
center is shown on the right. Circles represent individual rods and colors denote the ground truth rod type (blue for present, yellow for water
channel, black for missing and green for burnable absorber rod). The dotted line on the right represents the classification border.

00000 00000
00000 00000
00000 O
o0000® O
]
]

L LA LN Y

0000

eeaa® S0REN

PEEE BERERR
888 S0P
aaeE 8B
a0 P08
SR SBBW
B S8R W
aeee BOES
SRE0 SEGE

Figure 4: Activity (left column) and attenuation (middle column)
reconstructions and classification into missing (orange) and
present (blue) rods (right column). The top row shows the SVEA-
96 assembly #7 with two missing rods and a water channel (four
center-most rods) and the bottom row shows the SVEA-64
assembly #5 with two rods that have been in the reactor for only 2
out of the normal 4 fuel cycles.

An ATRIUM10 assembly has a 3x3 water channel and
eight partial rods, which start at the bottom of the assem-
bly and have a length of 2/3 compared to the rest of the
rods. Fig. 5 shows attenuation and activity reconstructions
and rod classification for the ATRIUM10 assembly #9 (BU
49.7 GWd/tU, CT 7.9 a) at both the normal measurement
height as well as at the upper position 1.5 meters higher
where the partial rods disappear from view. In the data
collected at the higher position, the partial rod positions
are classified as missing. This assembly also has two
missing rods which are correctly classified at both meas-
urement heights.
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Figure 5: Activity (left column) and attenuation (middle column)
reconstructions and classification into missing (orange) and
present (blue) rods (right column) for the ATRIUM10 assembly #9
with two missing rods. The top row reconstructions are from data
measured at normal height and the bottom row at the upper
position, where the partial fuel rods disappear from view.

A total of eight assemblies with one to three missing rods
were measured and in all cases the missing rods were ac-
curately classified by the algorithm. Here we have shown
results from five of these assemblies.

3.2 Burnable absorber detection

Some fuel assemblies contain fuel rods with added burna-
ble absorber (usually Gd) used to balance the reactivity of
the reactor during operation. Once the fuel assembly has
reached the end of its operational lifetime, in an optimal
case the burnable absorbers have reached the relative
burnup of the other rods in the assembly. However, if the
assembly has been removed before the absorber material
has reached this level, the burnable absorber rods will
show up as less active in the reconstructions.
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To ensure accurate detection of missing fuel rods and to
avoid false alarms, the burnable absorber rods should not
be classified as missing by the classification algorithm. Our
results show correct classification of burnable absorber
rods as present, as demonstrated in Fig. 2 (upper row),
where the VVER-440 assembly #1 with five burnable ab-
sorber rods is shown. Fig. 6 shows the VVER-440 assem-
bly #3 (BU 43.0 GWd/tU, CT 2.7 a) and similarly, the burn-
able absorber rods are somewhat visible in the
reconstructions but not classified as missing.

) i
TITILILR LIILIILLX

Figure 6: Activity (left) and attenuation (middle) reconstructions
and classification into missing (orange) and present (blue) rods
(right) for the VVER- 440 assembly #3 with a central water channel
and 6 burnable absorber rods near the corners. The water
channel is classified as missing but the burnable absorber rods
are not.

A total of eight VVER-440 assemblies with burnable ab-
sorber rods were measured and all burnable absorber
rods were accurately classified as present by the algo-
rithm. Here we have shown results from two of these
assemblies.

3.3 Water channel and partial rod detection

The accuracy of the algorithm in detecting missing fuel
rods was also tested by its ability to correctly classify water
channels and partial rod positions as missing. This is dem-
onstrated with a variety of different assembly types. For
VVER-440 type assemblies, the central water channel is
accurately classified as missing in Fig. 2 and Fig. 6 (as-
semblies #1, #2 and #3). For a SVEA-96 assembly, the wa-
ter channel classification can be seen in Fig. 4 (top row,
assembly #7) and for an ATRIUM10 in Fig. 5 (assembly #9).

Fig. 7 shows the water channel classification for the 8x8-1
assembly #10 (BU 18.6 GWd/tU, CT 34.6 a, top row) and
the 9x9-1AB assembly #11 (BU 35.0 GWd/tU, CT 20.7 a,
bottom row). In both assemblies, the water channel near
the center is correctly classified as missing. The former re-
construction also demonstrates the ability to gain accurate
results from a long-cooled fuel assembly, which is very rel-
evant in the context of a deep geological repository. As-
semblies with even longer cooling times will be expected
once the disposal starts.
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Figure 7: Activity (left column) and attenuation (middle column)
reconstructions and a classification into missing (orange) and
present (blue) rods (right column) for the 8x8-1 assembly #10 (top
row) and the 9x9-1AB assembly #11 (bottom row). Both
reconstructions show accurate classification of the water channel
near the center.

A GE12 assembly contains two 2x2 water channels and 14
partial rods. Fig. 8 shows the attenuation and activity re-
constructions and rod classification for the GE12 assembly
#12 (BU 43.1 GWd/tU, CT 11.7 a) both at the normal meas-
urement height and in the upper position, where the partial
rods disappear from view. Water channels are visible and
correctly classified as missing, as are the partial rods from
the higher measurement.
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Figure 8: Activity (left column) and attenuation (middle column)
reconstructions and rod classification into present (blue) and
missing (orange) rods (right column) for the GE12 assembly #12.
The top row reconstructions are from data measured at normal
height and the bottom row at the upper position, where the 14
partial fuel rods disappear from view.

A SVEA-96 OPTIMA assembly contains 4 rod positions of
water channel in the center and 8 partial rods next to

them. Fig. 9 shows the SVEA-96 OPTIMA assembly #8
(BU 39.8 GWd/tU, CT 13.7 a) at the normal measurement
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height as well as in the upper position where the partial
rods disappear from view. The water channel positions in
the center are correctly classified as missing as are the
8 partial rod positions in the upper position. Note that in
the reconstructions from the upper position measure-
ments there is one extra misclassified rod at the right lower
corner and another in the lower-left part, see Section 3.4.
for details.
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Figure 9: Activity (left column) and attenuation (middle column)
reconstructions and rod classification into present (blue) and
missing (orange) rods (right column) for the SVEA-96 OPTIMA
assembly #8. The top row reconstructions are from data measured
at normal height and the bottom row at the upper position, where
the partial fuel rods disappear from view. Note the two misclassified
rods in the upper position measurements, see Section 3.4.

3.4 Misclassified rods

Occasionally, some rods are falsely classified as missing.
The classification algorithm concludes that a certain fuel
rod is missing based on limits for activity deviation from
the rod’s neighbors. The limits are defined by support vec-
tor machines trained with labelled training data (see Sec-
tion 2.3).

In our studies, several different types of erroneous classifi-
cations occur. The results strongly suggest that one of the
types of misclassifications is related to nearby water chan-
nels or partial rods which make it harder to detect whether
a rod is present or missing. Another type is related to sim-
plifications in the assembly geometry made before image
reconstruction. Sometimes overall poor data quality, for
example low gamma counts in certain measurements,
cause activity and attenuation variation in the reconstruc-
tion and can lead to misclassifications.

The percentages for missing rods (including known water
channel positions) and present rods being classified both
correctly and faultily are shown in Table 2 for the Olkiluoto
and Loviisa measurements separately. The values are cal-
culated by dividing the number of correctly or faultily clas-
sified rods by the total number of all rod positions of that
type. The total misclassification rate is the fraction of the
total number of rod positions that are misclassified.

For all 39 Olkiluoto assemblies (a total of 47 measurements
as 8 assemblies were measured at two heights), the
amount of misclassified missing rods is 3.92 %. The value
for the 38 Loviisa measurements is significantly higher,
65.22 %, which is due to the fact that in most cases the
central water channel is not correctly classified. This is fur-
ther discussed in Section 4. The overall misclassification
percentages for all rod types are 0.94 % for the Olkiluoto
and 0.66 % for the Loviisa campaigns. In total for all meas-
urements across both measurement locations, the per-
centage is 0.79 %.

Reference sample Olkiluoto | Loviisa
Missing rods correctly classified 96.08 % 34.78 %
Missing rods faultily classified 3.92 % 65.22 %
Present rods correctly classified 99.29 % 99.96 %
Present rods faultily classified 0.711 % 0.04 %
Total misclassifications 0.94 % 0.66 %

Table 2: Percentage of rods in a certain category classi-
fied correctly or faultily in the two different measurement
locations throughout all 85 measurements (47 at Olkiluoto
and 38 at Loviisa).

An example of a faulty classification caused by the assem-
bly geometry simplifications can be seen in Fig. 9, where
the reconstruction of the SVEA-96 OPTIMA fuel assembly
#8 is shown both at normal measurement height and in the
upper position. The lower-right corner rod of the assembly
is classified as missing in the case where the partial rods
are not in view, although the rod is present. The reconstruc-
tion in the lower row is more uneven and thus prone to mis-
classifications. Fig. 10 shows rod classification plots for the
assembly #8. In the same way as in Fig. 3, rod positions
with similar characteristics get grouped together. The water
channels show low activity and attenuation and thus resem-
ble missing rods. In the measurements collected at the up-
per position, the partial rods behave like water positions and
end up with the water channel rods, and at normal meas-
urement height they behave like present rods as they
should. The black circles in the rightmost figure of the bot-
tom row are the misclassified rods in the assembly (see
Fig. 9). As is clear, the margin to present rods is very small
and a minor change in the classification border would result
in a correct classification of the rods.

The assembly geometry simplification causing corner rods
getting misclassified can be observed in other reconstruc-
tions in addition to the previously presented Fig. 9. The
problem is limited to a certain assembly type (SVEA-types,
especially SVEA-96) and is worst with the data gained
from measurements at Olkiluoto 2017. The root cause for
this is not yet completely confirmed, but it is related to the
corner rods in these types of assemblies being smaller
than the other rods and being placed closer to the center
of the assembly in order to round the corners. This effect
can be observed in the reconstructions.
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Figure 10: Rod classification plots for the SVEA-96 OPTIMA assembly #8 (see also Fig. 9), normal measurement height in the top row
and upper position in the bottom row. Linear bounds and average rod values are shown in the attenuation-activity plane on the left and
rod activity difference from its neighbors as a function of the distance from the assembly center is shown on the right. Circles represent
individual rods and colors denote the ground truth rod type (blue for present, yellow for water channel, red for partial rod and black for rod
that has been misclassified). The dotted line on the right represents the classification border.

3.5 Intra-rod activity intensity deviations

In some cases, especially with thicker rod diameters, the re-
constructions show intra-rod activity differences. Fig. 11
shows the SVEA-64 assembly #6 (BU 32.9 GWd/tU, CT 20.7
a), where these differences can be clearly seen as darker
spots inside the outermost rods of the activity image.

The intra-rod activity differences are limited to SVEA-64 as-
semblies and a few 9x9-1AB and 8x8-1 assemblies. These
assemblies all have in common a larger pellet diameter (9.5-
10.4 mm) than the other assemblies (7.5-8.9 mm). A very small
amount of the same phenomenon can be seen at the outer
edge of some rods in the activity reconstructions in Fig. 4 for
the assembly #5 and in Fig. 7 for the assembly #11.

A similar phenomenon has been studied by Caruso et al. [13].
The intra-rod caesium and europium isotopic distributions
were determined by gamma-activity tomography in high-burn-
up PWR fuel rods. Full-power irradiation at high temperatures
causes fission products to diffuse from the hotter central re-
gion of the rod to the colder periphery, resulting in a non-uni-
form distribution of fission products inside the rod. Especially
Cs-134 and Cs-137 diffuse easily and can cause significant
differences in the fissile material content inside the rod. This
phenomenon could explain our results, and the hypothesis is
supported by the attenuation reconstruction, which does not

show intra-rod differences. If the hypothesis holds, our results
show promise in detecting even intra-rod distributions of nu-
clear material.

It should be noted that our chosen regularization terms (see
Section 2.3.) are such that they prefer solutions where the in-
tra-rod activity values and attenuation coefficients are uniform.
This means that some of the intra-rod differences in the values
are smoothed out in the reconstructions.
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Figure 11: Activity (left) and attenuation (right) reconstructions for
a SVEA-64 assembly #6, showing intra-rod activity intensity
differences.

3.6 Activity and attenuation gradient

Some assemblies show clear activity and attenuation gra-
dients in the reconstructions. The gradual change of activ-
ity values throughout the assembly is normal to certain
types of assemblies and is caused by their irradiation
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history and their placement in the reactor core during op-
eration. The gradient on the attenuation coefficients, on
the other hand, is an artefact of the reconstruction
algorithm.

From the perspective of correct rod classification, the as-
semblies with a gradient demonstrate the ability of the al-
gorithm to perform well even with more difficult assem-
blies. The gradient could cause some rods to be
misclassified, because the algorithm evaluates rods by
comparing their activity values to the values of their neigh-
bors. Thus, significantly different values on opposite sides
of the evaluated rod might cause the rod to be faultily clas-
sified. However, our results show that in most cases the
smooth change in the activity throughout the fuel assem-
bly does not cause misclassified rods.

An example of an assembly with a gradient can be seen
Fig. 12, where the activity and attenuation reconstruction
and rod classification of the VVER-440 assembly #4 (BU
22.8 GWd/tU, CT 27.6 a) is shown.

Figure 12: Activity (left) and attenuation (middle) reconstructions
and classification into missing (orange) and present (blue) rods
(right) for the VVER-440 assembly #4 with a water channel and
a visible gradient in activity as well as attenuation. The water
channel in the middle is correctly classified as missing.

3.7 Reconstruction robustness against geometry
deviations

There is a small amount of prior information assumed
about the measured fuel as described in Section 2.3.1. For
safeguards purposes, the rod diameters and grid layouts
are information that is available from determining the fuel
assembly type from an initial FBP image which does not
assume any prior information. The robustness of the meth-
od against small deviations from the truthful geometry is
tested by intentionally changing the assumed rod pitches
and diameters and by using a wrong grid layout.

The effect of small variations in the assumed rod pitch is
demonstrated for assembly #10 in Fig. 13, where the activ-
ity reconstructions and rod classification plots for two dif-
ferent pitches are shown. The assumed rod pitch is inten-
tionally set 1 mm smaller and 1 mm larger compared to
the correct value. The reconstruction shows rod shapes
distorted at the borders and highly emitting centers that
are not in line with each other: a pincushion distortion in
case of a smaller pitch and a barrel distortion in case of

a larger pitch. With the larger pitch the water channel is
misclassified as present.

Variations in assumed rod diameter cause the reconstruct-
ed rods to be smaller or larger. Overall this does not affect
the quality of the reconstruction but can lead to misclassi-
fied rods. This effect needs to be further investigated to
understand the underlying reason.

