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The radionuclide composition of, and emitted radiation in, spent nuclear fuel from the future MYRRHA
facility have been studied using depletion simulations to understand potential consequences for safe-
guards verification using non-destructive assay. The simulations show that both the gamma-ray and neu-
tron emission rates in spent MYRRHA assemblies are lower than in spent PWR UO, and MOX assemblies.
In addition, gamma-ray emission rates from '>#Cs and '>*Eu are considerably lower, and the total neutron
emission rate in MYRRHA fuel is much less sensitive to fuel burnup and cooling time. The main reason is
that the fast neutron spectrum in MYRRHA affects the radionuclide production in the fuel. One result is
that 244Cm, the main contributor to the neutron emission in spent light water reactor fuel, has a limited
production in MYRRHA. Consequently, neutron-detection techniques could be used to more directly
assay the plutonium content of spent MYRRHA fuel.
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1. Introduction

Non-destructive assay (NDA) techniques based on gamma-ray
and neutron detection are important in safeguards verification of
spent nuclear fuel (SNF) (Phillips, 1991; International Atomic
Energy Agency, 2011). NDA measurements are used in the verifica-
tion of the completeness and correctness of operator declarations,
and determination of fuel parameters such as initial enrichment
(IE), burnup (BU) and cooling time (CT) can be of interest (Tobin
et al., 2012). With different types of Generation IV nuclear energy
systems on the horizon (Locatelli et al., 2013), appropriate safe-
guards techniques must be identified and developed (Durst et al.,
2007; Grape et al., 2014). In this paper we present a step in this
direction, focussing on SNF from the upcoming MYRRHA (Multi-
purpose hYbrid Research Reactor for High-tech Applications) facil-
ity at SCK CEN in Mol, Belgium (Ait Abderrahim et al., 2012),
expected to be fully operational by 2036. MYRRHA will be an
accelerator-driven system, with a 600-MeV proton linear accelera-
tor coupled to a sub-critical reactor core and a spallation target in
the reactor core. It can be operated in critical or sub-critical mode,
with only the latter requiring spallation neutrons to sustain the
neutron chain reaction. Here, we consider only SNF assemblies
from the critical mode of MYRRHA.
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The properties of MYRRHA and its fuel present several differ-
ences compared to typical light water reactor (LWR) fuel often ver-
ified in safeguards: MYRRHA will contain mixed-oxide (MOX) fuel
with an initial plutonium content of 30%, cooled by lead-bismuth
eutectic (LBE) (Van den Eynde et al., 2015). The initial fuel compo-
sition and fast neutron energy spectrum in MYRRHA will affect the
SNF radionuclide inventory, and could have implications for select-
ing appropriate NDA techniques. To study the potential for verifi-
cation of MYRRHA fuel using gamma rays and neutrons, this
paper presents results from depletion simulations of the MYRRHA
fuel, performed using the Monte Carlo neutronics Serpent2 code
(Leppdnen et al., 2013). The results include the expected gamma-
ray and neutron emissions in an SNF assembly and the build-up
of radionuclides in the fuel. Throughout the paper, the results are
compared with recent depletion simulations of uranium oxide
(UO,) and MOX fuel in a representative pressurised water reactor
(PWR) (Elter et al., 2020). This comparison allows analysing differ-
ences between both fuel type and reactor type, particularly high-
lighting the safeguards implications for verification of MYRRHA
fuel.

In Table 1, some key parameters of the MYRRHA fuel are sum-
marised and compared to UO, and MOX fuel of a PWR. These
parameters include properties of interest for safeguards, such as
the amount of low enriched uranium (LEU) and plutonium in the
fresh and spent fuel. Some key differences between fuel in MYR-
RHA and fuel in commercial PWRs are clear: the MYRRHA fuel
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Table 1

Some key properties of MYRRHA and light-water reactor fuel relevant for safeguards.
The PWR fuel dimensions are representative values for Westinghouse 17 x 17 FAs,
taken from (Baron et al., 2020), whereas the MYRRHA fuel dimensions were taken
from Van den Eynde et al. (2015) and Van Tichelen et al. (2020). The average PWR
discharge burnups were obtained from U.S. Energy Information Administration
(2021) and the MYRRHA discharge burnup from Van den Eynde et al. (2015). The
plutonium and 233U content before and after irradiation were determined from the
depletion simulations detailed later in this paper and are given both in terms of
absolute mass and significant quantities (1 SQ =8kg plutonium or 75 kg LEU
(International Atomic Energy Agency, 2001)).

Fuel type
Property PWR-UO, PWR-MOX MYRRHA
Initial enrichment/ Initial Pu 4 9 30
content [wt.%]
Core power 1,300 MW, 1,300 MW, 96 MW,'
Coolant Water Water Liquid Pb-
Bi
eutectic
(LBE)
Number of assemblies in core 193 193 108!
Active fuel length [cm] 427 427 65
Number of fuel rods per assembly 264 264 127
Average discharge burnup [MWd/ 40 40 60
kgHM]
LEU (#*°U + 238U) content in fresh
fuel
Per assembly [kg] 550 500 12
Per assembly [SQ] 7.3 6.7 0.16
Per core [SQ] 1400 1300 17
LEU (**°U + 238U) content at
discharge
Per assembly [kg] 520 490 11
Per assembly [SQ] 6.9 6.5 0.15
Per core [SQ] 1300 1200 16
Plutonium content in fresh fuel
Per assembly [kg] 0 50 5.1
Per assembly [SQ] 0 6.2 0.64
Per core [SQ] 0 1200 69
Plutonium content at discharge
Per assembly [kg] 6.7 40 4.5
Per assembly [SQ] 0.84 5.0 0.57
Per core [SQ] 160 970 61

" In the critical configuration. For the sub-critical configuration, the core will
contain 72 assemblies and have a power of 70 MWy, (Van den Eynde et al., 2015).

assemblies (FAs) will be considerably shorter and contain fewer
fuel rods. As a result, the amount of plutonium per assembly is
in any case smaller for MYRRHA than for a PWR MOX FA used in
a typical commercial reactor. The listed IE and initial plutonium
contents (IPCs) are the values assumed throughout this work.
Different NDA techniques for radiation measurements of fast-
reactor SNF have been investigated in the past. These include
gamma-ray scanning (Barnes et al., 1979; Phillips et al., 1979) or
neutron-coincidence counting (Persiani and Gundy, 1982) for BU
determination, active neutron counting for fissile-mass determina-
tion (Persiani and Gundy, 1982), and neutron-coincidence counting
(Lestone et al., 2002) or neutron resonance densitometry (Neutron
Self-Indication Assay of SEFOR Fuel Rods, 1969; Neutron Self-
Indication Assay of SEFOR Fuel Rods, 1969) for plutonium-mass
determination. Although there are several differences between
the reactors in these studies and MYRRHA (e. g. core power, core
size, fuel composition), these studies show some important differ-
ences between the radiation signatures from fast-reactor and
thermal-reactor SNF. These include a more important direct contri-
bution from the plutonium isotopes to the total neutron emission
in fast-reactor SNF (Persiani and Gundy, 1982; Lestone et al., 2002).
In addition, differences between the gamma signatures from fast-
reactor and thermal-reactor SNF have been highlighted in the field
of nuclear forensics (Osborn, 2018; Chirayath et al., 2018),
although these studies only considered very low BU values. In this
paper, we study the differences in radiation emissions and
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radionuclide inventory with respect to LWR SNF in a more system-
atic way in the context of safeguards.

Due to the ongoing interest in developing Generation IV nuclear
energy systems, there is a need to assess the performance of sev-
eral types of NDA instrumentation and analysis methodologies to
these case studies. Because today’s NDA instrumentation is mainly
developed for LWR safeguards verification, it is reasonable to make
a systematic comparison between the gamma-ray and neutron
emissions and radionuclide inventories in SNF from different reac-
tor types. Several libraries containing results from LWR depletion
simulations have been developed to facilitate modelling of next-
generation NDA instruments (see for example Elter et al., 2020;
Rossa and Borella, 2020; Galloway et al., 2012; Henzl, 2014), and
this paper presents the first step towards such a library also for
MYRRHA SNF.

