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ABSTRACT

Spent nuclear fuel (SNF) from nuclear power generation requires long-term safeguarding in dedicated
storage facilities and geological repositories. Current safeguards approaches use a combination of
containment and surveillance, and design information verification. Antineutrino emissions from the
ongoing beta decay of fission fragments provide a potential complementary information on potential
diversion of nuclear material or misuse of the facility, as antineutrinos pass through any shielding,
structure, or geology effectively unhindered.

This study investigates a novel antineutrino detection concept using a liquid-organic (LOr) time
projection chamber (TPC), combining scalability and high-resolution particle reconstruction of TPCs
with the large quantity of target hydrogen atoms provided by organic compounds. Geant4- based
simulations and subsequent modelling of the electron drift behavior are used to understand inverse
beta decay (IBD) event topologies and reconstruction in an ISO container-sized concept detector. The
concept detector's expected signal rate, sensitivity to inventory changes and directional capabilities
are then estimated for a representative example repository with varying deployment distances and
scenarios. This estimation is compared to other state-of-the-art antineutrino detection technologies,
including liquid and segmented plastic scintillation detectors, that have been proposed for nuclear
monitoring. This comparison will be used to determine the feasibility and suitability of antineutrino
detectors currently under development as complementary safeguards measure for final disposal of
SNF in geological repositories.

1. INTRODUCTION

During the operation of nuclear reactors, spent nuclear fuel (SNF) is produced. The SNF is
periodically discharged from a reactor core as part of the refueling process. This SNF is then
transferred and stored in spent fuel ponds for several years until its radioactivity and decay heat
reduces and is then either transferred into interim storage or to reprocessing facilities. It is planned
to, ultimately, dispose of SNF in geological repositories. The first facility of this kind is expected to
start operation in this decade.

In 2021, it was estimated that the global annual accumulation of SNF was ~7,000 t of heavy metal (t
HM), with the total stored inventory being ~300,000 t HM [1]. SNF from commercial sources mainly
consists of ~93-96% uranium, mostly 2*¥U but also small (<1%) amounts of 2*°U, ~4% fission
fragments, ~1% plutonium (**°Pu, 2*'Pu), and <1% minor actinides [2]. Special fissionable material
must be safeguarded to prevent diversion, especially of significant quantities, defined as 8 kg of Pu,
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8 kg of 23U or 25 kg of highly enriched uranium (HEU, 233U > 20%) [3]. Due to the large quantities
of SNF produced, this means significant quantities of special fissionable material are present in SNF
storage, including interim storage facilities and geological repositories and therefore require
comprehensive safeguards.

Currently, SNF from commercial reactors and research reactors under safeguards obligations is
usually verified by the safeguards authorities, through measurements before being transferred to dry
interim storage. This nuclear material accountancy is then combined with safeguards measures such
as design information verification (DIV) and containment and surveillance (C/S) techniques in spent
fuel storage facilities (SFSFs) [4]. Furthermore, accurate material accountancy relies on continuity of
knowledge (CoK) and is a key element of safeguards, hence methods of re- verification after a loss
of CoK are also being investigated. Two such methods are muography and fast neutron imaging [5,
6]. It is likely that future geological repositories will rely on the geological containment provided by
its underground location combined with DIV, geophysical monitoring, and C/S techniques. New or
novel techniques under considerations are microseismic monitoring, ground penetrating radar and Kr-
85 monitoring [7].

Another avenue of monitoring SNF that has been proposed is antineutrino detection [8, 9], exploiting
the continuous emission of antineutrinos by the fission fragments in SNF. Due to their low interaction
rate with matter [10], antineutrinos can penetrate shielding and containment, leading to a detectable
signal correlated with the contents of the SNF in storage. This information is complementary to the
information delivered by the other safeguards methods and has the potential to increase redundancy
and assist with reverification in case of loss of CoK. The monitoring of nuclear reactors has been
proposed in the past [11, 12, 13] and led to several experiments detecting antineutrino emissions from
active reactors [ 14, 15]. However, due to the lower antineutrino rates and energies from SNF, the use
of antineutrino monitoring for safeguarding geological repositories must be studied in detail.