The use of a wrong assembly type as a prior for the recon-
struction was also investigated. Results for the same 8x8-1
assembly #10 with both 9x9-1AB and ATRIUM10 type of
priors are shown in Fig. 14. The activity reconstructions
and rod classification plots for both false priors are shown.
Despite the wrong number of rods in the prior, the recon-
structions have the correct amount of rods visible, but the
distortions in the reconstructions are very clear. The prior
does not force the number of rods in the reconstruction to
be the same as was assumed, neither do the assumed
water channel locations guide the reconstruction result to-
wards outcomes with water in those positions. Misclassifi-
cations will occur if the wrong geometry is chosen, but the
distortions in the reconstruction allow for easy detection of
wrong assumptions.

4, Discussion

The results presented in Section 3 show that the recon-
struction method gives a reliable basis for the classification
of fuel rods. However, our current method of classifying the
rods in only two distinct categories (missing and present) is
somewhat insufficient for the safeguard purposes at the dis-
posal in a geological repository. There are more possibilities
for nuclear material diversion than just removing a whole
rod. The rod can be for example partially removed or re-
placed with another material. Related to this, also the burn-
able absorber rods should be somehow identified by the
classification because they behave abnormally as well. The
burnable absorber rods show that it is actually very difficult
to detect rods that are replaced by a material with similar
characteristics to spent fuel. Especially with low burnup it is
almost impossible to detect these kinds of deviations.

In the case of burnable absorber rods, we know from the
licence-holder’s declaration that these rods might have
a lower burnup and we can respond to the classification
result accordingly. However, in other cases such an abnor-
mal result might indicate a replacement of the rod with in-
active material of the same density as the fuel or a diver-
sion of a part of the fuel rod. Further investigation could
then be done. Replacement scenarios and how to detect
them are a topic of future research.

For the above-mentioned reasons there is a need to create
additional classification categories to account for cases
where the fuel rod might be modified or replaced with
some other material. Division could be done into present,
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Figure 13: Activity reconstructions (top row) and rod activity differences from their neighbors as a function of the distance from the
assembly center (bottom row) for the 8x8-1 type assembly #10 (see Fig. 7 for the reconstruction with correct pitch). Left column: 1 mm

smaller rod pitch. Right column: 1 mm larger rod pitch.

abnormal and missing rods and the categories could be
given a different priority depending on actions needed.
Abnormal assemblies would require further investigations
to get the “green light” to proceed with the disposal.

An example of the differing behaviour indicating something
abnormal is given by assembly #5 in Fig. 4, where the ab-
normal fuel rods noticed by the algorithm are present but
have a lower burnup than the other rods in the assembly.
In the current version of the software, these rods are clas-
sified as missing due to their low activity value. Still, the
presence of the rods in the assembly is clear from the at-
tenuation image, although the attenuation coefficients also
differ slightly from the other rods. In the future version of
the classification algorithm, the rods could be classified as
“modified” and then investigated in more detail. This would
also reduce the possibility of false alarms.

There are some aspects of the software that need revision.
The misclassifications caused by geometry assumptions,
as presented in Section 3.4, will be addressed to ensure

that no false alarms will be given due to simplifications in
the geometry assumptions. The issue is demonstrated by
the reconstructed activity and attenuation plots in Fig. 9.
The corner rods of the assembly can be observed to be
somewhat smaller than the other nearby rods. The place-
ment of the corner rod is also a bit different from the other
rods in the same row and column such that the overall
shape of the assembly is a bit rounded. The reason behind
this geometrical arrangement is to even out the reactivity
and neutron fluxes in the reactor during operation. The ge-
ometry assumptions of this assembly type will be revised
and implemented in the software, and this will likely bring
down the number of misclassifications for the Olkiluoto
campaigns.

The high number of misclassifications, especially in the
Loviisa campaigns (see Section 3.4, Table 2), is due to
the fact that the self-attenuation of nuclear fuel causes
the contribution of the center of the assembly in the gam-
ma data to be very small. This is a problem especially
with the larger VVER-440 assemblies, and thus the
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Figure 14: Activity reconstructions (top row) and rod activity differences from their neighbors as a function of the distance from the
assembly center for the 8x8-1 #10 assembly with false geometry priors (see Fig. 7 for the reconstruction with correct geometry). Left
column: 9x9-1AB geometry prior. Right column: ATRIUM10 geometry prior.

central water channel is often misclassified as present. In
fact, excluding the misclassified central channels, the
misclassification percentage of missing rods for the Lovii-
sa campaigns is 0. The effect of self-attenuation on the
classification of potential missing rods near the center of
the assembly needs to be investigated further, especially
for long-cooled assemblies. However, at present there
are no data available from assemblies with such charac-
teristics. Simulation studies or mockup assembly meas-
urements might be necessary.

Based on the reconstruction robustness results presented
in Section 3.7, small variations in the initial assumptions on
the assembly geometry cause distortions that will be easi-
ly noticed visually. Thus, intentional deviations from the
standard assembly geometry can be noticed and using
prior information about the assembly type is acceptable
from the safeguards point of view.

We see room for improvement in the determination of the
predefined activity and attenuation bounds. The present-
ly used triangular bounds, e.g., do not contain high-activ-
ity surrogate rods made from less attenuating material
such as steel. However, opening up the bounds too
much leads to poorer images; an optimum solution will
thus need to be found. We are working on making the
forward model more realistic by adding gamma ray scat-
tering. Presently, only absorption is taken into account. In
the context of incorporating PGET in the geological dis-
posal safeguards activity, the processes of data acquisi-
tion, image reconstruction and rod classification will be
integrated and automated.

5. Conclusions

The presented results show that the simultaneous recon-
struction of activity and attenuation images works as
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a reliable basis for fuel rod classification. The developed
method is confirmed with data from a wide range of spent
fuel assembly types and parameters measured at the Finnish
nuclear power plants. Here, a selection of 12 different assem-
blies was shown, but data from 77 individual fuel assemblies
were used in evaluating the total performance of the method.

For the 39 BWR assemblies measured at Olkiluoto (a total
of 47 measurements as 8 assemblies were measured at
two heights), an overall misclassification rate of 0.94% was
achieved and the method shows high accuracy in detect-
ing missing rods. The method is thus well suited for nucle-
ar safeguards verification of BWR fuel assemblies in Fin-
land prior to deep geological disposal.

For the 38 VVER-440 assemblies measured at Loviisa,
some further work is still required to investigate the ability to
detect missing rods near the center of the assembly. The
central water channel is not often correctly classified as
missing and might indicate that nearby missing rods would
also go undetected, but data is needed to verify this.

We are working on improving the reconstruction method and
the classification algorithm. The classification criteria will be
revised to include a further category for rods that might be
modified but not missing. Other future work includes improv-
ing the activity-attenuation bound estimation method and in-
cluding scattering in the forward model to describe the phys-
ical phenomena inside the fuel assembly more realistically.
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Abstract:

This paper describes a methodology to identify partial
defects in modelled spent nuclear fuel using passive
gamma spectroscopy data. A fuel library, developed with
Serpent2, was used to calculate the material composition
of spent nuclear fuel. Two fuel configurations were
investigated in this work; one where the fuel assembly
configuration was intact and one where 30% of the fuel
rods were substituted with stainless steel rods in a random
configuration. Emission and detection of gamma radiation
from **Cs, ¥’Cs and "*Eu was simulated using a model of
a passive gamma spectroscopy measurement station
mimicking the Clab measurement station in Sweden.
A simple HPGe detector model was implemented, and its
detector efficiency was assessed using a range of different
source energies. Realistic total gamma attenuation
coefficients were calculated using the XCOM database.
The modelled estimates of detected full-energy peak
counts were then used in a Principal Component Analysis
in order to investigate whether it was possible to
distinguish between intact and partial defect fuel
assemblies or not. The results showed that partial defects
could be identified using the simultaneous analysis of all
three peak intensities, and that the ability to do so
increased when only gamma emission energies from "**Eu
were considered.

Keywords: safeguards; partial defect; PCA; nuclear fuel;
multivariate analysis;

1.  Nuclear safeguards and the verification
of spent nuclear fuel

1.1 Verification of spent nuclear fuel using
the existing safeguards framework

Under the Non-Proliferation Treaty [1], nuclear material
needs to be safeguarded to ensure that it is not being di-
verted and used for non-peaceful applications. For this
reason, spent nuclear fuel is regularly verified by nuclear
safeguards inspectors. The inspectors are able to perform
non-destructive assay (NDA) measurements on the fuel, in
order to draw conclusions on the completeness and cor-
rectness of declarations. This is especially important

before placing the fuel in so-called difficult-to-access stor-
age where re-verification is not possible.

During the past decade, efforts have been ongoing to in-
crease the capability to detect so-called partial defects in
spent nuclear fuel, whereby a fraction of the nuclear mate-
rial has been diverted or substituted. The efforts concern
investigations of partial defect detection capability in main-
ly two different categories of nuclear safeguards instru-
mentation: i) instrumentation currently used in safeguards
inspections, such as the Fork detector [2-4]) or the Digital
Cherenkov Viewing Device (DCVD) [5]) and ii) instrumenta-
tion under development, or recently developed, for en-
hanced safeguards assessments such as partial defect
detection [6,7]. In addition to these two categories, there
are general detection techniques that could be investigat-
ed for enhanced safeguards performance and partial de-
fect detection capability, such as passive gamma spec-
troscopy, which is the topic of this work. Earlier safeguards
studies have shown the relevance of this technique [8,9].

The current partial defect detection level for spent nuclear
fuel is on 50% of the fuel rods, but with the recent intro-
duction of the passive gamma-emission tomography in-
strument denoted PGET, it is believed that verification of
partial defect level on the single rod level will be possible
[7]. However, it has also been shown [10] that if a sampling
plan is to be developed for the verification procedure, it
would be advantageous to also have additional instru-
ments with partial defect detection capability at levels
somewhere between the 50% level and the single pin lev-
el. High-resolution gamma spectroscopy is a measure-
ment technique that can be envisaged for this purpose,
since some facilities already have the equipment in place
and is already used to verify operational parameters such
as burnup (e.g. ASEA-ATOM facilities such as all the
Swedish nuclear power plants and Clab [11]), whereas oth-
ers could plan for such equipment when planning for or
constructing new facilities (such as the planned encapsu-
lation facility Clink in Sweden).

1.2 This work

It has been reported over the past years that there is a need
for efficient and cost-effective safeguards verifications from
the International Atomic Energy Agency (IAEA), and the use
of machine learning tools and artificial intelligence in nuclear
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safeguards is being investigated for different purposes [12-
14]. Accordingly, investigating ways to make optimal use of
data that has already been, or can be, collected using auto-
matic machine learning tools is of high priority.

Against this background, this work presents a methodology
that can be used to investigate whether or not partial de-
fects can be identified in spent nuclear fuel assemblies, us-
ing a modelled passive gamma spectroscopy response and
differences in gamma attenuation. The software that has
been developed for geometric efficiency calculations is al-
ready publicly available [15] and the scripts that have been
written for this specific work are available on GitHub [16].
The choices made by the authors in this work considering
the measurement station, the gamma detector (type, geom-
etry and design) as well as the spent nuclear fuel itself can
be defined and changed by the user. For that reason, the
results of the analysis here should merely be seen as an ex-
ample of what information that can be obtained using this
methodology, given the choices made by the user.

2. Spent nuclear fuel handling in Sweden

Sweden currently has six nuclear power plants (NPPs) in
operation. After discharge from the reactor, the fuel is
cooled in a fuel pond at the reactor site for around 1 year
before it is shipped to Clab. SKB, the company that owns
Clab, handed in an application to construct and operate
a final repository for spent nuclear fuel in 2011. So-far, the
Swedish government has still not taken a stand on the is-
sue. According to the plans, the fuel to be encapsulated
will cover a variety of fuel types (where BWR and PWR fu-
els are by far the most common types), fuel designs and
fuel parameters [17]. The fuel assemblies are expected to
have cooling times of up to around 70 years, while burn-
ups are expected to reach up to around 60 MWd/kgHM.
Before encapsulation, which will take place in the future
Clink facility, the fuel assemblies will reside in water ponds
in Clab where they are stored underground, in baskets
holding up to 25 fuel assemblies at a time (25 BWR fuel
assemblies or 16 PWR fuel assemblies).

Fuel handling equipment exists both at the NPPs and at
Clab, but there are essential differences. At the reactor
sites, the equipment is constructed to be able to handle
manipulation of complete fuel assemblies for loading/un-
loading into the reactor, but also individual fuel rods in
case of fuel damage when a single fuel rod needs to be re-
moved/replaced. Clab has no equipment to handle individ-
ual fuel rods at all, and can only handle fuel assemblies in
the reception area. At Clab, fuel assemblies are placed in
baskets holding multiple fuel assemblies, before they are
transported to the underground pools. The fuel handling
machine in the underground pool area can only handle
baskets. Partial defect verification is primarily of interest
before transporting spent nuclear fuel to difficult-to-access
storage, which means that such verification will most likely

be done in the Clink facility, and neither at the NPPs nor in
Clab. What fuel handling equipment or fuel assay instru-
mentation that will be available in Clink is not yet deter-
mined but it seems probable that only fuel elements (and
not single fuel rods) will be handled. Based on this infor-
mation, it appears that the only facilities currently equipped
to pull and replace fuel rods are the NPPs, whereas verifi-
cation of such defects is mainly planned take place in con-
nection to verification before placement in difficult-to-ac-
cess storage sites, long after such defects may be caused
i.e. on long-cooled spent nuclear fuel, unless there are
specific reasons to require this type of verification at an
earlier stage such as a lost Continuity of Knowledge.

Hence, analysing remaining fission products with relatively
long half-lives to possibly identify partial defects make
sense, or one should recommend that partial defect verifi-
cation is performed much earlier.

3. Methodology to calculate and analyze the
number of counts in full-energy peaks

This section aims at describing the proposed methodology
in different steps.

3.1 Overview of the methodology

A measure of the number of counts in the full-energy peak
at a certain energy line in a gamma spectrum can be cal-
culated by

F(E) =1, (E)eq (E)ea(E) =1, (E)e, (E) ()

where [ (E)is the emission frequency of a certain energy
line, sg(E) is the energy-dependent geometric efficiency
which describes the probability of a particle arriving at the
detector from the source, and ¢, (E) is the energy-de-
pendent intrinsic detector efficiency which describes the
probability of a particle leaving its full energy inside the de-
tector. The multiplication of the last two efficiency func-
tions can be defined as the full-energy peak efficiency
¢,(E) of the setup. In gamma spectroscopy measure-
ments of spent nuclear fuel, the emission frequencies
l, (E) depend on the nuclide inventory of the fuel assem-
bly, and thus on its operational history and the amount of
radioactive material in the assembly. Thus /, (E) will be af-
fected by a partial defect, but cannot in itself provide con-
clusive evidence of a defect. The geometric efficiency
sg(E) depends on the experimental setup (i.e. how far
away the detector is placed from the source and what kind
of absorbing material that is placed between them), the
geometry of the fuel assembly, and as it will be shown lat-
er, the operational history through the change of the total
gamma attenuation coefficient of the fuel. Finally, the de-
tector efficiency sd(E) depends on the geometry of the
detector. Therefore, in a given setup (where the location of
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the detector and the assembly is fixed), the change in the
geometric efficiency should provide evidence of the
defect.