2. Simulation framework

Depletion simulations have been performed using Serpent2
(Leppdnen et al., 2013), which is a Monte-Carlo-based code for
modelling of nuclear reactors and radiation transport. Serpent2
includes extensive depletion-simulation capabilities, where the
evolution of the radionuclide composition of fuel is determined
by combining Monte Carlo determinations of the reactor core neu-
tron fluence rate with the deterministic Bateman equations. After
discharge from the core, a neutron fluence rate of zero is assumed
so that the Bateman equations only depend on radioactive decay.
Using this methodology, the radionuclide composition of the fuel
can be estimated at different BUs and at different CTs after dis-
charge from the core.

In the present work, Serpent2.1.31 has been used to simulate
fuel depletion in the critical MYRRHA core'. In these simulations,
a radially and axially infinite lattice has been assumed, meaning that
the radial dimensions of a single fuel-pin cell (i. e. the fuel, the clad-
ding and the coolant) were defined and replicated using reflective
boundary conditions. The neutron-transport simulations were per-
formed using the k-eigenvalue criticality source method, where the
number of initial source neutrons per cycle as well as the number
of inactive and active cycles have to be specified. By studying the
dependence of the modelled infinite multiplication factor k., on
these three parameters, it was found that using 10 inactive and
100 active cycles consisting of 5000 initial neutrons per cycle
resulted in a solution with good precision and accuracy. The uncer-
tainty on k., ranged between 71 and 85 pcm for the simulated irra-
diation histories. This configuration was also used in the recent
development of a LWR SNF library (Elter et al., 2020). The neutron
cross-section data, the fission-product yields and the radioactive-
decay data used in the simulations were obtained from the JEFF-
3.3 library (Plompen et al., 2020).

2.1. Fuel pin geometry and initial composition

Because existing safeguards instrumentation has been devel-
oped and designed mainly for LWR fuel, it is relevant to compare
results on MYRRHA fuel properties (radiation emission and
radionuclide composition) with those of LWR fuel. Recent results
from depletion simulations of PWR UO, (initial enrichment 4%)
and MOX (initial plutonium content 9%) fuel (Elter et al., 2020)
are used here for this comparison. This allows analysing how dif-
ferent fuel compositions (in particular the plutonium content)
and different neutron energy spectra affect fuel depletion and what

! When fully operational, the MYRRHA facility can also be operated in sub-critical
mode, where a proton accelerator is used to sustain the neutron chain reaction in the
core.



M. Preston, A. Borella, E. Branger et al.

potential implications this has for safeguards verification of MYR-
RHA SNF. Fig. 1 shows the neutron energy spectra in the three
types of fuel at the beginning of irradiation. Note that in addition
to the LWR data in Elter et al. (2020), the associated Serpent2 input
files were made available to us so that additional parameters of the
LWR simulation could be determined when necessary. The simula-
tions of the PWR fuel were also performed using Serpent2 assum-
ing a radially and axially infinite lattice. The PWR models did not
include soluble boron in the moderator, burnable poison rods or
control rods, which could affect the neutron energy spectrum
and therefore the radionuclide composition of the spent fuel. The
impact of these and other parameters has been investigated previ-
ously (Rossa et al., 2013; Hu et al., 2014). In Rossa et al. (2013), it
was found that adding soluble boron to the moderator in an
infinite-lattice model increased the production of actinides in
PWR UO, fuel by up 20% relative to the case with no boron at BU
up to 40 MWd/kgHM. In Hu et al. (2014), the presence of burnable
poison rods were found to decrease the production of several
radionuclides of interest for the present work by up to 8%. It is clear
that parameters such as these will have some impact on both the
radionuclide composition and the radiation emission. As described
in Henzl (2014), including these and other effects in a library of
modelled spent fuel assemblies can be important when performing
detailed studies of the response of a realistic NDA system to a par-
ticular fuel assembly. For this work, however, the objective is
rather to highlight key differences between different fuel types
for different BUs and CTs. With this objective in mind, the
infinite-lattice model was determined to be sufficient.

The geometries of the fuel-pin cells in the MYRRHA and PWR
simulations, as well as the properties of the respective cladding
and coolant materials, are shown in Table 2. The assumed cladding,
coolant and fuel temperatures in the MYRRHA case were taken
from Jaluvka (2015). The material temperatures affect the cross
sections due to broadening of resonance peaks in neutron interac-
tion cross sections. In the MYRRHA depletion simulations, the
“Doppler preprocessor” functionality of Serpent2 was used to
incorporate these effects into the cross-section data.

In this work, an IPC of 30 wt.% (relative to all heavy metal in the
fresh fuel) was assumed for the MYRRHA fuel. This is the expected
IPC when using MOX fuel in MYRRHA (Van den Eynde et al., 2015).
This is however not the only type of fuel that could be used in
MYRRHA — highly enriched uranium (HEU) oxide fuel or various
uranium and plutonium metal fuels have also been considered
(Ait Abderrahim et al., 2005). In addition, fuel containing minor
actinides could be used for transmutation of radioactive waste
(Mueller, 2013). Nonetheless, the 30% MOX fuel assumed in this
work does in itself present a larger challenge to safeguards than
HEU fuel, due to the smaller mass of one SQ of plutonium and
the more complex composition of MOX fuel. Because methods
for safeguarding all types of SNF at MYRRHA will eventually be
required, it is relevant to initially consider a more challenging sce-
nario as a baseline for MYRRHA safeguards. The assumed initial
fuel composition in this work is shown in Table 3 together with
the compositions of the reference PWR fuels used in the compari-
son. Note that the assumed MYRRHA fuel composition includes
natural (not depleted) uranium. The density of the fuel oxide was
assumed to be 10.16 g/cm?, calculated from Stankus et al. (2008)
assuming a density 95% of the theoretical oxide density.

In this work, we focus on the scenario where a SNF assembly is
to be verified after discharge from the MYRRHA core. The percent-
age of total fissile material as well as plutonium in MYRRHA fuel
will be high compared to typical LWR fuel, and stresses the need
for efficient and accurate safeguards measures. While the composi-
tion of the plutonium in the fuel affects the attractiveness for pro-
liferation (Bathke et al., 2011), all plutonium isotopes are treated
the same by the International Atomic Energy Agency
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Fig. 1. The neutron energy spectra in the modelled PWR and MYRRHA fuels at the
beginning of irradiation. The integral of each spectrum has been normalised to one.

Table 2

Geometry of the simulated MYRRHA fuel cell, compared to the reference PWR fuels
from Elter et al. (2020). The MYRRHA fuel geometry was obtained from Kennedy et al.
(2020) and the cladding, coolant and fuel temperatures from Jaluvka (2015).

Parameter MYRRHA fuel (this work) PWR fuels'
Pin radius [cm]? 0.33 0.48

Cell geometry Hexagonal Square

Pin pitch [cm] 0.84 1.26
Cladding material DIN1.4970 steel Natural Zr
Cladding density [g/cm?] 7.95 6.52
Cladding temperature 633.15 900

Coolant material Lead-bismuth eutectic (LBE) Water (H,0)
Coolant density [g/cm?] 10.3 0.75
Coolant temperature [K] 633.15 600

Fuel temperature [K] 1473.15 1500

! The geometry parameters were identical for the UO, and MOX fuels.
2 The pin radius including the cladding.

Table 3

Assumed composition (in weight percentage) of fresh fuel in the MYRRHA depletion
simulation and in the reference PWR cases. The PWR fuel compositions were obtained
from Elter et al. (2020).

Isotope MYRRHA PWR-UO, PWR-MOX
B4y [wt.%) 0 0 0.00096
357 [wt.%] 0.44 3.53 0.20
238 [wt.%] 61.39 84.62 80.02
28py [wt.%] 0.061 0 0.20
239py [wt.%] 17.98 0 434
240py [wt.%] 6.91 0 2.07
241py [wt.%] 1.22 0 0.75
242py [wt.%] 0.32 0 0.57
160 [wt.%] 11.67 11.85 11.84
Oxide density [g/cm®] 10.16 10.5 10.5

(International Atomic Energy Agency, 2001). In this work, we
therefore consider both the total amount of plutonium in the fuel
and the radiation emitted from the individual plutonium isotopes.