2. DETECTION OF ANTINEUTRINOS FROM SPENT NUCLEAR FUEL

Fission fragments in nuclear fuel undergo beta decays, releasing electron antineutrinos. The Q- value
of the decay determines the total energy available to the decay radiation. Additionally, the decay rate
1s approximately proportional to the fifth power of the Q-value [16], meaning decays with the highest
energy available to the emitted antineutrino are often decaying away within a short period of time
after the initial fission. As a result, the antineutrino flux from SNF is several orders of magnitude
lower than the flux from active reactor core and the energy spectrum shifts towards lower energy
antineutrinos.

Furthermore, antineutrinos typically produced in SNF beta decays exhibit a very low interaction cross
section of ~10*' cm™?. This means the antineutrino emissions cannot be shielded, deflected, or
scattered by the containment or geology of the repository. While this presents a unique advantage of
an antineutrino-based approach, this also presents a challenge for detection, due to the resultant low
signal rates. Low-energy antineutrinos are typically detected via the Inverse Beta Decay (IBD)
channel:

v, +p —et+n

The outgoing positron carries an energy proportional to the antineutrino energy, immediately deposits
it via ionization of the surrounding material and then annihilates with an electron in the medium,
releasing two 511 keV photons back-to-back. The neutron undergoes a random walk through the
material, scattering off nuclei and losing its energy via thermalization for several microseconds until

2



it is captured by a nucleus. The capture nucleus is left in an excited state and deexcites via the release
of photons, such as a single 2.2 MeV photon when captured by hydrogen.

This distinct double coincident signal of a prompt positron track and annihilation and a delayed
neutron capture allows for effective background rejection, while theoretically allowing reconstruction
of the original antineutrino given a sufficiently detailed reconstruction of the final state particles: the
energy can be determined through measuring the energy of the positron, while the original direction
of the neutron before scattering is strongly correlated with the antineutrino direction. However, while
IBD is an effective detection channel used in many detectors, it also has a minimum energy threshold
of 1.8 MeV. Especially for SNF, this threshold is above the antineutrino energy of most long-lived
fission fragments.

The main backgrounds expected in IBD detection are two-fold: other antineutrino sources and fast
neutrons. Geoneutrinos as well as operating reactors also emit antineutrinos in the energy window of
interest. These backgrounds result in identical event signatures but good knowledge of the expected
background rates can be used to estimate the background rate. Furthermore, direction reconstruction
of the incoming antineutrino can also be used to minimize the impact of these backgrounds, hence,
directionality is a desired ability of a safeguards-motivated antineutrino detector. Fast neutron
background is usually due to the neutron activation by cosmic rays, releasing a neutron that can,
together with an accidental, mimic the double-coincident time structure of an IBD event. This
background can be reduced through a combination of high radiopurity detector materials, detector
shielding and/or overburden and improved spatial reconstruction of the prompt positron to distinguish
it from electrons produced in beta decays.

3. ANTINEUTRINO SPECTRA FROM SPENT NUCLEAR FUEL

To qualify and quantify the expected signal from SNF repositories, the emission spectrum from SNF
as well as its evolution over time is simulated. Several decay chains are present for decades to
centuries and of main interest to SNF, such as °°Sr and '3’Cs with half-lives of 28.8 and 30.1 years,
respectively. Of particular interest is *°Sr, as it decays to *°Y, which has a high decay energy of 2.28
MeV. As ?°Sr and *°Y are in secular equilibrium, the half-life of °°Sr effectively dictates the abundance
of Y and hence the antineutrino flux.

The 1sotopic composition of a fuel element at the time of discharge is simulated using the OpenMC-
based ONIX simulation code [17, 18], followed by its decay. For the purposes of this study, a GKN
II fuel assembly [19] with a burn-up of 54 MWd/kg is assumed. After the extraction from the reactor,
the isotopic composition of the fuel elements is simulated further at varying time steps up to 300 years
from discharge. During this period, the simulation assumes no further burn-up and only continuing
decay of the isotopes present. The isotopic composition is transformed into antineutrino emissions by
evaluating the dominant contributions to the antineutrino flux [8], shown in Table 1. The activity of
each isotope is calculated to determine flux, while the spectral shape is evaluated via reference beta
spectra in the NDS ENSDF database [20, 21], originally calculated using BetaShape [22, 23]. The
resultant spectra are then convolved with the IBD cross-section to determine the antineutrino
interaction rate per target proton with respect to energy and age of the SNF. This allows the scaling
of the expected antineutrino interaction rate in a target detector, based on the detector parameters.