In order to calculate the number of counts in different full-
energy peaks for a given burnup (BU), cooling time (CT),
initial enrichment (IE), the three functions in Eqg. (1) have
been tackled separately. An overview of the proposed
methodology is shown in Figure 1, and the different steps
are described in detail in the following subsections. A sup-
plementary jupyter notebook and related python module
can be found at [16] to demonstrate how the steps can be
performed in practice.

In this work, a partial defect level of 30% has been consid-
ered because it constitutes an intermediate level to the de-
tection capabilities of other safeguards instruments availa-
ble today. 80 fuel rods were thus substituted against
stainless steel rods in one random configuration, shown in
Step 2 of Figure 1, where the pink fuel rods mark the steel
dummy rods. The remaining low-enriched uranium fuel
rods have the same material composition as those in the
corresponding intact fuel assembly. The selected partial
defect level and substitution material can be chosen differ-
ently, but the investigation of other configurations is out-
side the scope of this work and will be targeted in future
research.

Figure 1. Summary of the proposed methodology
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3.2 Step 1 - Determining the spent fuel nuclide
inventory

The spent fuel nuclide inventories were sampled from an
already existing PWR spent fuel library. The samples in the
library were created by performing depletion calculations
in a pin cell model with the Serpent2 code [18]. Further de-
tails on the fuel library and how it was created can be
found in [19]. The fuel library itself is available at [20].

For the current study, 200 spent UO, fuel samples with
a BU of 20-70 MWd/kgU and CT less than 30 years were
randomly selected. Their respective concentrations of vari-
ous isotopic concentrations were then extracted. As '*Cs,
'¥Cs and ™*Eu contribute significantly to the gamma spec-
trum at the cooling times considered in this work, only the
gamma lines summarized in Table 1 were included. How-
ever, the supplemented python code can be extended
with additional nuclides and associated energy lines with-
out difficulty. The nuclide concentrations C, were convert-
ed into gamma-line emission activities A, according to

I, @

\'

1/2,n

where the half-lives of the nuclides T,,, and the intensities
of the energy lines [, are given in Table 1. One has to note
here that in order to obtain the actual number of counts in
a detector, these per-volume quantities need to be multi-
plied by the spent nuclear fuel volume contributing to the
detector signal. However, as detailed later, in this work only

the values per fuel volume were used (no absolute values).

Nuclide Half-life v-lines Intensities
(v) (MeV) (%)
*Cs 2.065 0.563, 0.569, 8.338, 15.373,
0.604, 0.795, 97.62, 85.46,
0.801, 1.038, 8.688, 0.990,
1.167, 1.365 1.790, 3.017
¥Cs 30.1 0.662 85.1
=] 8.6 0.723, 0.756, 20.06, 4.52,
0.873, 0.996, 12.08, 10.48,
1.004, 1.246, 18.01, 0.856,
1.274,1.494, 34.8, 0.698,
1.596 1.797

Table 1: The gamma-ray emitting nuclides and their gamma-lines
considered in this study.

3.3 Step 2 - Obtaining the accurate total gamma
attenuation coefficients

Fresh light water reactor nuclear fuel consists of a mixture
of uranium and oxygen, whereas spent nuclear fuel also
contains a plethora of lighter fission products and heavier
actinides. The difference in material composition as
a function of BU impacts the attenuation of gamma rays,
and was recently shown to be non-negligible in gamma

spectrometry applications [21]. In order to accurately take
into account and assess the impact of the change in the
attenuating properties of spent nuclear fuel, we have cre-
ated an interface between the nuclide inventory data and
the XCOM software which calculates total attenuation
cross-sections of materials [22]. Step 2 of Figure 1 in-
cludes an example of the total attenuation coefficient cal-
culated for a spent fuel inventory.

3.4 Step 3 - Determining the full-energy peak
efficiency

As pointed out previously, the full energy peak efficiency is
determined by considering the geometric efficiency of the
measurement setup and the detector efficiency
separately.

3.4.1 Geometric efficiency of the modelled setup

In this work, the actual dimensions of the experimental set-
up are not important per se, but used as an example to
show how the methodology can be used for any arbitrary
measurement setup. Nevertheless, the dimensions of the
passive gamma spectroscopy station at Clab were adopt-
ed. At Clab, the spent fuel is placed in a fixture mounted
on the pool wall with a ~50 cm distance between the cent-
er of the assembly and the pool wall. The fixture is able to
rotate the fuel assembly and also move it in axial direction.
In the 2m thick concrete pool wall, there is an air-filled hole,
partially filled with a steel collimator. The steel collimator is
made of two massive steel half cylinders, covered with
a steel window. The height of the collimator slit can be ad-
justed in the range of 1-3 mm to allow for different count-
ing rates in the detector. The length of the steel collimator
is 1.2 m, and the distance from the center of the fuel as-
sembly to the end of the collimator is 2.46 m. In the model,
between the end of the collimator and the detector, 4 ab-
sorber sheets are placed (8 mm of lead, 3 mm of alumini-
um, 21 mm of steel and 1 mm of copper) in order to filter
out low-energy gamma rays. The setup is described in
greater detail in [23, 24].

The geometric efficiency of this measurement station was
computed with the feign package [15] which implements
a 2D ray-tracing method without build-up factors. The
package allows the user to define a rectangular fuel as-
sembly, a pool around it, various absorbers and detector
points with their associated collimators. A radial view of the
geometry of the setup is shown in Step 2 of Figure 1. The
geometric efficiency of the setup has been averaged over
four detector locations, with each location facing one of
the fuel assembly corners, thereby mimicking the rotation
of the fuel assembly around the vertical axis in real-life
measurements. This averaging plays a role in case the fuel
assembly is asymmetric.
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In the current work, the geometric efficiency was evaluated
for the two cases of an intact 17x17 PWR assembly (noted
as “O” for original), and a 30% partial defect 17x17 fuel as-
sembly (later noted as “R” for random). The difference in
geometric efficiency curves (as shown in Step 3 in Fig-
ure 1) demonstrates how manipulation of the fuel assembly
may be identified.

3.4.2 Detector efficiency

A simple HPGe geometry with a crystal diameter and
length of 60.5 mm and 61 mm was simulated. The core
hole diameter and depth were 12 and 51 mm, respectively.
Serpent2 simulations were made with a pen-beam source
placed 1 cm above the central axis of the detector crystal
for several source energies. A damped exponential func-
tion was fitted to the detector response to describe the
detector efficiency curve, as shown in Step 3 of Figure 1.
For fitting the function

/n(ed):ez+b~/n(£j+c-/n2 [£j+d-/n3(£j+e.m4 (Ej @)
f f f f

was used, as proposed also in [25]. The fitting and the val-
ues of the parameters are available in the supplemented
notebooks.

3.5 Creating the feature matrix and PCA

The previous sections summarized how each of the func-
tions of Eqg. (1) can be estimated. The following step is to
multiply the functions for each considered gamma-ray en-
ergy emitted by the given spent fuel. Finally, each fuel
sample can then be represented by a multi-dimensional
feature vector, with each feature vector corresponding to
the full-energy peak counts for all isotopes as described
by Eq. (4). The sum of the feature vector was normalized to
1 as shown in Eq. (5), in order to give all features f. (de-
spite possible differences in magnitude) the same impor-
tance in the multivariate analysis (in the current case typi-
cally the 137Cs peak would have such an impact).

f(E137CSO.662 j'f(Emcso.ses )'. o
f(E154EU0.723 j" o f (E1SAEU1 596 ) (4)

©)

f=

Lnorm - ;
2.
Since 200 nuclide inventories were used and the geometric
efficiency was calculated for both intact and manipulated
fuel, the analysis includes 400 feature vectors, which can be
arranged into a feature matrix. In the feature matrix, each
row corresponds to the feature vector of a specific spent
nuclear fuel sample, and each column corresponds to the
full-energy peak counts for a certain gamma-ray energy.
The matrix underwent standard scaling meaning that for

each column the mean is centered to 0 and the variance is
renormalized to 1. The feature matrix is often referred to as
a predictor matrix, since it is used to predict targets or re-
sponses which can be assigned to each sample. Such a re-
sponse could be for example the reactor type for classifica-
tion problems, or the fuel parameters BU and CT for
regression problems. In this work, the response was wheth-
er or not the fuel assembly was intact. Through a simple en-
coding, the label “0” was assigned to samples of intact fuel,
and the label “1” to all other samples, and all responses
were collected in the so-called response vector.

A feature ranking was performed on the data matrix to in-
vestigate the importance of the different gamma-ray ener-
gies in the classification of the fuels, based on the so-
called Pearson’s correlation score between the energies
and the responses. The correlation score defined as

E(x.

E(x,-y /)'E(y).mo(%) ©6)

corr(x,y) =

O-XI ’ y

was used to rank the features according to their importance.
Here x; can be a column of the feature matrix, or a vector
derived from several columns (eg. the ratio of two peaks).

Since the data is multidimensional (18 full-energy peak
counts), it is difficult to visualize. A widely used dimension-
ality reduction technique called Principal Component Anal-
ysis (PCA) [26,27] was applied to investigate patterns with-
in the data set, and analyze whether intact cases could be
distinguished as such. PCA uses an orthogonal transfor-
mation to convert the original set of possibly correlated
features (eg. multiple full-energy peak counts from the
same isotope are necessarily strongly correlated) into a set
of linearly uncorrelated variables. These variables are
called Principal Components (PCs). The number of PCs is
less than or equal to the original dimension of the feature
vector. In the current study, the Scikit-learn python li-
brary [28] was used to perform the PCA.

3.6 Approximations and assumptions made in
the analysis

In the analysis, many simplifying assumptions have been
made:

e There has been no attempt to estimate an absolute
number of counts in any of the selected full energy
peaks, only an estimate of the number of counts per
source volume and unit time. Due to this, certain effects
were neglected such as an estimate of the fraction of the
fuel assembly seen by the detector. This is in turn related
to the exact dimensions of the collimator slit, which is 8.5
cm wide and variable in height. In an estimation of the
absolute number of counts in a detector, a surface
source with an angular distribution is a better approxi-
mation than the pen-beam source model used in the de-
tector efficiency simulations here.
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¢ No measurement noise is included in the analysis, but it is
also not considered to be of major importance to this
work since there are no attempts made to estimate an ab-
solute number of counts. However, various (constant)
background levels could impact the capability to correctly
determine peak areas to use in the analysis, and hence
such effects should be looked closer upon in future work,
as absolute count rates are also taken into account.

e Since the absolute number of counts is not of interest,
there has been no need to look into aspects concerning
calibration issues of the detector setup.

e The electronic equipment needed for the gamma spec-
troscopy measurements has not been considered or
modelled.

e There has been no attempt to actually train a classifier
algorithm nor to estimate uncertainties in the results from
considering different partial defect patterns, substitution
materials or uncertainties in the operator-declared values
IE, BU or CT. Also, only a standard irradiation cycle has
been considered in the depletion calculations.

e Although the change in the attenuation coefficient of the
spent fuel due to BU was taken into account, the change
in the density and rod radius due to swelling was not
considered. Also all rods within the same spent fuel as-
sembly were considered to have identical burnup and
inventory.

One could imagine to consider multiple approximations
using some constant shape factor. If doing so, the con-
stant would disappear in the normalization of the feature
matrix, and thus in a noise-free (i.e. infinitely long) meas-
urement it would have no impact.

4. Results and discussions
41 Feature ranking

The correlation between the features and the response
vector were evaluated according to Eqg. (6) and the correla-
tion scores are given in Table 2. The ™Eu lines have the
highest correlation score to the identification of partial de-
fects in the fuel, and the higher the gamma-ray energy is
the higher the correlation score is. One can see that the
correlation scores are lower than 10% for each feature,
which indicates that peak counts from one single gamma-
ray energy does not carry much information on whether
the fuel is intact or not. The low correlation scores are ex-
pected, since replacing fuel rods will impact the probability
of low and high energy photons reaching the detector dif-
ferently. For example, low-energy photons reaching the
detector originate most probably from the peripheral rods,
since the central rods are shielded. Thus, replacing the pe-
ripheral fuel rods will have a larger impact on the low-ener-
gy range of the geometric efficiency than on the high-ener-
gy range. Accordingly, including multiple peaks in the
analysis should correlate more to the response vector.

Nuclide, Corr. Score Nuclide, Corr. Score
y-line (MeV) (%) v-line (MeV) (%)
®*Ey, 1.596 9.55 ¥Cs, 0.563 1.44
ey, 1.494 9.21 1%Cs, 0.569 1.39
WEY, 1.274 7.95 ¥Cs, 1.038 1.37
BEy, 1.246 7.73 ¥Cs, 0.604 1.10
ey, 1.004 4.99 ¥ Cs, 0.662 0.85
®*Ey, 0.996 4.88 By, 0.756 0.62
®*Ey, 0.873 2.92 1¥Cs, 0.801 0.24
¥Cs, 1.365 2.28 ¥Cs, 0.795 0.21
%Cs, 1.167 1.81 %Eu, 0.723 0.12

Table 2: Correlation scores of normalized peaks to class

One way to include multiple gamma-ray energies in the
feature ranking is to calculate peak ratios for all possible
combinations of the 18 gamma-ray energies. This was
done here and the correlation scores were then re-calcu-
lated for the ratios and the response vector. In this case,
the feature matrix was not standard scaled, since the
scaling would obscure any correlations. The number of
correlation scores are more than a hundred, and not eas-
ily shown in a table, but it is worth pointing out that the
correlation scores dramatically increased. The highest
correlation score, 99.34%, was obtained for the ratio of
the 1.494 MeV and 1.246 MeV peaks of *“Eu. In general,
the ratios involving the different *“Eu and '**Cs gamma-
ray energies resulted in very high correlation scores (over
90%), whereas correlation scores in which ' Cs was in-
cluded were below 7%. This shows that "*’Cs, having
only a single energy line, is not helpful in classifying par-
tial defects based on the changes in the geometric effi-
ciency and that indeed a multivariate approach is needed
when verifying partial defects with passive gamma
spectroscopy.