2.2. Irradiation conditions

During equilibrium conditions, the critical configuration of the
MYRRHA core consists of 108 FAs, each containing 127 fuel rods
(Van Tichelen et al., 2020). The operating schedule in MYRRHA is
foreseen to consist of 90-day irradiation cycles followed by down-
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times to allow maintenance and re-shuffling of the FAs (Gelineau
and Gavrilov, 2012). As shown in Fig. 2, the duration of the down-
times will alternate between 30 and 90 days.

The 108 assemblies of the critical configuration are divided into
18 batches of six, which are re-shuffled at the end of each operat-
ing cycle. At its end of life, a single FA will have gone through 18
90-day cycles, reaching a discharge BU of approximately 60
MWd/kgHM (Van den Eynde et al., 2015). In the depletion simula-
tions, these were the assumed irradiation conditions. A constant
power of 76.7 W/cm in the fuel was assumed throughout all cycles.
The simulation was performed in time steps of 15 days, corre-
sponding to BU steps of 0.56 MWd/kgHM. The cooling of the fuel
after discharge was simulated in time steps of 90 days up to
10 years, then in steps of 180 days up to 40 years.

In MYRRHA, both fresh and spent fuel will be stored in the in-
vessel fuel storage (IVFS) to minimise delays between operation
cycles (Di Maria et al., 2012). Re-shuffling of fuel, and insertion
of fresh fuel, will be done using two in-vessel fuel handling machi-
nes so that the vessel will not have to be opened. However, when
all fresh fuel in the IVFS has been replaced by spent fuel, the vessel
will be opened so that SNF can be removed from the IVES and
replaced by fresh fuel for subsequent cycles. It is at this point that
one may foresee the first direct access to SNF from MYRRHA, and
that this is where fuel verification could be performed. We assume
that under normal operating conditions, the fuel that is to be ver-
ified will have been fully burned through 18 cycles to reach 60
MWd/kgHM. These assemblies will have a range of CTs, but here
we assume that all have been in the IVFS for at least some time
so that the minimum CT before an NDA measurement is possible
is approximately three months?. For this reason, radionuclides with
half lives shorter than one month were not considered in this publi-
cation, but may be included in future work.

3. Results

To understand how to verify SNF from MYRRHA using NDA
techniques, the characteristics of the emitted radiation to be
detected by safeguards instruments must first be understood. In
this work we focus on the passive emission of gamma rays and
neutrons in the SNF and its dependence on the radionuclide inven-
tory, and analyse how and to what extent it differs from LWR fuel
currently under safeguards. For the radiation emission, we only
consider the radioactive decay within the SNF rods — the transport
of the emitted radiation within the FA or to a potential detector is
not included since designs and positioning of future detector sta-
tions have not yet been looked into. In a realistic scenario, effects
such as scattering and attenuation will affect the detectable radia-
tion signatures, but the more fundamental properties of the emit-
ted radiation nonetheless provide valuable input to such analyses
and assessments. In most cases, the results are shown for several
values of BU and CT, but when specific discharge BUs are assumed
a value of 60 MWd/kgHM is used for MYRRHA and 40 MWd/kgHM
for the PWR fuels. A discharge BU of 40 MWd/kgHM is representa-
tive for PWR fuels verified in safeguards today (U.S. Energy
Information Administration, 2021). It is however important to note
that the discharge burnup may vary along the axial length of the
fuel assembly, locally reaching values considerably higher than
the average.

The amount of fuel material in the assembly was taken into
account by scaling the gamma-ray and neutron emission rate by
the number of rods per assembly. The resulting emission rates

2 Since the vessel can be opened during the 90-day downtimes, it is in principle
possible that shorter-cooled fuel can be discharged as well, although we do not
investigate those cases in this work.
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per assembly axial length may be compared with the PWR results
where both the fuel-rod diameter and the assembly size are larger
(see Tables 1 and 2). It is worth emphasising that because the rates
were determined per axial length, any difference between the
determined emissions in MYRRHA and the PWR fuels will partly
be due to the fact that there is less heavy metal per assembly axial
length in the MYRRHA fuel.

3.1. Gamma-ray emission

3.1.1. Total gamma-ray emission

The total gamma-ray emission rate in a single FA was deter-
mined using the radioactive-decay source mode of Serpent, where
the energies and intensities of the emissions from all radionuclides
in the SNF were determined. In previous spectroscopic measure-
ments on LWR SNF at the Swedish interim storage for SNF, Clab,
only peaks above approximately 500 keV in the gamma-ray energy
spectrum were analysed (Vaccaro et al., 2016) because gamma-ray
scattering and attenuation between the SNF and detector resulted
in a significant low-energy background. Although the measure-
ment conditions during verification of MYRRHA fuel are not
defined yet, and may come to differ from those during LWR fuel
verification, we here consider gamma rays with an energy above
500 keV. Fig. 3 shows the total gamma-ray emission rate above
500 keV as a function of the CT after discharge, for three different
BUs: 20, 40 and 60 MWd/kgHM. These values were chosen to rep-
resent low, medium and full BU in the PWR and MYRRHA cases.

From Fig. 3, it can be seen that the total gamma-ray emission
rate in a MYRRHA SNF assembly is approximately ten times lower
than in a PWR SNF assembly. This is partly due to the thicker fuel
rods and larger assemblies in the PWR cases, i. e. that the amount
of fuel material per assembly axial length is considerably lower in
the MYRRHA fuel than in the PWR fuels (as discussed above).
Another reason for the differences in the emission rate could be
due to differences in the radionuclide composition of the SNF, as
discussed below. The lower total gamma-ray emission rate per
axial length in the MYRRHA fuel either means that longer measure-
ment times will be required to reach the same statistical accuracy
as in NDA of PWR fuel, or that the count rate should be increased
by decreasing the fuel-detector distance or thickness of attenuat-
ing material.

3.1.2. Potential for detecting gamma rays below 500 keV

Although only gamma-ray emissions above 500 keV have been
considered in this paper, it is worth pointing out that also photons
with lower energies (including x-rays) may be of interest in NDA
measurements. Of special interest are gamma rays emitted after
o decays of uranium and plutonium isotopes, which would allow
directly assaying the uranium and plutonium content of the fuel
(Sampson, 1991). Typically, the very high photon background
caused by decaying fission products completely obscures these
gamma rays in a spectroscopic measurement on SNF (Phillips,
1991). However, the higher plutonium content in MYRRHA fuel
compared to PWR fuel as well as the thinner fuel rods in the MYR-
RHA case (resulting in a lower self-absorption of gamma rays) sug-
gest that detecting photons from plutonium decays could be more
feasible in the case of MYRRHA fuel. As an example we consider the
239py 375-keV gamma-ray emission, which is one of the more
intense emissions from that isotope. Because the major contributor
to the background when attempting to measure low-energy pho-
tons from SNF is the 662-keV line from '3’Cs (and its associated
Compton continuum), it is relevant to compare the intensities of
these two emissions. Fig. 4 shows the ratio between these two
emission rates in PWR and MYRRHA fuel as a function of the CT
after discharge, for three different BUs (to highlight the BU- and
CT-dependence of the gamma-ray emission rate). It is clear that
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Fig. 2. MYRRHA operating schedule assumed in this work. Each irradiation cycle is 90 days long, followed by downtimes of 30 or 90 days (in parentheses). Each FA in the core
will be irradiated for 18 active cycles, resulting in a total irradiation time of 1620 days per assembly. The region between the two red dashed lines indicate the part of the

schedule that is repeated throughout operations.
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Fig. 3. The total gamma-ray emission rates above 500 keV per assembly axial
length of MYRRHA and PWR fuel, as functions of the cooling time after discharge for
three different burnups: 20, 40 and 60 MWd/kgHM.
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Fig. 4. The intensity of the 375-keV emission from 2*°Pu relative to the intensity of
the 662-keV emission from '3’Cs for MYRRHA and PWR fuel, as functions of the
cooling time after discharge for three different burnups. The relative strength of the
375-keV emission in MYRRHA fuel is approximately 50 times that in UO, fuel.

the relative intensity of the plutonium emission is approximately
50 times larger in the MYRRHA case than in the UO, case, but still
very much weaker (by a factor of up to 10°) than the 662-keV
emission from '3’Cs. Further work is needed to evaluate the effects
of the measurement conditions and chosen NDA instrumentation
on the possibilities to detect such low-energy gamma rays. There-
fore, we now turn our focus back to the gamma-ray emissions
above 500 keV.