Isotope tiz  Activity Maximum E3! Abundance at Abundance at

[years] |[TBq/kg] [MeV] t=0 [kg/ton] =10y [kg/ton]
137Cs 30.1  3.2x103 1.18 1.68 1.33
106Ry 1.02  1.23x10° 3.54 1.59x10°! 1.78x10*
%Sy 28.8 5.11x10° 2.28 6.92x10"! 5.44x10"!

Table 1: Dominant antineutrino-emitting isotopes in spent nuclear fuel 10+ years after discharge from reactor.

4. COMPARED DETECTOR TECHNOLOGIES

For this study, several detector technologies are being considered, using previous experiments as
guidance. Detectors proposed or used for the detection of reactor neutrinos in the past have utilized
scintillators [14, 15], in liquid or plastic form, water Cherenkov tanks [24], radiochemical techniques
[25] and time projection chambers (TPCs). While successful in the past, Cherenkov tanks and
radiochemical techniques have been excluded from the use for SNF monitoring. Water Cherenkov
methods are excluded due to the strict geometric constraints on tanks and due to the Cherenkov
radiation threshold in water for electrons and positrons at ~0.8 MeV. As the positron energy is related
to the antineutrino energy by E, = E,, — A,,,, where A,,,= 1.29 MeV is the mass difference between
protons and neutrons, this results in an effective detection threshold of ~2.09 MeV, removing most of
the 2°Sr/°Y signal as well as excluding detection of the annihilation photons. Radiochemical
techniques rely on the accumulation of the IBD process products and hence neither allow an event-
by-event detection nor a continuous monitoring signal — both highly desirable for a monitoring system
detecting anomalies.

Hence, two technologies considered here are based on organic scintillators, either in the form of a
liquid or plastic. Both approaches have been deployed experiments at civil or research reactor sites,
demonstrating that the technology can be used at nuclear sites, and use large amounts of hydrogen-
rich detection material, acting as semi-free protons for the IBD process. Based on a survey of the
existing reactor experiments, the scintillation media chosen for comparison are linear alkylbenzene
(LAB), a liquid scintillator used by several neutrino experiments, and polyvinyl toluene (PVT), a
common base material for plastic scintillators [26]. Another technology considered are liquid-organic
time projection chambers (LOr-TPCs), combining the advantages of time projection chambers, the
ability to fully reconstruct each particle in the final state with high spatial resolution, with the
advantages of an organic liquid, providing a dense hydrogen-rich target material at room temperature.
Key properties of all candidate detector media are shown in Table 2.

Detector Medium Chemical Formula Density [g/cm®] H-atoms/m?

LAB CeHsCnHon+1 0.86 7.5x1028
PVT [CH2CH(C¢H4CH3)]a 1.10 4.5x10%8
TMS Si(CHz)4 0.65 5.3x1028

Table 2: Key properties of selected detector media investigated for use in IBD channel antineutrino detectors.

5.1BD EVENTS IN LIQUID ORGANIC TIME PROJECTION CHAMBERS

The LOr-TPC concept uses the underlying principle of TPCs but uses an organic dielectric liquid as
interaction and drift medium. The candidate liquid under investigation is tetramethylsilane (TMS),
Si(CH3)4, a non-polar organic liquid with spherical molecules. Unlike liquefied noble gasses used in

! Maximum E; emitted in the decay subsequent decay chain, except for *’Cs, where the antineutrino is emitted by the
decay of *’Cs directly.



other TPC-based neutrino experiments [27, 28], it is liquid at room temperature, avoiding the need
for a cryostat. TMS has been studied for use in calorimeter detectors [29, 30] and has been proposed
as material for TPCs [31], including initial experiments to determine its relevant properties [32].
However, there are still open questions, especially concerning its scalability and drift behavior in
large-scale experiments.