4.2 Principal Component Analysis

Using the feature matrix described earlier, a Principal
Component Analysis (PCA) was performed. Figure 2 illus-
trates the first three Principal Components (PCs), i.e. the
three PCs that account for the largest variance in the
data when all the 18 gamma lines from Table 1 are in-
cluded in the matrix. One can observe that the two cas-
es, “O” and “R”, are well-separated in the three-dimen-
sional space spanned by the three first PCs. However, it
can be also noticed that only the third PC bears any in-
formation on the identification of partial defects. Further
investigations show that the variability in the first two PCs
is caused by the so-called nuisance parameters BU and
CT i.e. parameters which are not of direct interest but
that must be taken into account in the analysis. Figure 2,
displaying the two parabola-shaped clusters of data
points, illustrates that the first two PCs are dominated by
the CT-dependence of the fuel samples. The longer the
cooling time is, the less pronounced the separation be-
tween the two cases is.
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Figure 2: Principal Components of the dataset with all *'Cs,™" Cs and "**Eu peaks included.

There are several options available to suppress the impor-
tance of BU and CT in the data. Two options are to correct
for the CT if that information is available (in practice often
that is a value to be verified), or to use ratios of counts in
different full-energy peaks. Here, an even more straightfor-
ward approach was used: the feature ranking implied that
the "™*Eu lines carry the most relevant information when
classifying fuel samples and thus only information on those
gamma-ray energies were kept in the feature matrix. Since
the ™*Eu concentration in the spent nuclear fuel is the
same no matter what "**Eu gamma-ray energy that is ana-
lyzed, one can expect that the impact of BU and CT be-
comes suppressed in the PCs. This can in fact be seen in
Figure 3, which also shows the impact of using the actual
total gamma attenuation coefficient. The left panel of Fig-
ure 3 shows the first two PCs for the case when the total
gamma attenuation coefficient from XCOM was taken into
account for each fuel sample. One can observe that now
already the first PC provides information on the presence
of partial defects, and that the spread in mainly the direc-
tion of PC-2 is due to the variation of BU (and hence atten-
uation) among the fuel samples. In the right panel of Figure
3, the first two PCs are illustrated for the case when the to-
tal gamma attenuation coefficient corresponding to fresh
fuel was used for each sample. It is seen that this simplify-
ing assumption leads to the removal of any BU and CT de-
pendencies in the data, and that all the fuel samples end
up at the exact same place on the PC coordinate system.
Apparently, the impact of nuisance parameters has been
successfully eliminated. It is also clearly seen that it is suffi-
cient to only consider the first PC in order to correctly
identify partial defects in the spent nuclear fuel assemblies
in this case. However, the difference between the right and

left panels show that the impact of the change in the at-
tenuation coefficient is not negligible. Thus, in a practical
case when the presence of partial defect (on any level) is
to be predicted based on a measured gamma spectrum,
the predictor model needs to be trained with data which
accounts for that.

5. Conclusions

The current paper described a fast, robust and flexible
methodology to estimate and analyze full-energy peak
counts in passive gamma spectroscopy measurements of
spent nuclear fuel. The methodology evaluates the mod-
elled counts-per-volume and time in a simple HPGe detec-
tor, by separately taking into account the activity of differ-
ent gamma-emitting nuclides in the spent fuel, estimating
the geometric efficiency of the measurement setup and
simulating the intrinsic detector efficiency of an HPGe de-
tector. The methodology is flexible in the manner that the
user may define a different measurement setup or detector
design to study.

An application of this methodology was shown here. The
purpose was to investigate the possibility of identifying
partial defects in spent nuclear fuel. The modelled fuel was
intact 17x17 PWR fuel assemblies and manipulated 17x17
PWR fuel assemblies, suffering from a 30% partial defect
level. It was shown that the geometric efficiency did in fact
depend on the presence of the partial defect, due to the
different attenuation of low and high-energy gamma-rays
by the fuel assembly itself. For 200 spent nuclear fuel sam-
ples, the per-volume and unit time counts in the full-energy
gamma peaks of ®Cs, 'Cs and "Eu were estimated
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Figure 3: Principal Components of the dataset including only '**Eu peaks. Left: Inventory-dependent attenuation coefficients from the
XCOM database are used. Right: The attenuation coefficient of fresh UO, fuel is used for all samples.

and analysed with PCA. It was shown that just by using
the peak counts-per-volume and time without any calibra-
tion, one can distinguish intact and manipulated fuel, how-
ever the BU and CT parameters act as nuisance parame-
ters and need to be accounted for. As a solution found
here was to only include the ™*Eu lines in the analysis. It
was also shown in the analysis that considering a more re-
alistic total gamma attenuation coefficient rather than
a simplified fixed value, impacts the per volume and time
counts in the detector and thus also the classification to
some extent.

The possible draw-back identified with the use of only Eu-
154 is its relatively short half-life of 8.6 years. In the verifi-
cation of spent nuclear fuel before encapsulation, it is likely
that many fuel assemblies will have a very long CT and
thus there will be little Eu-154 left to detect. A solution to
this could be to perform the partial defect verification earli-
er, for instance in connection to receiving the fuel at Clab,
or even before shipping it to Clab from the NPP sites. The
fact that the receiving facility does not have capability to
manipulate spent nuclear fuel on the single rod level, in
combination with Containment and Surveillance measures
and other tools available to ensure that Continuity of
Knowledge is kept, could possibly enable partial defects to
be reliably detected.

6. Outlook

Since this paper mainly focused on the methodology and
on giving a proof-of-principle, it was not intended to cover
a large set of various partial defect scenarios. Neverthe-
less, we have begun the continuation of this work in which
the methodology is used to investigate a large number of
different partial defect patterns as well as different partial
defect levels and different substitution materials.

Also, as the continuation of this work we would like to in-
vestigate how robust the methodology is to measurement
noise. For this we will need to estimate the absolute value
of the peak counts. In order to achieve that we are current-
ly extending the software feign to handle 3D effects such
as the impact of the fan-shaped view-angle of the collima-
tor, and we are also going to improve the detector efficien-
cy simulations to take into account a more realistic surface
source.

Finally, it has to be noted that performing the PCA provid-
ed only an opportunity to visualize whether intact and ma-
nipulated fuel could be identified, although a proper classi-
fication method has not been developed. The next step
will be to train classification methods, such as for instance
artificial neural networks, and assess how well intact fuel
can be discriminated from manipulated fuel in the pres-
ence of noise and to get an indication of the lowest level of
partial defects that can be reliably detected with passive
gamma spectroscopy.
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Abstract:

One of the primary challenges to preventing the covert
proliferation of nuclear weapons is that no technology
currently exists that can economically monitor nuclear
activities continuously throughout time. Previous studies
have shown that luminescence dosimetry can potentially
be used to determine the energy of historical radiation
environments and even source positions. This work serves
to demonstrate that with an adequate number of radiation
dose measurements, it may also be possible to image
source material using luminescence dosimetry. To that
end, a 4.5 kg sphere of weapons grade plutonium was
used to expose two gridded arrays of commercial optically
stimulated luminescence dosimeters (OSLDs). The
measured position-wise dose was then used to
reconstruct the 3-dimensional position of that source
material. Expanding upon these findings it may be possible
in the future to use luminescence dosimetry in ubiquitous,
environmental materials to reconstruct the historical
radiation fields in nearly any nuclear facility in the world.
Developing such a capability could greatly increase the
likelihood of detection of covert nuclear weapons
development across broad time scales.

Keywords: Nonproliferation, verification technologies, ra-
diation detection, passive detection

1. Introduction

Luminescence dosimetry has long been a mainstay in the
realms of personnel and accident dosimetry, however re-
cent advances have demonstrated these new techniques
may also have a place in nuclear nonproliferation and trea-
ty verification. Previous research has shown that using
a combination of optically stimulated luminescence (OSL)
and thermoluminescence (TL) allows for the assay of nu-
clear material with surprising resolution [1]. Likewise, doses
to surface mount resistors (SMRs), like those found in
common personal electronics, have been measured down
to background levels using OSL [2]. Even more recently,
a linear array of commercially available optically stimulated
luminescence dosimeters (OSLDs) were used to localize
the position of a weapons grade plutonium (WGPu)
source [3]

One of the principle challenges with respect to weapons
treaty verification is that many conventional measurement
techniques can reveal classified or protected information
about the weapons. As a result, signatories of such trea-
ties would be expected object to the use of such instru-
mentation for verification activities. Gross dose rate infor-
mation, such as that measured by luminescence
dosimeters, on the other hand, can be expected to be
much more palatable to treaty signatories since it is unlike-
ly to contain protected design information.

The purpose of this work is to build upon prior studies to
show the plethora of information that can be acquired us-
ing dose deposition in ubiquitous Mmaterials. While the pre-
sent study was performed using commercial OSLDs, the
same data could potentially be obtained from any number
of materials ranging from structural bricks to crystalline
particulate matter in dust.

1.1 Analytical Source Position Analysis

As done previously [3] when using a single linear distribu-
tion of OSLDs, the positions of a spherical source can be
approximated as a point source. Under this approximation,
the linear array of measured doses will follow the function-
al form of

Y=m1/(m22+(Z—m3)2) 0

where m, is the radial position estimate and m, axial posi-
tion estimate, in cylindrical coordinates. In Equation (1), the
m, parameter is then simply related to the magnitude of
the dose delivered. Under this coordinate system, the “z-
axis” is the line connecting the linear array of dosimeters.
Applying Equation (1) for a single linear array of detectors,
it was shown that the position of the source could be de-
termined with a 1°angular resolution [3].

Hayes and O’Mara [3] also showed that by coupling for-
ward particle transport solutions with black-box optimiza-
tions routines, the source position and radius could also
be simultaneously determined. It was noted, however, that
using the full transport solutions were computationally ex-
pensive. As a result, it would be advantageous to use sim-
plified methods, such as applying Equation (1), to solve for
the approximate source position and then use the more
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computationally expensive routines only to solve for other
source characteristics, such as the radius. This work
builds upon the results reported by Hayes and O’Mara [3],
by illustrating a method by which a gridded array (or simply
orthogonal linear arrays) can be used to solve for the
three-dimensional position of a source. The resultant posi-
tion could then be used in subsequent full transport mod-
els to determine other source characteristics.

2. Materials and Methods

All measurements were made in June of 2019 at the De-
vice Assembly Facility (DAF) at the former Nevada Test
Site. The source under investigation was a 4.48-kg sphere
of WGPu with a diameter of 7.5876 cm. The WGPu sphere
was constructed in 1980 with initial isotopic weight per-
centages of .02, 93.735, 5.95, 0.2685 and 0.028 for the
isotopes of **®*Pu, *°Pu, 2°Pu, *'Pu and **Pu respectively
with 557 ppm of *'Am.

Two arrays composed of nanodot OSLDs, by Landauer,
taped to a foam board backing were constructed and ex-
posed to the source for 85.7 hours. The first OSLD array,
termed the large array (LA), was built on a foam board that
measured 135 cm long by 90 cm wide. The LA consisted of
a 10-by-10 array of OSLDS where the OSLDs on the long
axis had a center-to-center spacing of 15 cm and those on
the short axis had a center-to-center spacing of 10 cm. The
second array, the small array (SA), consisted of an 8-by-8 ar-
ray of OSLDs, with center-to-center spacings of 10 cm and 7
cm on the long and short axes, respectively. The foam board
backing for the SA measured 70 cm by 49 cm in total.

Figure 1 shows the outer configuration of the OSLD arrays
with the source in place. It can be seen from the image that
the LA was suspended parallel to the floor, above the
source using two utility carts. The SA was secured perpen-
dicular to the LA on one of the utility carts. It can also be
seen that the source was placed offset from the center of
the LA, 20 cm closer to the utility cart supporting the SA.

Figure 1: Outer view of the dosimeter arrays. The LA has
dosimeters on the opposite side seen here with the SA having
dosimeters visible. The clad WGPu was placed on a cross plate of
Al on the floor composed of tile on top of concrete.

Figure 2 shows the position of the source from floor level. It
can be seen here that the entirety of the SA is positioned
above the source. As such, there is no line of OSLDs bisect-
ing the source perpendicular to its central axis where the
cladding has a lip. Also shown in Figure 2 is the aluminium
stand that the source rests on. The benefit of having both ar-
rays above the source was to reduce the shadowing effect by
this stand and to reduce the albedo effect from the floor pri-
marily from the metal cross upon which the WGPu was posi-
tioned (Figure 1). There is also a cladding lip around the
WGPu which is partially shadowing the lower half of the
WGPu to the SA but not the LA as shown in Figure 2.

Figure 2: Underside of the exposure geometry, showing the
weapons grade plutonium source and both of the dosimeter arrays.

2.1 OSLD Measurement

The dose to each of the OSLDs was measured using a Lan-
dauer microStarii® medical dosimetry unit. Prior to the meas-
urement of the OSLD doses, a set of known exposure (NIST
traceable doses) OSLDs were utilized to ensure the constan-
cy of the unit calibration and dose estimates. Each dosimeter
was read a single time; however, each read consists of
a dose estimate from four individual LED pulses. The result-
ant dose estimate is then the average of the four pulses and
the dose uncertainty is its standard deviation.

The nanoDOT™ OSLDs are all calibrated for exposures per-
pendicular to the top surface of the dosimeter cassette and
as a result the dose etimates from the nanodots can be
somewhat sensitive to the angle of the dosimeter relative to
the irradiation source [4]. The angular dependence of the do-
simeters was calculated by a Monte Carlo simulation using
MCNP6® [5]. The source’s photon spectrum was deter-
mined using the Origen module of the SCALE package [6].
The Origen calculation was used to decay the original, meas-
ured source material by 39 years and determine the expect-
ed present-day isotopic compositions and gamma source
rate term. Only those gamma source rate terms with relative
contributions greater than 1E-8 were included in the final
source specification for the particle transport simulations. The
source term was uniformly spread throughout the volume of
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the modeled plutonium sphere, in order to account for self-
shielding effects.

The photon dose deposition in the Al,O,:C chip within
each dosimeter set was calculated using a pulse height,
energy deposition (*F8) tally. The *F8 tally provides the en-
ergy distribution of “pulses” created in a cell modeled as
a physical detector [5]. The source spectrum from the
Origen calculation was transported mono-directionally at
various angles relative to the surface of the simulated do-
simeter. Finally, the angular correction factor was calculat-
ed as the ratio of the calculated dose deposition for an an-

gle 0 1o the calculated dose deposition at 90°. The dose
measurement for each dosimeter was multiplied by the
correction factor calculated for the angle between the do-
simeter and the center of the source.