3.1.3. Fission-product contributions to the gamma-ray emission above
500 keV

The majority of the gamma-rays emitted from SNF are due to
decaying fission products, which may be used as indicators of fuel
parameters such as IE, BU and CT. The energy threshold of 500 keV
was the first criterion for selecting relevant gamma-emitting
radionuclides. Second, requirements based on nuclide half-life
and sufficient branching ratio for gamma-ray emission can be
introduced. Additionally, the mean free path of photons increases
with energy, meaning that high-energy gamma rays are more
likely to reach the detector and can also provide more information
about the interior of the assembly (Jansson, 2002). High-energy
gamma rays are therefore especially interesting for fuel-
verification purposes. Instead of analysing these selection criteria
separately, we study the fractional contribution of all radionuclides
to the total gamma-ray emission rate above 500 keV as a function
of the CT after discharge. Fig. 5 shows the relative contributions for
the two PWR cases and MYRRHA, where all radionuclides that con-
tribute with at least 1% of the total emission rate above 500 keV
from MYRRHA SNF with a BU of 60 MWd/kgHM at any CT between
6 months and 30 years are shown explicitly. The absolute emission
rates from these radionuclides in MYRRHA fuel, which are of inter-
est when considering e.g. achievable count rates in an NDA mea-
surement, are shown in Table 4.

The eight nuclides shown in Fig. 5 — %Nb, ®°Zr, 11Ce, %Ry,
134Cs, 125h, 154Eu and '37Cs — have previously been suggested as
indicators of BU and/or CT of SNF (Hsue et al.,, 1978; Phillips,
1991a; International Atomic Energy Agency, 1992). The measured
intensities of '>*Cs, '>*Eu and '*’Cs and/or ratios between them
are perhaps the most well-known BU indicators, especially for
longer-cooled fuel (Phillips, 1991b). Of the gamma-ray emitters
considered in this work, '?°Sb is possibly the one least often sug-
gested in the context of safeguards — the reason for this could be
that its fission yield is considerably smaller in uranium than in plu-
tonium (Plompen et al., 2020) and that it is therefore not a major
contributor to the gamma-ray rate from UO, (i.e. the majority of
LWR fuel worldwide). Indeed, it is clear from Fig. 5 that the relative
contribution from ?°Sb exceeds 1% only in the MYRRHA case. The
most prominent gamma-ray emissions from the selected nuclides
are listed in Table 5.

All nuclides listed in Table 5 are produced as a result of fission
in the fuel, some as direct fission product and some as the result of
one or more subsequent neutron captures in direct fission prod-
ucts. The build-up of these radionuclides during operation of MYR-
RHA is expected to differ from that in a LWR for four main reasons:

e The higher plutonium content in the MYRRHA fuel means that
plutonium isotopes will constitute a higher fraction of the fis-
sioning nuclei, affecting the fission yields.
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e The fast neutron energy spectrum in the MYRRHA core will
result in different fission-product distributions compared to a
thermal LWR core.

o Neutron-capture cross sections typically decrease as the neu-
tron energy increases, so that neutron capture is generally less
probable in the MYRRHA core for a given neutron fluence rate.

e The neutron fluence rate is higher in MYRRHA than in a LWR,
but this often does not compensate for the decrease in the cap-
ture cross section. This can result in a lower neutron capture
rate per fission in MYRRHA fuel as compared to LWR fuel.

Based on Fig. 5, some particularly interesting differences
between the contributions to gamma-ray emission in MYRRHA
and PWR fuel should be noted. First, '*’Cs starts to dominate the
emission in MYRRHA SNF at shorter CTs than in the PWR SNF. Sec-
ond, the relative contributions of **Cs and '>*Eu are considerably
reduced in the MYRRHA fuel. As mentioned above, these nuclides
are well-known in passive gamma spectroscopy measurements
on LWR SNF, and their reduced contribution could have conse-
quences for MYRRHA safeguards.

3.1.4. Fission-product inventory

To explain the differences between the gamma-ray emission in
MYRRHA and PWR fuel, one can study the build-up of the fission
products in Table 5 during operation of the reactor core. Fig. 6a
shows the fission-product number densities (the number of nuclei
per cm?) as functions of BU in MYRRHA and PWR fuel, obtained
from Serpent simulations. We first consider three radionuclides
with a half life of less than one year: °Nb, °>Zr and '“‘Ce. The
build-up of these radionuclides is highly dependent on the irradi-
ation scheme (because significant decays occur even during the
30-day outages between consecutive irradiation periods). Disconti-
nuities in the build-up are therefore due to the simulated irradia-
tion histories of the fuel. Even though the assumed irradiation
history in MYRRHA is different from the one in the PWR cases,
the build-up of these three radionuclides is rather similar because
the fission yields are similar in UO, and MOX fuels, and also in a
thermal and a fast neutron energy spectrum (Plompen et al., 2020).

For the radionuclides with half lives between one and five years
(1%Ru, '34Cs and '?°Sb), some dependency on the irradiation
scheme can be seen. The build-up of '°Ru in MYRRHA is rather
similar to that in PWR MOX, but differs significantly from the
PWR UO, case. This can be attributed to the fact that the cumula-
tive fission yield for '°Ru is 0.41% in thermal-neutron induced fis-
sion of 22°U, 4.3% in thermal-neutron induced fission of 2*°Pu and
4.0% in fast-neutron® induced fission of 2*°Pu (Plompen et al.,
2020). The main difference therefore lies in the fissioning nuclide,
and not the neutron energy spectrum. 34Cs is on the other hand pro-
duced to a much lesser extent in MYRRHA compared to both PWR
cases. The reason for this is that 3*Cs is not primarily produced as
a direct fission product, but by neutron captures by the much more
common fission product *3Cs (Phillips, 1991b). The cumulative fis-
sion yield for '>3Cs is similar for fast and thermal neutrons as well as
for different fissioning nuclides, but the cross section for neutron
capture by !*3Cs decreases rapidly with neutron energy (Plompen
et al., 2020). Therefore, the neutron energy spectrum in MYRRHA
is not as efficient in producing '**Cs as a thermal spectrum. '2°Sb,
on the other hand, is a direct fission product. The main reason for
the difference in build-up is again the main fissioning nuclide, not
the neutron energy spectrum — the cumulative fission yield of
1255h is 0.030% in thermal-neutron induced #*°U fission, 0.11% in
thermal-neutron induced 23°Pu fission and 0.14% in fast-neutron
induced 2*°Pu fission.

3 Here, “fast neutrons” refers to 400-keV neutrons.
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Fig. 5. The relative contributions to the gamma-ray emission rate above 500 keV
from eight radionuclides in the PWR UO, and MOX cases (both at a discharge
burnup of 40 MWd/kgHM) and MYRRHA (at a discharge burnup of 60 MWd/kgHM)
as functions of the cooling time after discharge.

Finally, we consider the fission products with half lives above
five years. As with '34Cs, '>*Eu is not primarily produced as a direct
fission product. Its build-up in the fuel is quite complex, as it can
proceed through several different chains of neutron captures and
B decays in fission products (Hakansson et al., 1995). To under-
stand why the build-up of this nuclide in MYRRHA fuel differs from
the PWR cases, the so-called depletion matrix used in the Serpent
simulation was studied for the nuclides relevant for '**Eu produc-
tion. This matrix contains the reaction cross sections and decay
parameters needed to solve the Bateman equations at each time
step in the depletion simulation, and therefore describes the prob-
abilities governing the radionuclide build-up. It was found that the
probability for neutron capture in all nuclei that could contribute
to '>#Eu production is on average ten times smaller in the MYRRHA
fuel than in the UO, fuel — again, due to the fast neutron energy
spectrum. This is also true for '>>Eu, the direct precursor of >*Eu.
Following the same argument as above, the probability for neutron
capture is less likely in MYRRHA, suppressing the production of
154y, It is also worth pointing out that '*°Sm, a nuclide in the
154Ey production chains, is a well-known thermal-neutron absor-
ber. The capture cross section for this nuclide is several orders of
magnitude smaller at fast neutron energies (Plompen et al.,
2020), which significantly reduces the impact of this reaction in
MYRRHA, and potentially leads to a less complex '>*Eu production
mechanism. '¥’Cs is perhaps the most commonly used radionu-
clide in nuclear safeguards, and as shown here its production in
MYRRHA is very similar to both PWR cases. This is a result of it
being a direct fission product with a fission yield quite similar
for thermal- and fast-neutron induced fission in 2*°U and 2*°Pu.
The neutron-capture cross section for '’Cs is similar for fast and
thermal neutrons (Plompen et al., 2020), and small enough that
loss of '3’Cs through neutron capture is negligible. Therefore, the
common assumption that the *’Cs build-up has a linear depen-
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Table 4
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Radionuclide contributions to the total gamma-ray emission rate above 500 keV in a MYRRHA FA with a discharge burnup of 60 MWd/kgHM. Only rates at cooling times below 20

nuclide half lives are shown.