Drift Parameter Value
Maximum drift length I m

Sensitive volume 80 m’

Electric drift field 5.0 kV/em
Drift velocity 5.5 um/ns
Diffusion coefficient 60 pm/cm™
Electron yield 7 electrons/keV
Pad size 5 mm x Smm

Table 3: Simulation parameters for electron drift simulation in TMS.

To determine whether IBD events can be observed with sufficient fidelity to be reconstructed, the
antineutrino spectra have been used to simulate interactions with a TMS target using the GENIE
neutrino event generator [33]. The outgoing positron and neutron of the IBD process have then been
simulated in a TMS volume using GEANT4 [34, 35] to determine the energy deposition within the
medium. This information is then used to calculate the number of created ionization electrons and the
expected signal at the anode, assuming the drift properties shown in Table 3. Simulations have shown
that the energy depositions from the different final state particles are well-separated, as shown in the
example event in Figure 1.

The positron track starts at the primary interaction vertex, typically producing a track of less than
1 mm. Despite the short length and low energy (<500 keV kinetic energy), the signal is up to 3200
electrons, allowing a clear identification of the positron and primary vertex. The annihilation photons
themselves produce no signal, but Compton electrons can be detected as they lose energy in the
medium. The neutron scatters off nuclei in the medium, inducing proton recoils that result in ~8.4
electrons on the first recoil. Since the vector between the primary vertex and this recoil indicates the
original neutron direction after the IBD process, this direction also indicates the original antineutrino
direction.
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Figure 1: Example IBD event in TMS projected on an anode at 1 m distance to the primary IBD vertex, showing the
electron yield (left) and the associated particles (right). [36]

5



Due to the high hydrogen content, 93% of the neutrons are capturing on hydrogen, releasing a
2.2 MeV photon, which also leaves a clear, time-delayed signal in the medium. Studies have shown
that, if this signal can be fully resolved, it is possible to reconstruct the original antineutrino direction
with less than 10° deviation in 88% of all events [36].

6. INITIAL SENSITIVITY STUDIES FOR NUCLEAR STORAGE SITES

To compare expected antineutrino rates and sensitivities, two simplified sites have been studied, one
based on an interim storage facility, and one based on a geological repository. For both studies, the
same GKN II fuel assemblies described above are used. The simulated detectors are assumed to have
a fiducial volume of 80 m?, roughly the volume offered by an instrumented 40 ft. shipping container
and use TMS as detection medium unless noted otherwise.

The simplified interim storage site is based on an existing interim storage facility [37]. This interim
storage site can hold up to 130 fuel casks at full occupancy, with each cask holding 19 fuel assemblies
for a total storage of up to 2,470 fuel assemblies if fully occupied. The casks are distributed in 5 rows
and 26 columns, with each storage position separated by 3.5 m. It is assumed that SNF has been stored
over time, with a fifth of the SNF having been stored 20, 30, 40, 50, and 60 years ago respectively.
Four detectors are placed outside the repository at 10 m distance to the casks as shown in Figure 2.

The simplified geological repository site uses a layout motivated by past exploratory studies for a
geological repository site in Germany [38]. The simplified geological repository site is based on a
section of the plans of the exploratory mine and holds 1,120 casks, each containing 10 fuel assemblies
for a total of 11,200 fuel assemblies. The casks are distributed in 10 rows and 112 columns, with each
row separated by 36 m and each column by 8.15 m. Here, eight detectors are simulated 50 m above
the repository and are assumed to be evenly distributed across the repository, shown in Figure 3.

For comparison purposes, detector efficiency effects and non-neutrino backgrounds are neglected
since these effects are dependent on the exact detector configuration and readout technology.
Antineutrino backgrounds from geoneutrinos and reactor antineutrinos have been estimated to be in
the range of 0.86 to 1.43 events per detector per year based on current models [39] and are therefore
also neglected.
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Figure 2: Simplified interim storage site housing 130 casks, distributed across 5 rows and 26 columns. Each cask
contains 19 fuel assemblies, totaling 2,470 fuel assemblies. The SNF has been divided into five equal-sized groups,
stored for 20, 30, 40, 50 and, 60 years. The blue crosses mark the position of the detectors.
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Figure 3: Arrangement of 10 rows and 112 columns of fuel cask in the simplified geological repository, shown in the x-y
plane (left) and y-z plane (right). Each cask contains 10 fuel assemblies, totaling 11,200 fuel assemblies across the
entire modelled repository. The blue crosses indicate the position of the detectors, 50 m above the repository.