2.2 Source Position Analysis

For each of the two dosimeter arrays, Equation (1) was first
fit (using the Levenberg-Marquardt (LM) method) to meas-
ured dose profiles both row and column-wise, in order to
obtain estimates for each of the two coordinates in the
plane of the array (see Figure 3). The final coordinate esti-
mates were calculated as the variance-weighted average
of all of the m, parameters from the fit to each dosimeter
row (or column). Next, the estimated in-plane coordinates
were used to calculate the perpendicular distance be-
tween the source and the dosimeter plane using the m,, or
radial position parameters from the fits of Equation (1) to
each line of dosimeters. Given the estimates of the in-
plane (axial) coordinates of the source relative to a given
line of dosimeters, the perpendicular distance between the
source and the dosimeter plane (e.g. the third spatial coor-
dinate of the source) can be solved by applying the Py-
thagorean theorem where the length of the hypotenuse of
the triangle formed between the source and a given line of
detectors is equal to the m, parameter given by the fit of
Equation (1) to the dose profile. Again, the final estimate of
the out-of-plane coordinate was calculated as the vari-
ance-weighted average of all of the individual estimates.

Figure 3: Method for determining the three-dimensional position
of a point source using the dose estimates in two orthogonal
linear arrays.

With the position estimates determined using the point
source approximation, it was hypothesized that an esti-
mate for the source radius would be attainable using for-
ward transport modeling. A simplified model of the expo-
sure geometry was constructing using the MCNP6® code.
The modeled geometry included the source, aluminum
stand, floor and OSLD arrays. In order to simplify the ge-
ometry specification, the utility carts supporting the OS-
LDs were ignored. Additionally, the OSLD arrays were
each modeled as a continuous rectangle of aluminum ox-
ide, AL,O,, surrounded by a polyethylene case. Point de-
tector (F5) tallies were placed in the Al,O, region at the lo-
cations of the actual dosimeters. While this simplification
ignores the spatial extent of the dosimeters, the cost of
such a simplification is justified by the greatly reduced
computational time required compared to pulse height
(*F8) tallies. Further, it is not expected that this approxima-
tion will substantially alter the response of the tally com-
pared to the actual energy deposition physics.

2.3 Inverse Transport Methods

The inverse transport problem is a special class of optimi-
zation problems where a parameter set in a forward trans-
port model is optimized to match some set of experimental
measurements. In many cases, such problems fall into an-
other special class of problems known as black box opti-
mization problems. The term “black box” refers to the non-
analytical nature of the forward transport solutions and
further, generally implies that gradient information for the
parameters of interest is either non-existent or prohibitively
expensive to calculate. While many black-box optimization
algorithms exist in the literature, this work only focused on
relatively simplistic gradient-free, coordinate search
methods.

The first, and simplest, solution method (the raster meth-
od) consisted of first defining a set of bounds for each of
the parameters of interest, the spatial coordinates and ra-
dius of the source in this instance, and then computing the
chi squared value between simulated and measured dos-
es at equally spaced points within those bounds. Next, the
bounds of the previous iteration were moved to bracket
the parameter that minimized the chi squared. The subse-
quent interval was again divided into equally spaced points
upon which the chi squared value between simulated and
measured doses was calculated. This process of interval
refinement was repeated twice and ultimately the parame-
ter value that minimized the chi squared was taken to be
the optimal value.

The second method used for the parameter optimization
followed the same general approach as the previous meth-
od, where each spatial coordinate was optimized indepen-
dently and sequentially followed by the radius. The main
difference was that instead of using a graphical analysis of
the chi squared distribution, the second approach used
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Brent’s method to find the minimum of the chi squared val-
ues and the resultant optimum parameter value [7]. The
benefit of this approach was that since Brent’'s method is
available in the Scientific Python, SciPy, optimization li-
brary it was relatively simple to implement and required no
interaction with the user [8].

The bounds for each spatial coordinate were selected as
a combination of the interval containing the highest dose
dosimeters in each direction and any constraints imposed
by the physical dimensions of the problem geometry, such
as the locations of the floors and the arrays themselves.
For example, in the large array, the bounds for the x and
y coordinates were taken to be large enough to contain all
OSLDs for which a dose greater than 1.6 Gy was meas-
ured. This resulted in x-bounds of [-20 cm, 40 cm] and y-
bounds of [-25 cm, 45 cm)]. The upper boundary of the z-
interval was taken to be the largest coordinate of
a dosimeter on the small array for which a dose greater
than 3 Gy was measured, or between O cm and 40 cm,
where O cm in this case was taken to be the surface alu-
minum cross plate.

3. Results

Figure 4 shows a graphic rendering of the exposure geom-
etry in addition to the coordinate system used in all of the
subsequent analysis and results. The resultant acquired
dose profiles for the large and small arrays are shown in
Figure 5 and Figure 6 respectively. In these figures, the
dose points were plotted on a linear mesh and the result-
ant dose map surface was generated by linearly interpolat-
ing between the measured dose points. Additionally, be-
neath each surface, in the grid plane, a contour heat map
has been plotted.

+X

Figure 4: Coordinate system used for the dosimeter arrays with
respect to the WGPu source.

The plot in Figure 5 shows an apparent maximum in the
dose deposition surface near the (0,0) point in the x-y
plane. It was hypothesized that this would be a near opti-
mal measurement scenario since a global maximum im-
plies that the dose measurements have been made on

a grid fully containing the source. In contrast, the plot in
Figure 6 shows the dose values still increasing at the edge
of the z-domain, indicating that the position of the source
may fall outside the dose measurement locations in the z-
direction. This was indeed the case, as Figure 2 shows,
the SA was positioned above the source.

Figure 5: Measured doses to the OSLDs in the large array (LA).
The surface map is colored according to the dose, and the doses
between adjacent OSLDs were taken as simple linear
interpolations. The contour map in the x-y plane shows that
a dose gradient exists in both directions, and the OSLD array fully
bounded the source distribution.

Figure 6: Measured doses to the OSLDs in the small array (SA).
The surface map is colored according to the dose, and the doses
between adjacent OSLDs were taken as simple linear
interpolations. No definite peak is seen in the z-direction,
indicating that the dosimeter array does not extend beyond the
source location in the z-direction.

Table 1 contains the position estimations calculated from
the doses measured in the small and large arrays, respec-
tively, using the analytical method described in Section
2.2. The coordinate system for the dosimeter arrays was
defined such that the center of the WGPu sphere was lo-
cated at position (0,0,4.5) in centimeters.
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Array X (cm) Y (cm) Z (cm)
SA 4.4 +0.8 -02+04 105
LA 46+0.7 -5.6 +0.7 2+27

Table 1: Estimated Source Position Coordinates Calculated from
the Dosimeters in the Small Array (SA) and Large Array (LA).

It can be seen from the values in Table 1 that the point
source approximation method used to estimate the source
position tends to poorly resolve all source coordinates.
The largest disparity between the assumed true location
and the calculated location existed in the y-coordinate esti-
mated from the dosimeters in the large array, followed by
the x-coordinate estimates. Referring to the contour plot of
the dosimeter measurements in Figure 7, it is apparent that
larger measured doses were biased toward the negative
y direction. Although steps were taken to align the central
axes of each dosimeter array to bisect the center of the
source, it is quite reasonable to accept that some uncer-
tainty inevitably existed in the true source locations as-
sumed above. The uncertainty in the x and y positions of
the source were taken to be 2 cm each, while the z posi-
tion uncertainty was taken to be 2 mm. The x and y uncer-
tainty estimates were considerably larger than the z posi-
tion uncertainty due to the large size of the arrays and the
distance between arrays and the source.

It must also be noted that the overall resolution possible in
the positional estimates will be inversely correlated to the
spacing between the dosimeters, and as result it is ex-
pected that observed disagreement between the assumed
true and the estimated source positions resulted from
a combination of the uncertainty in the true position of the
source and resolution limits imposed by the dosimeter
spacing chosen. Using the uncertainty estimates for the
known source position added in quadrature with position
estimate uncertainties, a t-test was performed in order to
compare the known source position to the estimates. Ta-
ble 2 contains the computed t-values for each of the

2.2
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- -
o o

=
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coordinates, where the critical t at the 95% confidence lev-
el was 1.960. It can be seen from the values in Table 2 that
only the y-estimate from the SA and the z-estimate from
the LA were statistically indistinguishable from the meas-
ured values. Therefore, there was disagreement between
the known and estimated values that are not accounted
for by their associated uncertainties. It was hypothesized
that this excess disagreement may have been the result of
resolution limits imposed by the spacing of the dosimeters
in the arrays.

Array X Y z
SA 9.13 0.31 3.47
LA 6.87 8.36 0.35

Table 2: t-Statistics Comparing the Known and Estimated Source
Positions. Here the null hypothesis was that the known and
estimated positions were identical.

Method | Array | X(cm) | Y (cm) | Z (cm) | R(cm)
raster SA -1.25 -1.86 10.42 4.49
raster LA 2.32 -4.86 8.11 4.02
Brent's SA 59 -0.36 18.5 4.22
Brent’s LA 11.0 -9.3 111 1.98

Table 3: Estimated Source Position Coordinates Calculated from
the Dosimeters in the Small Array (SA) and Large Array (LA).

Table 3 contains the optimum parameters for the source
position and radius using each of the inverse transport
methodologies described above. It is again apparent that
the resolution of the parameter estimates is dependent on
the spacing between the dosimeters in the array. One of
the challenges with each of the methods tested here was
that the total chi-squared values for the arrays were rela-
tively insensitive to changes in the position and source ra-
dius for a broad range of values around the true source
position. For example, Figure 8 shows the chi-squared val-
ue for the simulated and measured dose values for the

z (cm)
o
-~
Dose (Gy)

i
=

y (em)

Figure 7: Contour plot of measured doses to the OSLDs in the Large Array (left), and Small Array (right).
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dosimeters in the small array. It can be seen that the
changes in the computed chi squared were relatively small
over a 5-cm range of radius estimates. This problem is
compounded by stochastic nosiness inherent to both the
measured and simulated element doses resulting in an un-
avoidable baseline level of noise in the chi squared as
a function of position and radius.

Figure 8: Plot of the chi squared between the simulated and
measured dosimeters in the small array as a function of the
simulated radius (cm).

Another possible limitation for the raster and Brent’s meth-
ods is that the final results may be dependent on the order
in which the parameters are optimized. The results pre-
sented in Table 3 were all computed by optimizing the x-,
y-, and z- coordinates followed by the radius. To test this
theory, the Brent’s method was used to compute esti-
mates for the radius, x-, y-, and z- coordinates (in that or-
der) resulting in estimates that for the radius and x-position
(3.73 cm and -5.6 cm, respectively) substantially differed
from those presented in Table 3.

4. Conclusions

Previous analyses with a linear array of dosimeters showed
promising results for estimating the axial position and radi-
al distance of a source with respect to the line of dosime-
ters (Hayes and O’Mara, 2020). In this work, two dimen-
sional arrays were used to reconstruct the
three-dimensional location of a spherical weapons grade
plutonium source. The method consisted of using LM fit-
ting to linearly arrayed dosimeters in orthogonal directions
to obtain spatial position estimates. All positional estimates
were within 12 ¢cm of the true source position, with the ma-
jority of estimates being within 7 cm of the true values.
From the position estimates, it was clear that it is impor-
tant for the dosimeter array to fully contain the profile of the
source facing the array. This guarantees that the dose dis-
tribution in the array will contain points on each side of the
maximum dose.

Using inverse radiation transport methods with coordinate
search optimization algorithms, it was again shown that
reasonable estimates of the source position (within 10 cm
worst case) and source radius (within 2 cm worst case)
can be obtained. The major limitation for these methods
appeared to be the relatively large range of insensitivity of
the chi-squared with respect to the positional and size pa-
rameters. Another potential limitation that was discovered
during the course of this investigation was that when opti-
mizing multiple parameters, the ordering in which the pa-
rameters are optimized can affect the final estimates. The
magnitude of this effect, however, can be expected to be
inversely proportional to the sensitivity of the results to the
parameters being optimized.

In terms of return on investment, the analytical method (Sec-
tion 1.1) would be the preferable technique for determining
the position of a source from a gridded array of dose meas-
urements. Although both of the inverse transport optimization
methods required less than 500 model evaluations, and less
than 2 hours running time on a single node of a cluster with
32 cores per node, the analytical method returns reasonable
results within a matter of seconds on a standard laptop. In
terms of making actionable determinations about the pres-
ence, or non-presence, of undisclosed source material, the
results from the analytical method would be more than suffi-
cient. However, comparable analytical techniques for deter-
mining more complex source characteristics such as size,
shape, material composition and/or shielding have yet to be
developed or tested. As a result, inverse transport optimiza-
tion methods are, at present, the only and best option for es-
timating these characteristics. Therefore, future efforts should
be devoted to testing the applicability of similar inverse trans-
port optimization methods for estimating more complex, non-
positional source characteristics.

Finally, although the dosimetric material used for the dose re-
constructions in this study were commercially produced alu-
minum oxide OSLDs, the ultimate goal is to be able to
achieve similar results using minerals derived from ubiquitous
materials such as bricks. In general, however, minerals de-
rived from bricks and other earthen based building materials
presents additional challenges. Namely, without precise con-
trol over the dosimetric material, as there is in commercial
OSLDs, there is no guarantee that any samples collected will
exhibit sufficient luminescence sensitivity to be useful, espe-
cially at low radiation doses. In addition, uncertainties in dose
estimates from ubiquitous minerals tend to be higher than
those from commercial OSLDs, as a result, the attainable
resolution in position and size estimates is decreased for min-
eral samples. Still, based on the capabilities presented herein,
using commercial dosimetry materials, it is likely that the ac-
tionable information could be derived using materials derived
from environmental materials.
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Abstract:

Despite significant advances in measurement and
detection equipment and information analysis methods for
international nuclear safeguards, all safeguards verification
activities are inherently limited by a common factor:
humans. Developments in safeguards equipment and
methods are critically important, but so are the care and
maintenance of those safeguards practitioners who are
expected to use them. The domains of cognitive science
and cognitive psychology offer rich information on human
performance and cognition. In this article, we summarize
key points relevant for international safeguards from
extensive literature in the cognitive science sub-domains of
attention, cognitive biases, cognitive off-loading and
knowledge transfer, the prevalence effect, sleep, stress,
task switching and multi-tasking, visual search and visual
inspection, wayfinding, and multilingualism. We provide
actionable recommendations in a safeguards-relevant
context.