Gamma-ray emission rate > 500 keV per assembly axial length [10'® s~ cm™]

Cooling time [y] 95Nb 957r 144ce 106Ry 134¢s 125gh 154y 137¢s Others
1 49 22 7.8 140 64 5.8 5.5 150 1.7
- - 0.22 9.5 17 2.1 4.0 130 0.16
10 - - 27.103 0.32 3.1 0.61 2.7 120 0.10
20 - - - 35.104 0.11 0.049 1.2 95 0.061
30 - - - - 38.10° 40-103 0.54 76 0.037
Table 5 tron energies, affecting the balance between >*Eu production and

Half lives and important emissions of the gamma-emitting fission products selected
for analysis in this work. Data taken from Plompen et al. (2020).

Isotope Half-life =~ Gamma-ray energy Intensity [% decay™']
[MeV]

9Nb 35days  0.766 99.8

957 64days  0.724,0.757 44.3,54.4

144ce!  285days 0.697, 1.489, 2.186 1.41, 0.286, 0.73

106Ru?  372days 0.512, 0.622, 1.050, 20.5, 9.87, 1.49, 0.40, 0.156
1.128, 1.562
1.766, 1.797, 1.988, 0.03, 0.0274, 0.0258,
2.112, 2.366 0.0351, 0.0232

134¢s 2064y  0.563,0.569, 0.605, 8.34, 15.37, 97.63, 85.47,
0.796, 0.802 8.69
1.038, 1.168, 1.365 0.99, 1.79, 3.02

1256h 276y 0.601, 0.607, 0.636, 17.76, 5.02, 11.32, 1.78
0.671

1%4Ey 860y 0.592, 0.723, 0.757, 4.95, 20.05, 4.53, 12.17,
0.873, 0.996 10.5
1.005, 1.274, 1.494, 17.86, 34.89, 0.70, 1.78
1.596

B7¢cs® 301y 0.662 85.1

! Gamma rays emitted after the f~ decay of the short-lived daughter '“Pr
(t1/2 = 17.3 min).

2 Gamma rays emitted after the - decay of the short-lived daughter '°°Rh
(tij2 =298 s).

3 Gamma rays emitted in the de-excitation of the short-lived daughter '*’™Ba
(t1/2 = 2.6 min).

dence on the BU (Phillips, 1991b) is expected to be valid also in
MYRRHA fuel.

Finally, it is often valuable to investigate how the ratio between
the densities of some key radionuclides vary as a function of the BU
(Reilly et al., 1991). The advantage of this is that some ratios have
been found to be very good indicators of BU (Reilly et al., 1991).
Also, studying the radionuclide ratio instead of the counts of a sin-
gle radionuclide makes the analysis less sensitive to the measure-
ment geometry (one only has to correct for the energy dependency
of the detector efficiency) (Reilly et al., 1991). Finally, the
154Ey/134Cs ratio has been suggested for discriminating between
UO, and MOX LWR fuel (Willman, 2006). There are also more com-
plex ratios that could be studied, for example double ratios involv-
ing '°Ru, '**Cs and '*’Cs (Nakahara et al., 2000; Dennis and
Usman, 2010). However, the lower gamma-ray emission rates from
e.g. **Cs in MYRRHA fuel means that even longer measurement
times would be required to achieve sufficient accuracy on these
more complex ratios. Therefore, we have not included them here.
Fig. 6b shows selected ratios for the MYRRHA fuel and the PWR
fuels. It is worth noting that two ratios often suggested, 134Cs/!37Cs
and *Eu/'37Cs (Phillips, 1991b), show a much smaller depen-
dence on BU in MYRRHA than in the PWR cases. On the other hand,
the saturation of the >*Eu/!3’Cs ratio at higher BU in the PWR fuels
does not appear as clearly in the MYRRHA case. One of the main
reasons for this saturation in PWR fuel is neutron capture by
154Ey (Hu et al.,, 2014), which has a larger capture cross section
than '>3Eu at thermal energies (Plompen et al., 2020). The capture
cross sections for these two isotopes are more similar at fast neu-

loss in MYRRHA fuel. This results in a more linear BU-dependence
of 1>Eu/'37Cs in MYRRHA fuel, which could prove useful for deter-
mining the BU if sufficient measurement accuracy can be achieved.

3.2. Neutron emission

3.2.1. Total neutron emission

The main source of neutrons in SNF is the spontaneous fission
(SF) of a relatively small number of radionuclides. In addition, neu-
trons are emitted in (o, n) reactions when o particles from decaying
heavy nuclides interact with light nuclei present in the fuel
(Ensslin, 1991). All fuel considered in this work are oxide fuels,
and '7'80(a, n) reactions in the SNF constitute a non-negligible
source of neutrons (Simakov et al., 2017). The output of a Serpent
depletion simulation does not include the total neutron-emission
rate. However, it includes the number densities of the nuclides pre-
sent in the fuel, and those were in this work converted to an
expected neutron-emission rate from SF and («, n) in the fuel using
neutron-yield data from Simakov et al. (2017) and Simakov et al.
(2015). The uncertainties in the SF neutron yields in oxide are gen-
erally lower than they are for the (o, n) reactions, where most of
the assumed yields have relative uncertainties below 9%
(Simakov et al., 2017). The resulting uncertainties in the estimated
neutron-emission rates is a limitation of the present work and
would to some extent propagate to the parameter-prediction
uncertainties when correlating neutron signals to parameters such
as BU and CT.

Fig. 7a shows the resulting total neutron emission rate in the
MYRRHA and PWR SNF assemblies as a function of the CT, for three
different BUs. It is evident that the total neutron emission rate in
MYRRHA fuel has a different dependence on the BU and CT than
PWR fuel. While the total neutron emission rate from PWR SNF
is strongly dependent on both BU and CT, both of these dependen-
cies appear to be less clear in the MYRRHA case. Fig. 7b shows the
ratio between the neutron emission rate from (o, n) reactions and
the neutron emission rate from SF for MYRRHA and the PWR cases.
This ratio is commonly known as o (Ensslin et al., November 1998),
and has some implications for safeguards as discussed below. It is
clear the BU- and CT-dependence of this parameter is very differ-
ent in MYRRHA fuel compared to PWR fuel: in this case, the depen-
dence is stronger in MYRRHA fuel. One exception is the UO, fuel at
the lowest BU considered, where o is relatively high. The reason for
this is that the very strong SF neutron emitter 24*Cm builds up
rapidly in UO, fuel at higher BU, so that (o, n) reactions are rela-
tively important at 20 MWd/kgHM.

3.2.2. Potential for neutron multiplicity counting

Because the total neutron emission rate appears to be a weaker
BU indicator in MYRRHA fuel than in PWR fuel, it is worth consid-
ering what other neutron signatures could be useful for safeguards
verification of MYRRHA fuel. One of the fundamental parameters of
the neutron emission from the SNF is «, the ratio between (o, n)
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Fig. 6. (a) The number density of the eight fission products important for gamma-ray emission in MYRRHA fuel, as function of burnup. (b) The ratios between the number
densities of seven of the fission products and the '3’Cs number density.
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reactions and the emission rate from SF, as functions of the cooling time after discharge for three different burnups.
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and SF emission, and as shown in Fig. 7b this parameter exhibits a
relatively strong dependence on BU in MYRRHA SNF. The reason
for the stronger BU-dependence of o in MYRRHA fuel compared
to PWR fuel is that the combination of the radionuclides contribut-
ing to the neutron emission in MYRRHA fuel is more complex than
in the PWR fuels. In particular, SF in ?*4Cm is a dominant neutron
source in PWR SNF which is not as important in MYRRHA. This
statement is motivated in detail in Section 3.2.3. Because the com-
position of the neutron source is more complex in the MYRRHA
fuel, determining o through NDA measurements of SNF could
reveal more information about both BU and CT as well as the com-
position of the SNF.