The interaction rates for the three investigated detection media have been compared for both
simplified sites by determining the monthly rate of interactions in a single detector for a range of SNF
ages, assuming all casks have been discharged at the same time. Due to the lack of symmetry between
the detector positions in the site, the interaction rates vary between detector locations. The three
compared detection media display similar interaction rates as shown in Figure 4 and exhibit the
expected exponential drop-off with time. Especially for the geological repository site, it is notable
that after ~250 years, the expected interaction rate at ~50 m distance falls below a single monthly
event for the studied detector configuration.

To understand the sensitivity to changes in the inventory, the removal of material serves as
benchmark. For the interim storage site, the diversion of one cask (~10.6 t HM) and the diversion of
half the fuel assemblies in a cask have been simulated. In the first scenario, the diversion can be
detected with a 90+ % confidence level (CL) after 6.4 months on average, varying between 0.8 and
18.3 months depending on the age and location of the cask, as shown in Figure 5. In the second case,
detection takes, on average, 10.7 months with a range of 0.8 to 55.7 months, also shown in Figure 5.
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Figure 4: Monthly antineutrino interaction rates in a single 80m? detector for the interim storage site (left) and the
geological repository site (right), equal age of all fuel assemblies. The colored bands indicate the range of interaction
rates for different detector locations.
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Figure 5: Time required to detect the removal of a single cask (top) or the contents of half a cask (bottom) at the
indicated location with 90+% CL at the interim storage facility.

For the simplified geological repository site, the casks have been divided into 80 groups, each holding
1.25% of the total repository content (~78.4 t HM). The SNF in the repository is assumed to be
disposed at the same time, 50, 100 or 200 years ago. For SNF disposed 50 years ago, the removal of
one group of casks can be detected with 90+ % CL after 8.7 months on average, varying between 4.9
and 13.3 months depending on location. For SNF disposed 100 years ago, the diversion can be
detected after 14.3 months on average, with a range of 10.3 to 18.1 months, and for SNF disposed
200 years ago, it takes on average 20.6 months to detect the diversion, with a range from 19.3 to 22.0
months, as shown in Figure 6.
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Figure 6: Time required to detect the removal of a group of casks (1.25% of repository contents) at the indicated
location with 90+% CL. All casks are assumed to have been stored for 50 years (left), 100 years (centre) or 200 years
(right).
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CONCLUSIONS & OUTLOOK

As geological repositories for spent nuclear fuel become a reality, with the first operational one
expected in Finland in this decade, there is renewed interest and demand for new and novel
technologies to enhance nuclear safeguards for these new kinds of facilities with an ever-increasing
inventory and long filling and storage times. This paper investigates antineutrino-based safeguards
approaches and builds upon previous work by identifying potential antineutrino detector technologies
for safeguards application and investigating the sensitivity of an idealized detector.
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Two simplified SNF storage sites have been modelled and studied, showing that the diversion of a
single cask from an interim storage facility can be detected with 90% CL within several months, while
changes in a geological repository require longer dwell times. These relatively long dwell times
indicate that efficient antineutrino monitoring based on scalar rate measurements alone is very
challenging, especially considering the added complexity and required R&D compared to established
safeguards technologies. However, the ability to detect nuclear material diversion in an interim
storage site in under a month in ideal conditions, hints at the potential antineutrino measurements
could have for independently validating the correctness of the declared state of a repository or for
investigating suspected deviations, both without requiring physical access to the interior of the
facility.

To fully understand the potential benefits antineutrino detectors could provide, future work will
explore more sophisticated detector arrangements and the inclusion of additional information, such
as directionality, together with a broad survey of safeguards-relevant use cases. Some possible
applications could be long-term monitoring of the filling and emptying process, re-verification in the
case CoK is lost, or other scenarios where additional independent measurements are desirable. These
findings will be used to assess whether antineutrino-based technology can be incorporated into
safeguards concepts to further enhance the overall reliability and robustness of these concepts.
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