Keywords: cognitive safeguards, international safeguards

1. Introduction

The verification of international nuclear safeguards is an in-
herently human activity, combining observations and data
collected and analyzed by human inspectors, analysts,
technicians, and clerks to meet a series of technical objec-
tives. Dialogue surrounding international safeguards chal-
lenges focuses on the rising workload of inspectors and
analysts due to new facilities, changing facility types, new
data sources, and stagnant budgets; however, even hu-
mans in ideal working conditions face the disparaging real-
ity that people make mistakes. By using principals of cog-
nitive science combined with an understanding of
safeguards verification tasks and work environments, we
can make recommendations to safeguards practitioners
that can potentially enhance their performance in this high-
impact field.

Some aspects of the international safeguards verification
workflow are highly nuanced and unique to the safeguards

domain; for example, escorted navigation of complex in-
dustrial environments. However, other activities are more
common across multiple domains and can benefit from
the existing corpus of cognitive science research without
significant modification. This article is intended to share
lessons and implications from a plethora of peer-reviewed
cognitive science literature with international nuclear safe-
guards practitioners. Most of this literature is not focused
specifically on safeguards experiments, but on relevant
and closely related activities from which recommendations
can be applied to international safeguards activities. Some
research has been published by members of our research
team focusing explicitly on nuanced safeguards-relevant
tasks.

In this article we summarize literature from the cognitive
science domain and apply lessons from other fields direct-
ly related to safeguards verification tasks to develop cogni-
tion-informed safeguards recommendations. The recom-
mendations herein apply to a broad array of safeguards
planning and verification activities. The recommendations
have also been published as a stand-alone booklet.

2. Attention, Inattentional Blindness and
Attentional Misdirection: How Our Minds
Focus on What is Relevant

Attention refers to the “means by which we actively pro-
cess a limited amount of information from the enormous
amount of information available through our senses, our
stored memories, and our other cognitive processes” [1].
Attention, and what captures our attention, is a significant
area of research within the cognitive science domain. Kah-
neman [2] describes attention as the internal mechanisms
that determine or select the significance of stimuli, as well
as the degree of that selection. According to Sternberg [1],
the three primary types of conscious attention are 1) signal
detection, in which one must detect a particular stimulus;
2) selective attention, in which one must choose to attend
to some stimuli while ignoring others; and 3) divided atten-
tion, in which one allocates their attention to complete
more than one task at a time.
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Figure 1: Attention is an internal mechanism that determines the
significance and degree of stimuli from the vast amount of
information available through our senses. Two mechanisms in
which attention fails to capture a relevant event include
inattentional blindness and attentional misdirection.

There are two related but unique instances in which our
attention fails to capture a relevant event: inattentional
blindness and attentional misdirection. Inattentional blind-
ness is a phenomenon in which “unexpected objects fail to
capture attention” [3]. Inattentional blindness, for example,
occurs when someone is paying such close attention to
a task that they miss something “in plain sight.” One of the
most popular illustrations of this was an experiment by
Chabris and Simons [4] in which participants were asked
to count how many times balls were bounced by individu-
als wearing white t-shirts in a recorded video. When
a woman in a gorilla costume dances through the scene in
the middle of the video, about half of the participants miss
seeing her the first time. The original video of the experi-
ment is located here: https://www.youtube.com/
watch?v=vdG698U2Mvo (accessed June 11, 2020).

Attentional misdirection is defined as the “deliberate diver-
sion of attention away from a visually salient stimulus” [5].
In both inattentional blindness and attentional misdirection,
one’s attention is directed towards a certain object or ac-
tivity, but misdirection is done deliberately with the inten-
tion of preventing a person from noticing something. At-
tentional misdirection has been most studied in the
context of illusions and magic tricks [6]. There is debate
within the cognitive science community about whether at-
tentional misdirection from a third party is distinct from in-
attentional blindness, but both phenomena offer a situa-
tion in which one’s attention is focused on a single event or
activity causing them to “miss” pertinent information.

Attention is crucial for inspectors working in the field, as
they need to be aware of their environment while conduct-
ing safeguards activities. Attention is important for main-
taining personal safety, correctly completing inspection
tasks, and noting any unusual activities. Attention is also
critical for analysts and technicians working at the Interna-
tional Atomic Energy Agency (IAEA) Headquarters. Strict
attention is necessary for performing detailed analyses,

laboratory procedures, maintenance and calibration on
sensitive equipment, and other activities.

Inattentional blindness and attentional misdirection can
adversely impact safeguards practitioners—especially
those working in the field. The close attention necessary
for a copious task—like checking many seal identification
numbers—is beneficial for good performance but could
cause inattentional blindness to an abnormal reconfigura-
tion of equipment in that area. Social cues or gestures by
facility operators or regulators can lead to attentional mis-
direction, causing inspectors to miss potential indications
of undeclared nuclear activities.

Recommendations following our review of the attention lit-
erature are below.

Allocate Team Roles: An experimental study conducted by
part of our research team at Sandia National Laboratories
evaluated inattentional blindness in an international safe-
guards scenario in which participants compared simulated
electronic inventory lists to facility documentation [7]. In
this digital list comparison activity, participants checked
items off one list as they found them in the second list.
During the experiment, the background color of the digital
screen changed. Participants were asked to announce
when they noticed the changes during the scenario, and
recount at the end how many times they observed the
color changes. The results of the experiment confirmed
findings from Chabris & Simons [4] that only about 40-60
percent of the population will notice a change to the envi-
ronment during an intense concentration activity. We rec-
ommend teamwork allowing one person to be intensely fo-
cused on a safeguards verification task, while a second
person provides support, engages with the operator or es-
cort, and observes the environment.

Notice Opportunities for Distraction and Misdirection: In-
spectors working in the field should be aware of opportu-
nities for distraction and misdirection. In studies of partici-
pant response to magic tricks, researchers found that
repeated exposure (i.e., more than 10 trials), and especially
repeated exposure with feedback on performance, in-
creased a person’s ability to discern a real event (in this
study, a coin toss) from a simulated event in a magic
trick [8]. We recommend that safeguards inspectors be ex-
posed to multiple trainings in deceptive environments,
such as the Complementary Access trainings, to support
in-field recognition of potential misdirection scenarios.

Use Checklists for Important Tasks: Since attention may be
diverted to stimuli other than the task at hand, Gawande [9]
recommends the development and use of simple checklists
to ensure critical tasks are being completed according to
the required protocols. While Gawande developed his
checklists for the medical community, similar definitions of
key steps and procedures to avoid missing an important ac-
tivity or analysis step can support more effective safeguards
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verification results. We recommend that checklists be devel-
oped for several safeguards tasks, both in-field and head-
quarters based. Example of safeguards checklists might in-
clude a checklist of sources to search for an open source
analysis, or steps to complete in physical inventory verifica-
tion for a nuclear power reactor.

Use Visual Aids. One study found that when presenting
new information, visual aids support better retention of the
information [10]. For State Evaluation Groups (SEGs), posi-
tive progress has already been made in the domain of in-
corporating visual information, such as in environmental
sampling results visualization [11] and visual representation
of nuclear materials flow through a state [12]. We recom-
mend vetting or peer-reviewing visual information to en-
sure that the initial reaction to the visual data leads to
a correct interpretation of visual presentations.

3. Cognitive Biases: Unconscious
Predeterminations that Impact Assessments
and Decision-Making

Cognitive biases are “cognitions or mental behaviours that
prejudice decision quality” due to their “deviations from reali-
ty” [13]. These biases—or unconscious shortcuts—have been
examined and catalogued in several ways, one of the most
interesting being the Cognitive Bias Codex in which the au-
thor classifies cognitive biases by four scenarios in which
they arise: too much information, not enough meaning, need
to act fast, and not knowing what one should remember [14].

Numerous papers describe the cognitive biases that influ-
ence decision-making [15, 16, 17]. Examples of a cognitive
bias include:

e The availability heuristic, in which the ease of information re-
trieval (i.e., examples one can easily bring to mind) increases
one’s perception of the global frequency of an event [18].

e Confirmation bias, which is the tendency to overvalue in-
formation that supports an existing belief [14].

Figure 2: Cognitive biases are unconscious shortcuts in decision-
making that occur when the human brain has too much
information to process, insufficient meaning or context, or does
not know what to remember.

Cognitive biases, and how they impact decisions and ac-
tions, are especially relevant to safeguards during in-field
inspections, interpretations of deviations from state decla-
rations, analysis of open source data, and the integration
of multiple sources and types of safeguards-relevant infor-
mation. Cognitive biases can also impact group scenarios
such as SEGs, in which individuals and groups make as-
sessments and judgements about safeguards verification
in a state. Gazze, Wilson, Mathews, Reyes, & Schanfein
[19] explored many cognitive biases as they specifically re-
late to SEGs, and recommended three phases of action to
counter biases that included specific recommmendations for
training, peer review, mentoring, and quality assurance.

Our recommendations for managing cognitive biases are
listed below.

e Use Structured Analytical Techniques. Some authors sug-
gest the use of structured analytical techniques to counter
potential biases [19][21]. There are many different struc-
tured analytical techniques, each suitable for different
types of analysis or questions. Examples of structured an-
alytical techniques include key assumptions check and
analysis of competing hypotheses. Though there has
been little experimental research into the impact of using
structured analytical techniques, research reviewing a se-
lection of U.S. intelligence documents found the reports
that described using these techniques “addressed
a broader range of potential outcomes and implications
than did other analyses” [22]. We recommend that mem-
bers of SEGs evaluate which structural analytical tech-
niques are most suitable for their analyses and integrate
them into the state evaluation processes.

e Engage a Facilitator to Support Equitable Information
Sharing. One study found that, in groups, extroverted in-
dividuals may be interpreted as being expert in areas be-
yond their expertise [23]. Another group of researchers
recommended paying special attention to differing view-
points as part of an overall strategy to combat cognitive
bias [24]. We hypothesize that active participation in
SEGs may be lower for new staff or staff working at low-
er levels of fluency in English, potentially compounding
cognitive biases. We recommend that an IAEA staff
member not associated with the SEGs but familiar with
facilitation should mediate SEG discussions of important
issues or key analysis. Mediation would ensure that all
staff are given an opportunity to participate, and that the
group uses techniques to avoid groupthink.

4. Cognitive Off-Loading and Knowledge
Transfer: Taking Notes to Remember
Information and Share it with Others

Cognitive off-loading is “the act of reducing the mental
processing requirements of a task through actions like
writing down information or storing information in a cell
phone or computer” [25]. Notetaking is one form of
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cognitive off-loading for short-term tasks, but it can also
be used for longer term memory and knowledge transfer.
Some research indicates that beyond just providing
a written record for reference, the act of writing notes by
hand can improve higher-level comprehension in the
short-term and mitigate the forgetting of information over
time [26].

Knowledge transfer refers to the handover of insights
(know-what) and experiences (know-how) between indi-
viduals or teams [27]. The term knowledge transfer can be
used to refer to transferring institutional knowledge or to
transferring task-specific knowledge. In this work, we con-
sider only task-specific knowledge transfer. Knowledge
transfer has been studied in the psychology community
especially within shift workers such as medical providers
or power plant operators. Bosua and Venkitachalam [27]
found that, due to incomplete or inefficient knowledge
transfer methods, “incoming workers tend to solve prob-
lems with inadequate information, have an incomplete un-
derstanding of significant events that occurred in prior
shifts, while workers often attempt to solve the same prob-
lems across different shifts.”
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Figure 3: Cognitive off-loading is the act of reducing mental
processes through actions like notetaking. Knowledge transfer is
the transfer of information—specifically insights and experiences—
between individuals or teams.

Notetaking has relevance for many safeguards activities,
most notably for on-site inspections. Notetaking can be
used to record observations and task status, record per-
sonnel information, make illustrations of key pieces of
equipment, etc. For headquarters-based activities, note-
taking can be used in SEGs to record the analytical find-
ings and interpretations of each SEG member. Notetaking
can also be used by individual inspectors or analysts as
they complete their activities that will later support SEG
activities.

Knowledge transfer is critical as inspection teams may dif-
fer between visits to a site. While knowledge transfer is tra-
ditionally studied for round-the-clock personnel handoffs,
international safeguards inspectors face an additional chal-
lenge of the time gap between when they complete their
activities and when the next set of inspectors will begin
preparing for theirs—which could be weeks or months
apart.

Our recommendations for notetaking and knowledge
transfer are below.

Recommend Times for Taking Notes. One study on note-
taking used a computer-based task in which participants
arranged circles on a screen according to visual instruc-
tions or patterns provided within the experiment. Some
participants were instructed to place visual reminders for
themselves at certain points in the task to remind them-
selves of circle placement, while others could set remind-
ers spontaneously. The researchers found that self-per-
ception of memory capability influences when participants
set reminders, with individuals who believe they have high
memory capability setting fewer reminders than others.
The study found that setting the visual reminders improved
performance for all participants regardless of self-per-
ceived memory capacity [28]. For safeguards, we recom-
mend that reminders be set for inspectors or analysts to
take notes as checkpoints throughout their activities, such
as at natural stopping points during breaks or between
tasks.

Define a Structure. In the cognitive science literature,
“boundary objects” refer to physical or electronic repre-
sentations that can be used to transfer knowledge be-
tween individuals or organizations. Research in the educa-
tional psychology field found that when people are
provided with boundary objects such as outlines in ad-
vance of an activity, they can use those outlines to support
more organized notetaking and demonstrate improved
memory [29]. Even if an outline or notes structure cannot
be in-hand during an inspection, having the structure in
mind while in the field could support better notetaking.
This recommendation supports current practices for the
IAEA’s use of structured forms such as inspection reports.

Take Multimodal Notes. In a study on the impacts of draw-
ing on notetaking [30], researchers found that drawing an
item provided support for recalling that item later relative to
writing text alone, across multiple settings, instructions, and
encoding strategies. The researchers propose that the pos-
itive impact on recall of drawing over writing may be due to
the integration of multiple types of memory involved in re-
calling an object from drawing. A similar impact of drawing
was shown in an experiment conducted by members of this
research team, designed to simulate a safeguards scenario.
We found that notetaking improved memory of complex vis-
ual arrays relative to memory for items studies without
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a notetaking aid. Notes that included both text and draw-
ings/illustrations were most useful—both to the individuals
who took the notes and to other people who were given the
notes to use to complete a change-detection task without
having seen the initial array [31].

Use Cameras When Available, But Not Exclusively. In the
same study, we found that the use of digital cameras in-
creased accuracy on some change detection tasks relative
to handwritten notes only, especially for subtle changes.
Using a camera saved time compared to taking handwrit-
ten notes, but using cameras at the time of test took long-
er than referring to handwritten notes. Further, the use of
digital cameras made participants more confident in their
findings even when the participant’s conclusions from
those photographs were wrong, whereas participants with
handwritten notes were less confident when they were
wrong [31]. Digital cameras are recommended when avail-
able, but should always be accompanied with written
notes or other sources of information.