The parameter o can be probed experimentally by measuring
the time distribution of the neutrons emitted from the SNF: neu-
trons emitted in a single SF will be time-correlated, while a neu-
tron emitted in an (o, n) reaction is not correlated with any other
emitted neutron. Another parameter connected to this time distri-
bution is the neutron multiplicity v, i. e. the number of neutrons
emitted per reaction in the fuel. In (o, n) reactions, only a single
neutron is emitted (v = 1), while for SF v follows a distribution that
is different for different radionuclides. We here consider the aver-
age SF multiplicity (vsg), which is also averaged over the radionu-
clide content of the SNF. The dependence on BU and CT for
MYRRHA and PWR fuel is shown in Fig. 8.

It is evident from Fig. 8 that the SF neutron multiplicity varies
more with BU and CT in the MYRRHA SNF than in PWR SNF, again
a result of the decreased 2**Cm production which completely dom-
inates the neutron emission in PWR SNF. Combined with the stron-
ger dependence of o on BU and CT in MYRRHA fuel, this suggests
that measuring the time structure of the neutron emission could
prove useful for MYRRHA fuel safeguards as compared to LWR fuel
safeguards. Again, it is important to stress that we in this work only
consider the emission of radiation in the fuel, and not the radiation
transport and/or detection. As is the case for gamma-rays, neutrons
can also be scattered and absorbed within the FA or before they
reach a detector. In addition, neutron multiplication within the
FA will affect the detectable neutron signatures. That is, the neu-
trons emitted in SF and (o, n) reactions will induce further fission-
ing in the fuel that affects the neutron rate seen by a detector

2.8
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Fig. 8. The average SF multiplicity in MYRRHA and PWR SNF, as functions of burnup
and cooling time.

Annals of Nuclear Energy 163 (2021) 108525

outside the assembly. This self-multiplication can only be taken
into account properly by modelling a realistic detector geometry
and setup, which is not covered in the present work. All of these
effects will have to be taken into account when attempting to mea-
sure the neutron signatures discussed above.

3.2.3. Actinide contributions to the neutron emission

The neutron emission from SNF is due to decaying actinides.
Fig. 7 shows that the characteristics of the neutron emission in
MYRRHA fuel is quite different from the PWR cases, both in terms
of the total rate and the relative contributions of SF and (o, n) reac-
tions in the fuel. As was the case for the gamma-ray emission, it is
valuable to study the contributions from different radionuclides to
the total neutron emission rate to understand these differences.
Fig. 9 shows the relative contributions to the total, the SF and
the (o,n) neutron emission rates in MYRRHA fuel and the two
PWR cases. All radionuclides that contribute at least 1% to the
respective rates in MYRRHA fuel are shown explicitly.

As with the radionuclide contributions to the gamma-ray emis-
sion rate, some important differences between the contributions to
the neutron emission rate from MYRRHA and PWR SNF can be
observed. While 2#2Cm is the main contributor to the neutron
emission at CTs of up to one year in all three cases, the contribu-
tions to the emission in longer-cooled fuel are very different in
the MYRRHA case compared to the PWR cases. 244Cm, which has
been shown to be responsible for the vast majority of neutrons
emitted from LWR SNF at CTs longer than a few years (Reilly
et al., 1991), contributes much less to the neutron emission in
MYRRHA SNF than in PWR SNF. As was the case for several of
the fission products important for gamma-ray emission (discussed
in Section 3.1.4), this is due to the cross sections for neutron cap-
ture typically being lower in the fast neutron energy spectrum in
MYRRHA compared to the thermal spectrum in a PWR. This
reduces the production of >*Cm in MYRRHA fuel.

With a lower content of 2*4Cm in the SNF, neutron emissions
from the plutonium isotopes contributes relatively more to the
neutron emission rate in MYRRHA fuel. This means that measuring
the properties of the neutron emission from MYRRHA fuel could
provide a more direct access to the plutonium content of the fuel
than would measuring 2**Cm (which can only be said to be a
“proxy” of the plutonium content). The plutonium isotopes with
even mass number (238, 240 and 242) have considerable SF rates
(Simakov et al., 2015), but as shown in Fig. 9b only 24°Pu and
242py contribute to the SF neutron emission rate due to their abun-
dance in the MYRRHA fuel. For neutrons from (o, n) reactions, the
lower 2**Cm content again increases the relative importance of
the plutonium isotopes, as shown in Fig. 9c. In addition, >4'Am is
a very important (o, 1) source, especially at longer CTs. The neutron
emission from SF and («, n) reactions in a MYRRHA assembly with
a BU of 60 MWd/kgHM is detailed in Tables 6 and 7.

3.2.4. BU-dependence of the total neutron emission

The fact that 24*Cm is less dominant in the neutron emission in
MYRRHA SNF than it is in LWR SNF can have several interesting
implications for safeguards, since well-established assumptions
about the characteristics and BU-dependence of the neutron emis-
sion from LWR SNF may not hold true for MYRRHA SNF. The com-
position of the neutron source becomes more complex as a larger
number of radionuclides have substantial contributions to the total
neutron emission. To illustrate the potential consequences for the
analysis of NDA measurements of SNF, Fig. 10 shows the total neu-
tron emission rate after a CT of five years as a function of BU in
MYRRHA and the PWR cases. The CT was chosen such that much
of the 242Cm, with a half-life of 163 days, had decayed and thus
contributes very little to the total neutron emission. Here, the con-
tribution from SF in 2#4Cm is shown explicitly, and it is evident that



M. Preston, A. Borella, E. Branger et al. Annals of Nuclear Energy 163 (2021) 108525

ZEEPU Z4ZPU Z44Cm
—. 239p, 2418m, ... 238py — 242py —_— 2440
—— 240py - 292Cpp — — 240py - 282Cp
100 = 100 1
Fee e 2 k-
~~o i % -~ ~e

T 104 SN S 104 RO
S N o N
[ N n N
= N\, 0 \
e U0, S el E uo, \ _A
c 41 - O O0O0OO0O0O0O0ON e ageaseig == () \ -
S 1 : : ; 1 : r
= c
0 o
g 100 5 g 100 5
9 2
<
S ~—— s -
£ —=~s L
@ 10 4 ~~ 0 104 S~
c S o S
= < 3 AN
= N S N
2 MOX N @ MOX N
bS] 1 v T 8 1 T A T
5 S
"g g 100
® u“—
g c

S oL

S 104 _ __=—" AN

o " \

w Ay

MYRRHA //
1 : > . -
10° 10t
Cooling time [y] Cooling time [y]
() ()
238py o 240py —-— 2%2Cm
— 239 221AM e 244Cp

100

-

Fraction of (a, n) neutron-emission rate [%]

Cooling time [y]

(e)
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discharge.

Table 6
Radionuclide contributions to the SF neutron emission rate in a MYRRHA FA with a discharge burnup of 60 MWd/kgHM. Only rates at cooling times below 20 nuclide half lives are
shown.

Spontaneous fission neutron emission rate per assembly axial length [10% s~ cm™!]

Cooling time [y] 238py 240py 242py 242Ccm 244Cm Others

1 0.57 21 1.8 74 50 42.1073
5 0.56 21 1.8 0.57 43 48.10°3
10 0.54 21 1.8 - 36 53.10°
20 0.50 21 1.8 - 24 6.0-103
30 0.46 21 1.8 - 17 64-103
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Table 7
Radionuclide contributions to the (2, n) neutron emission rate in a MYRRHA FA with a discharge burnup of 60 MWd/kgHM. Only rates at cooling times below 20 nuclide half lives
are shown.
(., n) neutron emission rate per assembly axial length [10> s~ cm™']
Cooling time [y] 238py 239py 240py 241Am 242Ccm 244Cm Others
1 3.0 1.7 2.9 2.8 16 0.38 58.10°
5 3.0 1.7 2.9 4.1 0.12 0.33 53.103
10 29 1.7 29 5.4 - 0.27 47.1073
20 2.7 1.7 29 7.1 - 0.18 39.103
30 25 1.7 2.9 8.1 - 0.13 34.103
Table 8

107 Cooling time = 5 years

106 4

105 4

Total neutron emission rate
per assembly axial length [s~1 cm™!]

O Total neutron: 244Cm SF neutrons:

—_ ugz Uch)2
MOX MOX
10° 42 —— MYRRHA MYRRHA
a - BUP fits
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Burnup [MWd/kgHM]

Fig. 10. The total neutron emission rate from five-year cooled MYRRHA and PWR
SNF assemblies as a function of burnup.

the decreased production of this radionuclide in MYRRHA has a
direct effect on the BU-dependence of the total neutron emission.
In both of the PWR cases, SF in 2#4Cm is the major source of emitted
neutrons and practically determines the total neutron emission
rate.

The total neutron emission rate from SNF is commonly used as
an indicator of the fuel BU, and is therefore useful in safeguards
inspections. For LWR SNF, an NDA measurement of the total emis-
sion from SNF can be used to determine the contribution from
244Cm, which is directly related to BU (Rinard et al., 1988). It has
been found that for LWR UO, fuel, the total neutron emission rate
is related to BU via a power-law relationship (Rinard et al., 1988;
Reilly et al., 1991):

Neutron emission rate = a - BU®, (1)
which has been found to be valid above a BU of approximately 10
MWd/kgHM. The parameter a in Eq. 1 is a scaling factor that
depends on the initial composition of the fuel, and it has been found
that the fit parameter b is often between 3 and 4 for LWR UO, fuels
(Reilly et al., 1991). Because 2#*Cm is so important for the total neu-
tron emission from LWR SNF, Eq. 1 is fundamentally related to the
build-up of **Cm. To determine the power-law dependence of the
244Cm SF neutron emission rate on BU for MYRRHA SNF, Eq. 1 was
fitted to the 2#*Cm SF neutron emission rates shown in Fig. 10. The
values of the fit parameters a and b are shown in Table 8.
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Values of the fit parameters a and b when fitting the power law a - BU” to the burnup-
dependent 244Cm SF neutron emission rate from MYRRHA and PWR SNF. The quality
of the fits is given by the coefficient of determination R%.

Fuel a b R?

PWR-UO, 0.58 +0.04 3.73+0.02 0.9991
PWR-MOX (3.80+0.09) - 10* 1.511 £ 0.006 0.9990
MYRRHA 10.24 +0.06 2.038 +0.001 0.9999

Several things of interest can be seen in Table 8 — first between
the PWR UO, and PWR MOX, and also between both of them and
the MYRRHA fuel. For the UO, fuel, the value of b is within the
expected range for UO, fuel (i. e. between 3 and 4), while for
PWR MOX it is significantly smaller. For MYRRHA, b lies between
the PWR values, meaning that the BU-dependence of the 244Cm
production in MYRRHA fuel lies between the PWR cases. In addi-
tion, the total neutron emission in MYRRHA fuel can no longer
be said to be well described by only the 24*Cm emission. This is evi-
dent from both Fig. 10 and Fig. 9. Therefore, describing the BU-
dependence of the total neutron emission by a simple power law
is no longer appropriate for MYRRHA fuel, as is clear from the
reduced quality of the fit in Table 8. Additionally, the BU-
dependence of the total neutron emission is not as strong in MYR-
RHA fuel as in PWR fuel, as was also clear from Fig. 7a.

3.2.5. Actinide inventory

As shown in the previous sections, the neutron emission in
MYRRHA SNF differs in many ways from that in PWR SNF. With
respect to the build-up of the important neutron-emitting acti-
nides in MYRRHA fuel during irradiation (as studied for the
gamma-emitting fission products in Section 3.1.4), Fig. 11 shows
the actinide number densities (the number of nuclei per cm?) as
functions of burnup in MYRRHA and PWR fuel, obtained from Ser-
pent simulations.

In Fig. 11, it is clear that plutonium content in the MYRRHA fuel
decreases with BU, which is similar to the PWR MOX case
(although the total plutonium content is higher in MYRRHA) due
to fissioning of plutonium. The build-up of >4 Am with BU in MYR-
RHA fuel is higher than in UO, fuel because 24!Am is readily pro-
duced in g~ decay of 2*'Pu which is present already in the fresh
MYRRHA fuel. This is also the reason why the build-up is higher
in PWR MOX fuel than PWR UO,. In addition, the neutron-
capture 2*'Am(n, )?*?Am reaction is less likely in the fast neutron
energy spectrum in MYRRHA. As a result, the net build-up of 24'Am
is greater in MYRRHA than in PWR MOX fuel. An additional effect
of this can be seen when considering the build-up of 242Cm, which
is produced in the g~ decay of >*2Am. From Fig. 11, it is clear that
the build-up of 242Cm is lower in MYRRHA fuel than in the PWR-
MOX case, as a direct effect of the lower capture cross section of
241Am at fast neutron energies. The 242Cm is however larger than
in UO;, fuel because of the higher initial plutonium content in the
fuel.
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Fig. 11. The number density of the actinides important for neutron emission in
MYRRHA fuel, as function of burnup.

Perhaps the most striking difference between the actinide
build-up in MYRRHA and the PWR cases can be seen for 244Cm,
where the build-up is very much lower than in both of the PWR
cases. This can be understood by studying the actinide transmuta-
tion paths in the fuel. Production of 244Cm first requires production
of the plutonium isotopes (Sasahara et al., 2008). In PWR UO,, fuel,
these are produced mainly through neutron captures in a chain
starting with 238U (Hsue et al., 1979; Schillebeeckx et al., 2020).
Nonetheless, for UO, there are a number of nuclides not present
in the fresh fuel that first must be produced to initiate 24*Cm pro-
duction, which explains the high dependence on BU (which is pro-
portional to the neutron fluence rate). In PWR MOX fuel, the
plutonium isotopes are already present in fresh fuel, and fewer
steps in the transmutation chain are needed to produce 24*Cm. This
results in a lower dependence on BU than in the PWR UO, case. For
MYRRHA, the plutonium isotopes are also present in the fresh fuel.
However, due to the fast neutron energy spectrum, the fission-to-
capture ratio is generally higher for the actinides than in a PWR
core (Plompen et al., 2020). The effect is the same as for the fission
products discussed in Section 3.1.4: production paths requiring
neutron capture are suppressed in MYRRHA compared to the
PWR cases. As discussed above, this has implications for safeguards
verification since the neutron emission in SNF is typically assumed
to come almost entirely from SF in 24*Cm. The reason for the much
lower build-up in MYRRHA fuel is (again) the lower neutron-
capture cross sections for fast neutrons. The production of 2**Cm
requires a number of neutron captures by actinides in the fuel
(Reilly et al., 1991), and is therefore decreased in MYRRHA. Addi-
tionally, the fission-to-capture ratio in several of the actinides
increases in a fast spectrum (Plompen et al.,, 2020), so that the
transmutation path needed for 24*Cm production is more fre-
quently aborted through fission. The main difference between
the build-up of 242Cm and 2*4Cm is therefore the larger number
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of subsequent captures needed to form 2**Cm from the plutonium
isotopes in the fuel.

4. Discussion

There are several examples of operating, decommissioned or
planned fast reactors using HEU or MOX with a high IPC as fuel
(Tsvetkov et al., 2012), and in that respect MYRRHA is not unique.
The results presented in this paper can therefore be of relevance in
the more general context of fast reactor safeguards, although the
particular operational characteristics might be different from MYR-
RHA. Due to the renewed interest in developing fast reactors, this is
of special relevance today. Safeguards measures for future facilities
should also be developed to handle more practical issues that are
not encountered in today’s inspection of LWR fuel. For example,
the increased corrosion risk when using LBE as coolant as in MYR-
RHA (Weisenburger et al., 2011) could affect the choice of SNF stor-
age. Should the SNF be submerged in LBE (instead of water) after
discharge from the core, direct visual inspection will not be possi-
ble. This would also have implications for what radiation signa-
tures could be measured as well as how.