Review Inspection Notes. The educational psychology
community has repeatedly examined two distinct functions
of notetaking—storage and encoding. The storage func-
tion “suggests that the review of notes stored in written
form facilitates retention” by helping students consolidate
noted information, stave off the natural forgetting process,
or re-learn information that was already forgotten [32]. The
encoding function “suggests that the process of recording
notes facilitates learning even in the absence of review”
[32]. In other words, the process of writing the information
down increases one’s ability to recall it later. For safe-
guards, both of these functions can support inspection ac-
tivities. For storage, notes can be shared with others or
used to support documentation during a knowledge trans-
fer process. For encoding, inspectors who write down the
information and then re-visit the same location will be more
likely to remember their notes. Kiewra [32] describes sev-
eral studies that show the benefit of reviewing notes. In
one study, participants who did not attend a lecture but re-
viewed borrowed notes performed better on an exam than
those who attended lecture but didn’t review their own
notes. We recommend reviewing one’s own notes at the
conclusion of an inspection activity and any notes that are
available in preparation for a new inspection.

Define Hand-off Procedures. In a series of case studies on
knowledge transfer in various industries—including manu-
facturing, information technology, and heavy industry—re-
searchers found that having a defined procedure for pre-
paring for and conducting shift handover activities
facilitated effective knowledge transfer [27]. Practices that
appeared to have positive impact included periodic man-
datory training to review the procedures with staff, and
management-defined information to be recorded for hand-
over, including how to document unusual events and the
method for doing so (e.g., fill out a form and give it to

a single point of contact). This practice required effective
infrastructure such as common access via computer sys-
tems to all so that staff who needed access could get the
required information. For safeguards, the recommenda-
tions from this study imply that the IAEA should continue
using standardized inspection reporting forms that can be
accessed by those with appropriate roles.

Record Inspection Briefings. One study on hand-off strate-
gies from high-consequence failure industries—including
ambulance dispatching, railroad, nuclear power, and
space shuttle mission control—identified 21 strategies for
hand-off of information [33]. One of the most relevant strat-
egies for safeguards recommended was that hand-offs be
completed in person and audio recorded for later refer-
ence. We recommend that inspection reports presented to
management or SEGs be recorded and then used for ref-
erence by inspectors preparing for their next visit.

5. Prevalence Effects: Searching for Rare
Events or Objects

The prevalence effect refers to the phenomenon in which
observers are more likely to miss a rare target (i.e., the
thing that is being searched for) than frequent targets [34].
The prevalence effect has important impacts on many vis-
ual search activities, such as airport security screenings.
The prevalence effect can occur in different manifestations
dependent upon the type of task being conducted, and
can result in ending the search prematurely, missing a tar-
get due to a rare configuration, or missing a target due
a premature reflexive response.

Figure 4: Prevalence effect is the phenomenon in which one is
more likely to miss a target that occurs with low prevalence (i.e.,
low frequency) than targets that occur with higher frequency.
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There are many examples within international safeguards
in which an inspector or analyst is looking for low preva-
lence phenomena. A few examples include:

e In verifying containment of equipment or cabinets, or the
integrity of seals, very few will have evidence of tamper.

e In reviewing scientific and technical publications, few
publications will indicate undeclared research relevant to
the nuclear fuel cycle.

® |n complementary access visits, few locations will have
evidence of undeclared nuclear activities.

Based on the cognitive science literature, our recommen-
dations regarding the prevalence effect for safeguards are
below.

Train with Periods of Increased Prevalence. Wolfe and col-
leagues [35] found that inserting short periods of high
prevalence targets can help mitigate the prevalence effect.
While this would be impossible to do in natural environ-
ments such as inspections or open source information col-
lections, it could be attained by sending inspectors or ana-
lysts to trainings in which they experience high prevalence
with feedback. There remain several uncertainties regard-
ing the duration of the effectiveness of these trainings, or
how training environments can generalize to real-world
safeguards activities. We recommend adopting several
training methods on a trial basis for safeguards and moni-
toring both participant feedback and any differences in
safeguards outcomes.

Prepare for Field Activities with Brief Periods of High Prev-
alence. Wolfe, Brunelli, Rubinstein, & Horowitz [36] sug-
gest that “a regimen of a brief high-prevalence block just
prior to going to work...might be worth investigating as
a countermeasure to the prevalence effect.” We further
suggest that while realistic high prevalence effects are dif-
ficult to simulate for safeguards, a game, mobile applica-
tion, or virtual or augmented reality in which inspectors en-
counter high prevalence of a safeguards-interesting theme
completed just prior to a safeguards verification activity
could counter prevalence effect. For example, inspectors
could complete a safeguards-relevant game in which they
confirm seal inventory with a high rate of tampered seals,
incorrect seal numbers, or missing seals.

6. Sleep Deprivation: How to Get Good,
Effective Sleep at Home and Away

Sleep is important to cognitive functions including memory
consolidation [37] and attention [38]. Further, sleep depri-
vation—not getting sufficient sleep—can significantly affect
functioning, including cognitive and motor performance, as
well as mood [39]. According to the Sleep Foundation
guidelines, most healthy adults need seven to nine hours
of sleep, while older adults need seven to eight hours of
sleep per night [40]. However, sleep is often disrupted,

especially due to travel across time zones (jet lag) or sleep-
ing in unfamiliar environments such as hotels.

Figure 5: Sleep impacts many cognitive functions, such as
memory consolidation and attention. Disrupted sleep can
negatively affect cognitive and motor performance, and mood.

Safeguards inspectors and technicians who frequently
travel for on-site activities in nuclear facilities are likely to
experience disrupted sleep due to time changes and
sleeping in unfamiliar places. While our findings will focus
on those travel-related sleep disruptions, recommenda-
tions for sleep hygiene apply to all people who want an ef-
fective and restful sleep.

Our safeguards-specific recommendations for getting
good sleep and recovering from disrupted sleep from the
cognitive science literature are below.

Provide Time for Sleep Recovery. The sleep research com-
munity documents what it calls the first night effect, in which
the first night of sleep in an unfamiliar environment is dis-
turbed [41]. The sleep disruptions from the first night effect
are similar to insomnia. Sleep researchers have observed
that the disturbed first night of sleep in a new environment
(usually due to participation in a sleep study) can result in
poorer memory consolidation [42] and attention [43]. Others
found that after a night of sleep deprivation, returning to
normal took one to two nights of normal sleep depending
on the type of cognitive task studied [44]. This is consistent
with findings presented in Alhola and Polo-Kantola [43] that
one night of additional rest supported recovery of cognitive
function. We recommend grouping closely geolocated in-
spections together, so that an inspector stays longer in
a single time zone. This may help mitigate the detrimental
effects of jet lag and first night effects.

Practice Good Sleep Hygiene. In general, sleep research-
ers recommend good sleep hygiene. These are activities
or preparations that promote good sleep and daytime
alertness. According to the National Sleep Foundation,
good sleep hygiene practices include: limiting daytime
naps to 30 minutes; avoiding stimulants such as caffeine
and nicotine close to bedtime; using alcohol only in
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moderation; exercising regularly (but not too close to bed-
time); avoiding food or drinks that may trigger indigestion;
ensuring adequate exposure to natural light; establishing
a regular, relaxing bedtime routine; and making sure that
the sleep environment is pleasant including comfortable
mattress and pillows, cool temperatures, low to no light,
and white noise machines or other relaxing sounds [45].
Other sleep studies recommended avoiding cognitive
arousal in bed, such as worrying, planning, or thinking
about important things; not engaging in exciting or emo-
tionally upsetting activities before sleep; and avoiding ex-
cessively noisy environments for sleeping [46].

Track Sleep to Identify Poor Sleep or Sleep Deprivation.
Alhola and Polo-Kantola [43] suggest keeping a sleep dia-
ry to track sleep in order to better help identify when a re-
covery period is needed. We also recommend tracking
sleep with personal devices such as fithess trackers that
can monitor the quality and duration of sleep.

7. Stress: Working Under Pressure

Stress is defined in several ways within the cognition com-
munity. Staal and colleagues [47] describe three models of
psychological stress, which revolve around an individual’s
cognitive and behavioral responses to stressors within
their environments. Descriptions of stress within the cogni-
tive science community range from temporary exam-relat-
ed anxiety, to strongly stressful single events like natural
disasters, to lingering post-traumatic stress disorder from
a period of intense stress, to chronic stress from our daily
lives (We are unable to make clinical recommendations for
how to deal with intense stress, PTSD, anxiety, or other
mental health topics. If you believe you are experiencing
stress that is greater than typical day-to-day stress de-
scribed here, seek out the help of a mental health profes-
sional or your doctor.). Across the spectrum of stress, cog-
nition can be impacted by stress “with situations that can
range from the mild interference that exposure to brief
stressors can induce on the ongoing processing of infor-
mation to the impact of traumatic experiences on the es-
tablishment of enduring and devastating memories” [48].

Yerkes and Dodson [49] were some of the first researchers
to describe an early increase in performance as stress in-
creases, with performance reaching an optimal point and
then degrading as stress continues to increase. This is re-
ferred to as the Yerkes-Dodson performance curve. Sandi
[48] found that high levels of stress reduce performance,
but that mild-to-moderate levels of stress can support at-
tention and memory. This section focuses on periodic,
moderately stressful events such as those encountered in
some work environments relevant for international
safeguards.

Figure 6: Stress is a psychological and physiological response to
stressors in an environment. While some mild, short-term stress
can enhance attention and memory, ongoing exposure or brief
high levels of stress can hurt performance.

Stress can be part of any professional work environment.
International nuclear safeguards practitioners, however,
may experience additional stress due to a number of
unique factors. For inspectors working in the field, stresses
can include difficult negotiations with facility operators or
national regulators, working in potentially hazardous envi-
ronments, or working under time constraints to complete
inspection tasks. For analysts or technicians working at
IAEA Headquarters, stresses can include having limited
time to complete many important tasks, unanticipated
short bursts of activity from high-priority tasks that require
immediate attention, and interpersonal stresses related to
working in an international environment with a high staff
turnover rate.

We have adapted recommmendations for coping with —and
building resilience to — stressful situations for safeguards
below.

Focus on a Single Task. Ansari, Derakshan & Richards [50]
found that higher anxiety individuals (a personality trait
measured through a self-assessment) had lower working
memory and less ability to shift cognitive tasks. They
found that the more anxious an individual is, the more like-
ly they are to get distracted by environmental stimuli and
be unable to accurately or quickly complete their required
task. We recommend that during work situations of height-
ened anxiety, safeguards practitioners focus on a single
task or activity they have to complete before preparing for
or starting the next activity.

Build Resilience Through Training. Staal, Bolton, Yarough
& Bourne [47], whose research focuses on military applica-
tions, indicate that experience and expertise build resil-
ience to stress that could otherwise impair performance.
They recommend that training under pressure may help
reduce “choking or panic during subsequent performance
under pressure.” We recommend that safeguards training
include moderately stressful scenario role-playing about
difficult negotiations or time-constrained inspection tasks.
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Team with Experienced Peers. Another study tested the
performance of higher and lower skilled soccer players
who, while viewing five-second segments of soccer games
from a first-person perspective, were asked to anticipate
the next action of the player in possession of the ball [51].
Those leading the study tried to incite high anxiety among
the participants by telling them that their results would be
compared to those of other players and evaluated by the
coach. The study found that the players responded to
anxiety differently according to their level of skill, with the
lower-skilled players suffering a larger negative impact on
task performance than the higher-skilled players. While
soccer moves might not be directly relevant to safeguards,
we propose that the ability to predict what will happen in-
creases with experience. We suggest pairing more experi-
enced inspectors with less experienced inspectors in po-
tentially anxiety-inducing scenarios in order to mitigate
negative performance impacts.

Express Positive Reinforcement to Reduce Stress. Cogni-
tive scientists frequently study evaluation anxiety, which is
defined as “a cognitive and emotional experience that
commonly arises in social, academic, clinical and voca-
tional settings” in which the stress of being “tested” im-
pacts people’s ability to perform the tasks that are re-
quired [52]. Coy and colleagues describe one explanation
for evaluation anxiety and its negative impact on cognitive
performance is through Cognitive Interference Theory,
which suggests that “negative off-task self-dialogue...in-
terferes with performance by distracting an individual from
the task at hand”. In one study, Coy and colleagues proc-
tored exams to groups of students, some of whom re-
ceived intentionally anxiety-inducing instructions and some
of whom received neutral instructions. Those who re-
ceived the anxiety-inducing instructions reported more
negative, off-task self-dialogue after the test, and per-
formed worse on cognitive tests. While safeguards practi-
tioners are not routinely “tested” in this way, and the au-
thors do not examine the impact of positive self-dialogue,
we recommend positive self-dialogue before and during
potentially stressful situations.

8. Task Switching and Multi-Tasking:
Addressing Competing Cognitive Demands
on One’s Attention

Task switching and multi-tasking exist on a continuum of
divided attention in which attention is allocated across
multiple tasks at once. Multi-tasking refers to situations in
which an individual must split their attention between mul-
tiple tasks simultaneously. Task switching refers to situa-
tions in which individuals switch their attention between
the sequential performance of two or more tasks that re-
quire at least partially different processing sources [53].
Both multi-tasking and task switching are challenging be-
cause they draw upon limited processing resources, and

often result in a decrement to performance, either through
slower or less accurate task performance.

Figure 7: Task switching is when one alternates their attention
between tasks. Multi-tasking is when one divides their attention
across tasks simultaneously.

Safeguards inspectors working in the field are often re-
quired to task switch and multi-task. During a typical
onsite activity, an inspector might be checking inventory
lists, verifying seals, paying attention to spatial navigation,
maintaining situational awareness, talking to their inspec-
tion partner or facility operator, and handling equipment.
Safeguards analysts working at headquarters are more
likely to face task-switching effects between analytical
tasks, between tasks and email, and being interrupted.

We have tailored recommendations from the cognitive sci-
ence literature on task switching and multi-taking for safe-
guards below.

Support Single-Tasking for Analytical Tasks. Decades of
work in cognitive psychology have found both dual-task
costs as well as switch costs, in which task performance
is lower when people try to simultaneously perform two
tasks or switch between two different tasks, respectively
[54]. We suggest the promotion of single-tasking within the
institutional culture for headquarters-based safeguards ac-
tivities. For example, we suggest scheduling “focus time”
in which there are several hours of uninterrupted work time
during the day.

Use Breaks to Switch Tasks. While task switching is gener-
ally described as being detrimental to task performance,
there are some instances in which switching tasks has been
shown to have some benefits to performance. For example,
even a brief break during a vigilance task can boost perfor-
mance [55]. By working only on a single, high-concentration
task for 30 minutes and then intentionally switching tasks,
task switching can serve as a mental break from cognitively
demanding concentration activities. We recommend intense
focus on single tasks to the extent possible for durations up
to 30 minutes, followed by a brief break or switching to
a task that requires different cognitive functions. If an
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inspection partner is present, switching roles with that part-
ner can also be used as a cognitive break.