The fact that the characteristics of the radiation emitted from
MYRRHA SNF are considerably different from the radiation emitted
from PWR SNF will impact the choice of NDA instruments as well
as the NDA analysis methods. Radiation transport from the FA to,
and detection by, an NDA instrument is not covered in the present
work, but it is clear that the measurement conditions will have an
additional effect on the detectable radiation due to scattering,
attenuation and self-multiplication. The design of the SNF storage
in MYRRHA is not yet defined, but if also the SNF will be stored
in LBE, this will affect the radiation transport and consequently
the choice of NDA instrumentation: if the SNF is stored in LBE,
neutron-based techniques are likely to be more relevant due to
the high gamma-ray attenuation. There are additional sources of
uncertainty in the results presented here: first, a constant power
level (i. e. independent of irradiation cycle) in an infinite lattice
has been assumed. The actual power and geometry variations in
the core will have an impact on the radionuclide inventory in a sin-
gle FA. The extent to which determination of IE, BU and CT using
NDA is sensitive to the power variations is the topic of ongoing
research (Branger et al., 2021). Second, there are uncertainties
associated with the nuclear data and in the depletion calculation.
These uncertainties will be different for different radionuclides —
for instance the '>*Eu build-up depends on a large number of pre-
decessors and so will be sensitive to variations in cross sections
and fission yields. An uncertainty of ~14% in the '>*Eu number
density at a BU of 40 MWd/kgHM in a PWR has been reported
(Rochman and Sciolla, 2014), with uncertainties typically lower
for nuclides with less complex production paths. These uncertain-
ties will also to some extent depend on the neutron energy spec-
trum. These effects can be accounted for in future work, but it is
nonetheless possible to make some general remarks on the detec-
tion of radiation from the MYRRHA SNF. In this discussion, we limit
ourselves to passive NDA measurements (i. e. only relying on the
radiation emitted from the SNF itself).

Concerning gamma NDA measurements, Fig. 3 shows that the
BU-dependence of the total gamma-ray emission rate above
500 keV is similar in MYRRHA SNF as in the PWR fuels. Therefore,
measuring the total gamma rate could serve as an important tool
for determining a range of possible IPC, BU and CT values for the
assayed FA. The relative contributions from '*4Cs and 'Eu to
the total gamma-ray emission rate is lower in MYRRHA SNF than
in the PWR SNF. This means that if an identical NDA setup would
be used to assay MYRRHA and PWR SNF, a longer measurement
time would be needed for the MYRRHA measurement to measure
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the intensities of the '**Cs and '>*Eu emissions with the same sta-
tistical accuracy. This could also make measurements of radionu-
clide ratios involving these nuclides less feasible in MYRRHA.
When considering the more short-lived gamma-ray emitters,
106Ry has a relatively high build-up in the MYRRHA fuel and also
emits gamma rays with relatively high energies (see Table 5),
which are therefore relatively penetrating in the FA and surround-
ing material. These properties could make spectroscopic measure-
ments of 'Ru gamma rays useful at a CT shorter than
approximately eight years. In general, the usefulness of gamma
spectroscopy as a tool for NDA of MYRRHA SNF will improve at
short CT, where several radionuclides could provide complemen-
tary information about IPC, BU and CT. This means that it would
be advantageous to have access to the SNF relatively soon after dis-
charge from the core. A practical consideration that could influence
the measurement of fission products in SNF is their migration in
the fuel (Phillips et al., 1980). It has been shown (Phillips et al.,
1979) that this effect can be especially severe in fast reactors due
to the high fuel-temperature gradients, although it is not yet clear
how large this effect could be in MYRRHA fuel. Finally, direct mea-
surements of plutonium via gamma-spectroscopy (e. g. on the 375-
keV line, as shown in Fig. 4) appears to be more feasible in MYR-
RHA although further work is needed to study the effects of
gamma-ray scattering and attenuation in a measurement situation.

For neutron NDA measurements, Fig. 7a shows that the BU- and
CT-dependence of the total neutron emission rate is weaker in
MYRRHA SNF than in the PWR fuels. As a result, measuring the
total neutron rate from MYRRHA SNF is less useful than it is for
PWR fuels for verifying these parameters. As shown in Fig. 10,
the decreased influence of 2#*Cm on the total neutron emission
rate in MYRRHA fuel means that new analysis techniques should
be developed to correlate the total neutron rate with different
radionuclide contributions. On the other hand, neutron-detection
techniques will be more sensitive to the plutonium content of
the MYRRHA SNF. The larger dependence on plutonium in the
fast-reactor SNF neutron emission has been noted previously
(Persiani and Gundy, 1982; Lestone et al., 2002). In order to iden-
tify the contributions from different radionuclides to the neutron
emission, NDA techniques based on measurement of the
neutron-emission time structure should be considered. As shown
in Figs. 7b and 8, parameters connected to the neutron multiplicity
have a relatively strong dependence on BU and CT in MYRRHA SNF.
Time-dependent measurements of the neutron emission could for
example be based on coincidence or multiplicity counting (Ensslin
et al.,, November 1998). Such instruments could also measure the
total neutron rate. Neutron-coincidence counting has been used
to assay fast-reactor SNF in the past (Lestone et al., 2002), and
although simulation studies have shown that the neutron rate
from SNF is so high that multiplicity counting is unfeasible (Croft
et al.,, 2011), those studies assumed PWR SNF with most neutrons
due to SF in 2**Cm. Others have also pointed out that if the pluto-
nium contribution to the neutron emission is comparable to that
from curium, neutron-multiplicity measurements could be useful
for distinguishing the different neutron sources (Rinard and
Menlove, 1996). If the NDA instrument is only sensitive to thermal
neutrons, the storage medium of the MYRRHA SNF has an impact:
if the SNF is stored in LBE, significant thermalisation will not occur
and the NDA instrument would have to be modified. An alternative
approach could be based on fast-neutron detection, which has
been studied in the context of NDA instrumentation in recent years
(Di Fulvio et al., 2017; Shin et al., 2019). Such systems could mea-
sure also other characteristics of the neutron field, such as angular
correlation. Also, the much faster response of a fast-neutron sys-
tem compared to a thermal-neutron system reduces the back-
ground rate (Chichester et al., 2015), which is crucial for
multiplicity measurements.
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Based on the above discussions, it is clear that a combination of
NDA instruments may be necessary to accurately determine IPC,
BU and CT of MYRRHA SNF. This approach has already been sug-
gested for future NDA techniques in nuclear safeguards (Charlton
et al.,, 2012). The results of this paper indicate that NDA techniques
based on neutron detection could be more useful than those based
on gamma detection for MYRRHA safeguards, although the com-
plementary nature of a total gamma measurement would add
information about the SNF properties. It should also be pointed
out that we in this paper only consider one specific IPC in the fuel
(30%), and one specific isotopic mix of plutonium. Others have
highlighted the special need for complementary techniques when
assaying MOX fuel due to the additional complexity added by the
plutonium-vector composition (Bolind, 2014). Therefore, it is more
reasonable to attempt to assay more specific quantities than the
IPC, such as fissile mass or plutonium mass and isotopic composi-
tion in the MYRRHA SNF.

5. Conclusion and outlook

In this study, we have presented results from depletion simula-
tions of fuel in the LBE-cooled fast reactor MYRRHA to understand
the requirements on future NDA instrumentation for MYRRHA
safeguards. The results show how the gamma-ray and neutron
emission in a SNF assembly depends on BU and CT, and how the
relevant radionuclides build up in the SNF. The results are system-
atically compared to simulation results for PWR UO, and MOX
fuels, and demonstrate that there are considerable and important
differences in the characteristics of the gamma-ray and neutron
emission in MYRRHA SNF compared to PWR SNF, both with regards
to intensity, energy and contributing radionuclides. The main dif-
ferences are due to the fast neutron energy spectrum in MYRRHA,
which reduces the production rates of several radionuclides rele-
vant in safeguards NDA, such as 3Cs, '>*Eu and 244Cm. As a result,
the potential for gamma-spectroscopic measurements at long CT is
lower for MYRRHA fuel than for PWR fuels, and the neutron emis-
sion is to a larger extent due to SF in plutonium. As a result, NDA
techniques that are currently adopted for verification of LWR SNF
may not be well suited for verification of MYRRHA SNF. Key topics
for further research are how scattering, attenuation and self-
multiplication in the measurement setup affect the radiation sig-
natures from the SNF, the impact of the IPC and initial plutonium
vector, the possibilities for using neutron-based NDA techniques
to assay the plutonium composition of the SNF, as well as mod-
elling of NDA instrumentation and detection of the emitted
radiation.
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