When Multi-Tasking is Required, Choose Non-Overlapping
Cognitive Tasks. Research on distracted driving suggests
that distractions from cellphone communications—both on
a device and hands-free—are harmful to task performance
[56]. Similar outcomes have been found in the wayfinding
literature, in which secondary spatial and verbal tasks per-
formed by the participants interfered with the encoding of
wayfinding information [57]. However, we are constantly
task switching and multi-tasking in our daily lives, for ex-
ample, when listening to a news broadcast while driving or
talking with family while cooking. Given that even seeming-
ly unrelated tasks can interfere with each other, we recom-
mend that when multi-tasking and task switching is neces-
sary, safeguards inspectors find tasks that can divide
attention between complementary, rather than competing,
cognitive capabilities.

9. Visual Search and Inspection

Visual search is “a scan of the environment for particular
features—actively looking for something when you are not
sure where it will appear” [1]. Search tasks can include ac-
tivities such as a feature search, when a distinctive feature
such as color or size defines the search criteria, or a con-
junction search, during which a specific combination of
features is being searched for together. Visual inspection is
a similar but specialized activity. Visual inspection is “care-
ful and critical examination, especially for flaws...[and] is
typically a deliberate, in-depth exacting process that re-
quires more than mere looking or scanning” [55].

Figure 8: Visual search is a scan of the environment for a target or
feature that might not be present. Visual inspection is a more
deliberate and careful examination, especially for flaws.

Visual search is important for physical inventory and de-
sign information verification activities, as well as checking
containment of safeguards equipment, examining seals for
evidence of tamper, and satellite imagery analysis.

Our safeguards recommendations for visual search and
visual inspection, based on the cognitive science literature,
are provided below.

Take Time to Avoid Errors. In an overview of human factors
literature relevant to visual inspection, researchers cited
studies in which time pressure can result in inspectors be-
ing more “lenient” and inadvertently letting borderline cas-
es “pass” an inspection [55]. For safeguards, this could
possibly translate to not noticing indications of tamper.
One study conducted by members of our research team
specifically focus on visual search for a safeguards-like in-
ventory verification task. We found that the presentation of
list information affects the speed at which participants can
complete a list-matching activity, and that presenting the
two lists in a very similar order produced the fastest re-
sponse times. We also found that presenting lists in this
fastest configuration resulted in decreased accuracy in the
detection of subtle errors (e.g., a transposition of two digits
rather than a missing item or more blatant mismatch). Al-
though presenting information to enable more efficient
safeguards inspections may be preferred, we recommend
that sufficient time should be allocated for all visual inspec-
tion tasks to help prevent avoidable mistakes.

Have Sufficient Lighting for the Task. In a literature review
of factors that impact visual inspection accuracy, Megaw
[68] points out four factors that impact inspector error—
visual acuity, lighting condition, time for inspection, and
feedback. Time and feedback are covered elsewhere in
this section, and visual acuity should already be consid-
ered for this type of activity. The overview of research on
lighting indicated that “good lighting is essential in reduc-
ing visual fatigue,” and that adequate lighting can reduce
the difference in visibility for low- and high-contrast items.
However, the author also notes that too much lighting
could induce glare for some activities. IAEA inspectors
should ask for appropriate task lighting for their activity,
which might mean turning the lights down for some activi-
ties. Headquarters-based staff should also ensure that
they have sufficient task lighting, for example when analyz-
ing satellite imagery or inspecting seals returned from the
field.

Provide Feedback. In a study that looked at the impact of
performance feedback on visual search tasks in airframe
structural inspections, researchers found that providing
feedback on search process and strategy resulted in more
improvements to the task performance (measured in time
and accuracy) than only providing feedback on the accu-
racy of the search [69]. Feedback in graphical or visual
forms (including visual representations of the participants’
search patterns) provided a positive effect on users’ per-
formance. While the research focused on an extended vis-
ual search task over the entire fuselage of an airplane, we
posit that similar feedback on process or strategy could
benefit smaller visual search tasks relevant to international
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safeguards. We recommend that performance feedback
be provided to inspectors and analyst by their peers, and
that the feedback include comments on accuracy and
strategy or method.

Define a Search Strategy. Using a defined search strate-
gy—such as a snake patterns from side to side, top to bot-
tom—has been shown to improve inspection performance
in visual inspection tasks over a random search pattern
[70, 71]. We recommend that safeguards inspectors and
analysts be trained in specific search patterns in order to
be more effective when examining for indications of tam-
per, searching for items within overhead images, and con-
ducting other safeguards visual searches.

Take Breaks or Switch Tasks Often. In an overview of hu-
man factors research on visual inspection, See [55] recom-
mended limiting visual inspection activities to 30 minutes at
a time based on anticipated fatigue for this type of task. The
authors recommended working in short segments of time,
and then either switching tasks or taking a break from in-
spection for 15 minutes after each 30-minute inspection pe-
riod. Because safeguards inspectors are time-limited and
not able to easily take breaks due to the protective clothing
and radiation screening required in many facilities, we rec-
ommend switching tasks or roles (e.g., equipment user and
recorder) every 30 minutes for similar effect.

Efficiently Display Lists. In a study that examined how lists
of surnames with first initials are presented visually on
a screen, researchers found that decreasing the screen
density—adding white space or a blank row between
items—of an electronic list led to faster search times [72].
For these lists, they added more space by suppressing re-
dundant information (in this case repeated surnames) rath-
er than repeating them for each entry along a vertical col-
umn. Matzen and colleagues [7] also found that arranging
lists in numerical order supported more efficient list
searches. We recommend adopting efficient list organiza-
tion practices for IAEA-controlled information. If an inspec-
tor will be searching IAEA-controlled lists (seals inventory
lists, for example) or a physical inventory list provided prior
to an inspection activity, the list should be appropriate
spaced and arranged in alphanumeric order. Repetitive
text such as the first portion of ID numbers could be par-
tially truncated to make the lists easier to scan.

10. Wayfinding: Using Sense of Direction and
Navigational Aids

Wayfinding refers to how people understand and locate
themselves in physical space. It can include navigation
(finding the way between desired locations), route knowl-
edge (familiarity with where one has already been), land-
mark knowledge (locations of points of interest), and site or
survey knowledge (an overall conception of the layout of
a physical location or area).

Figure 9: Wayfinding is an understanding and ability to locate
one’s self in physical space, and includes finding the way between
desired locations, familiarity with the route one has taken,
knowledge of locations of interest, and an overall conception of
the layout of an area.

Wayfinding plays an important role in onsite safeguards
verification activities. Safeguards inspectors must often
navigate through unfamiliar geographic areas to locate nu-
clear facilities, before being escorted through typically
complex industrial spaces. Safeguards inspectors need to
know their exact location within a facility, the route they
took within the facility to get there, and the location(s)
where they observe key equipment or measuring points.

Our wayfinding for safeguards recommmendations, based
on the cognitive science research, are provided below.

Maintain Active Awareness. In one study on the impact of
navigational aids on individual wayfinding activities, re-
searchers found that GPS users travelled more slowly and
longer distances in a route navigation task than users of
paper maps or experience-based navigation (in which
people learned a route from an experimenter) [58]. The
study found that GPS users made stops to re-orient them-
selves more frequently than paper map users, and map
users made stops more frequently than experience-based
navigation participants. Participants were equally able to
reach their end route regardless of their navigation aid. We
recommend that when navigating to an unfamiliar nuclear
site, inspectors familiar with the site actively engage with
newer inspectors to teach them where the site is. For first-
time or less familiar visits, we encourage the paper-based
maps rather than GPS.

Use Landmarks. One study found that the use of landmarks
in navigation instructions help orient people within in an envi-
ronment and support the development of a cognitive map
[59]. The authors recommend providing instructions that in-
clude landmarks and using those landmarks to re-orient
one’s self during navigation for more holistic understanding of
an environment. If navigational aids such as GPS are to be
used, the authors recommend a system that will reference
landmarks in map visualizations. In a similar study, research-
ers found that local landmarks (e.g., a landmark within
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a facility) improve route knowledge, while global landmarks
(e.g., external but nearby parking lots, rivers, or mountains)
improve the broader knowledge of an area’s layout [60].
These types of knowledge contribute to different aspects of
wayfinding capabilities. The combination of both local and
global landmark features improves performance in both route
and survey tasks. The authors recommend including both
types of landmarks on maps for best performance. For maps
the IAEA controls (such as those provided to IAEA and then
sent with inspectors or those created internally), we suggest
emphasizing both local landmarks within a facility and global
landmarks.

Avoid Distractions. One study investigated the impact of sec-
ondary tasks (activities participants are asked to complete
during the primary activity) on the encoding of wayfinding in-
formation [57]. In the study, participants were led through
a virtual path while completing a spatial, verbal, or visual sec-
ondary task. Both spatial and verbal secondary tasks inter-
fered with spatial encoding, such that participants in these
conditions were more likely to get lost when they repeated
the path than those in the visual secondary task or control
condition. Based on these findings, we recommend that
safeguards inspectors being escorted through an unfamiliar
area ask to stop momentarily if they need to pay close atten-
tion to a conversation or assess their spatial surroundings.

Use Your Most Efficient Map. In a wayfinding experiment
conducted by members of this research team, we designed
our task to address the unique needs of safeguards inspec-
tion environments, specifically: it was conducted in an indoor,
complex industrial environment using guided/passive naviga-
tion, and participants were given paper maps to use. Our re-
sults showed that individuals with a low sense of direction
perform worse when using maps on wayfinding tasks—such
as developing survey knowledge of a facility—even if the map
is studied prior to the navigation task [61]. Our results further
showed that individuals with a good sense of direction per-
form better on some wayfinding tasks—like retracing their
routes—when using a map. But on other aspects of task per-
formance, such as situational awareness, the map provides
no value to those with a good sense of direction and can
even be detrimental to performance. Individuals who have
a good sense of direction should study a map prior to an in-
spection if possible, and refer to it in only a limited way during
on-site activities to avoid distraction [61]. We further recom-
mend that if wayfinding is necessary during a team-based
activity and involves placing important equipment in specific
locations or retracing routes, the map should be designated
to one member of a team, preferably one with a good sense
of direction.

Train on Spatial Navigation Skills. One study found that
during wayfinding activities individuals with a poor sense
of direction pay less attention to spatial features, land-
marks, and orientation than those with a better sense of
direction [62]. The authors hypothesize, but have not

experimentally confirmed, that additional spatial navigation
training could support acquisition of some of these way-
finding skills. We recommend training safeguards inspec-
tors or others who perform in-field activities on basic way-
finding skills.

Assess Your Abilities. Many studies have confirmed that an
individual’s sense of direction is highly indicative of their
performance on wayfinding tasks. Self-assessments such
as the Santa Barbara Sense of Direction (SBSOD) scale in-
dicate that people do well in assessing their own capabili-
ties [63]. We recommmend that individuals know their own
abilities.

11. Working in a Multilingual Environment

Language serves two essential purposes for communica-
tion: a) receiving, decoding and comprehending input
(from external sources); and b) expressing and producing
encoded language output (for external sources) [1]. Lan-
guage is essential for communications—both verbal and
written. One’s primary language is referred to as L1, their
secondary language L2, and so on. According to Kroll et
al. [64], “being bilingual is not only about acquiring and us-
ing a second language (L2), but also about the ways that
the native or dominant first language (L1) changes in re-
sponse to the L2.” Further, Kroll and colleagues suggest
that the use of two languages “may enable bilinguals to
develop special expertise that extends beyond language
into cognition, shapes the brain networks that support
cognitive control, and provides cognitive resources that
are protective when individuals are old or cognitively im-
paired” [64]. Working in a multilingual environment poses
unique challenges.

Welcome

Figure 10: Language is essential for oral and written com-
munication, as it is used to both encode outgoing mes-
sages for others and decode messages from external
sources. People who are multilingual can communicate in
more than one language.

The operating language of the IAEA Department of Safe-
guards is English. However, many safeguards staff mem-
bers are not native English speakers, and therefore may
have differing degrees of fluency in the English language.
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Inspectors often speak different languages in the field, and
many staff communicate with stakeholders in other lan-
guages. Additionally, analysts search and process infor-
mation in many different languages, and multilingual ability
is highly sought after for this job category.

Our safeguards recommendations for working in multilin-
gual environments based on cognitive science research
are below.

Be Aware of Context. One study highlighted the impor-
tance of nonverbal communication skills when working
with speakers of multiple languages, for improvements to
an individual’s overall communication abilities, awareness,
intelligence, and social interaction [65]. Other researchers
found that when following instructions from non-native
speakers, listeners rely more on context for interpretation
[66]. We recommend that in addition to awareness of the
content that individuals are communicating, they also pay
close attention to nonverbal communications and the cul-
tural context in which they are being displayed.

Use Multiple Forms of Communication. Research from
Lev-Ari [66] suggested that over-relying on context rather
than actual language, when interpreting directions from
a non-native speaker, caused errors in an item-selection
task. We recommend that anyone communicating in
a multilingual environment—whether they are a native or
secondary speaker of the language—ask for clarification
when terms are ambiguous or could be misunderstood, or
use additional methods of communication such as sum-
marizing and using visual aids.

Gain Proficiency for Reduced Anxiety and Better Perfor-
mance. In one study of advanced-level language learners
in university-level Spanish courses, the advanced-level
students reported lower levels of anxiety related to reading
comprehension tasks and follow-up activities than intro-
ductory and intermediate-level students [67]. The re-
searchers found that although stress had been found to
impair comprehension in lower-level student, it did not
have the negative effect on advanced students. This indi-
cates that increased proficiency in operational L2s im-
proves performance due to both comprehension and
communication abilities, and the lesser impact from the
stress of working in L2. We recommend that safeguards
practitioners working in L2, L3, or beyond continue to
practice and take coursework, if available, to support bet-
ter performance.

12. Conclusion

International nuclear safeguards practitioners carry
a heavy cognitive load, and their inherent potential for hu-
man error could lead to negative outcomes for the global
community. Though humans will always make some er-
rors, we can learn how to best support and enable human

performance from the vast corpus of cognitive science lit-
erature. While the recommendations here may not be rele-
vant for all safeguards verification activities, and may have
unintentionally excluded relevant elements of the cognitive
science domain, we hope that the recommendations pro-
vided here are both relevant and actionable to best sup-
port human performance across a range of safeguards
tasks. Future research explicitly testing unique safeguards
scenarios or environments, and using real safeguards
practitioners, will continue to add value to this emerging
domain of applied cognitive science for international
safeguards.
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