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ABSTRACT

Antineutrinos from nuclear reactors have the potential to be used for reactor monitoring in the mid- to far-field under certain conditions.
Antineutrinos are an unshieldable signal and carry information about the reactor core and the distance they travel. Using gadolinium-doped
water Cherenkov detectors for this purpose has been previously proposed alongside rate-only analyses. As antineutrinos carry information
about their distance of travel in their energy spectrum, the analyses can be extended to a spectral analysis to gain more knowledge about the
detected core. A Fourier transform analysis has been used to evaluate the distance between a proposed gadolinium-doped water-based liquid
scintillator detector and a detected nuclear reactor. Example cases are shown for a detector in Boulby Mine, near the Boulby Underground
Laboratory in the UK, and six reactor sites in the UK and France. The analysis shows potential to range reactors, but is strongly limited by the
detector design. It is concluded that the proposed water-based detector is not sufficient for ranging remote reactors in a reasonable time, but

other detector designs show potential.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0220877

. INTRODUCTION

Nuclear fission reactors are a key source of power generation
in several parts of the world, with an increase in global capacity of
80% predicted by 2050 by the International Atomic Energy Agency
(IAEA).! However, alongside use in power generation, nuclear fis-
sion has been highly weaponized, and nuclear reactors are a key part
of the process in producing the required material for proliferation.
This, combined with the predicted increase in global capacity and
historical incidents of misuse (e.g., see Ref. 2) and disaster, creates
concern surrounding reactor operation. In particular, diversion of
material for plutonium production is of concern. Several treaties,
such as the Treaty on the Non-proliferation of Nuclear Weapons,
and safeguarding methods are in place to verify the use of reactors
and identify any misuse.’

Safeguarding is typically performed by the IAEA and predom-
inantly consists of item accountancy and inspections, with current
methods deemed generally suitable for the current fleet of power
reactors. However, there remains interest in the community in new
techniques, which provide additional information or less intrusive

methods of reactor monitoring and may be applicable to future
scenarios and reactor types.” One such method is the use of antineu-
trinos, produced in the decay chains of fission products, to monitor
reactor power output and core composition. Neutrino detectors
have previously shown the ability to observe reactor power cycles
and fuel evolution when situated in proximity to a reactor,” and
studies into less-intrusive far-field detectors have shown poten-
tial for long distance observations.”” Where inspections and item
accountancy rely on access to reactors, neutrino observation could
be performed without entering a reactor complex. It is also less sus-
ceptible to false information from the host, as well as shielding due
to the unshieldable nature of neutrinos. This makes it attractive and
a potential tool to help prevent issues such as the 1994 DPRK nuclear
crisis.”

Previous detection and studies have principally used the
observed rate of antineutrino interactions in a detector. However,
further information can be obtained by applying spectral analy-
sis techniques. Neutrinos have a flavor associated with the lep-
ton involved in the interaction they are produced in; electron,
muon, and tau flavors are the three in the Standard Model. Once
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produced, neutrinos do not always remain in a single flavor. They
can oscillate in a distance- and energy-dependent manner, with
both the emission and dominant detection mechanism for reactor
neutrinos involving electron-flavor antineutrinos. By obtaining the
energy spectrum of electron antineutrinos from a source, informa-
tion about their distance of travel can be determined alongside the
reactor power and core composition. This can be used to identify
the source of a reactor signal or verify a known signal by con-
firming that the spectrum is as expected. The work presented here
builds on a previous study® that used reactor antineutrino rates by
adding spectral analysis to an existing rate-only analysis to harness
the flavor oscillation of the emitted reactor antineutrinos. This has
been applied to a hypothetical detector in Boulby Mine in the UK,
near the Science & Technology Facilities Council’s Boulby Under-
ground Laboratory, with a real reactor landscape used. The aim of
this study is to determine the utility of including spectral analy-
sis and test it on a previously developed detector design using real
reactor signals.

This paper structure is as follows. Section II details the
emission, propagation, and interaction of reactor antineutrinos.
Section III presents a reactor antineutrino monitoring prototype
detector and facility. The simulation of the detector, signal, and
backgrounds are discussed in Sec. I'V. An existing data reduction
is summarized in Sec. V, before a spectral analysis is presented
in Sec. VI. The results of this analysis are presented in Sec. VII,
with consideration of alternative detector designs in Sec. VIII. Dis-
cussion of the results and concluding remarks follow in Secs. [X
and X, respectively.

1. REACTOR ANTINEUTRINOS
A. Reactor antineutrino emission

Nuclear power reactors emit an isotropic flux of antineutrinos
of 0(10%°) s™' GW5' due to the fission of *°U, **U, ***Pu, and
1Py into neutron-rich nuclei.” These nuclei undergo a series of 8
decays until stability is reached, releasing an average of six antineu-
trinos per fission with energies up to ~10 MeV. Despite the small
cross section of interaction, the large number of emitted antineu-
trinos produces an observable signal. The emitted flux from the
reactor depends on the reactor thermal power and core composi-
tion and the fission processes occurring in the core. The composition
of the core and its time evolution (burnup) are determined by the
reactor type.

The antineutrino spectrum of a fissioning isotope is given by

iAi(Ey
0s(8s) - Pa LB, M

where Py, is the thermal power of the core, p; is the fraction of
the thermal power resulting from the fission of isotope i, Q; is
the average thermal energy emitted per fission, and A;(Es,) is the
antineutrino emission energy spectrum normalized to one fission for
fissioning isotope i as a function of antineutrino energy Es,. Ai(Es,)
is given by

6 .
Ai(Es,) = exp (Z GE;; 1)» @

Jj=1
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FIG. 1. Comparison of reactor antineutrino emission models used to produce the
expected antineutrino spectrum from the Heysham reactor complex, 149 km from
a detector at Boulby. The Huber-Mueller model,"'" used in this work, has an
excess in flux compared to data. The Estienne! and Huber-Kopeikin'® models
are newer and correct this deficit.

where the coefficients g; are fit parameters from the Huber-Mueller
predictions,'”"" which are derived from measurements of the j3
spectra from nuclear fission. The total antineutrino flux for a
reactor is the summation of the contributions from individual
isotopes.

The antineutrino flux from the fission of ***Pu is ~65% of
the flux from **U for the same thermal power output.”'” As 2°U
fissions and **’Pu accumulates, the reactor power remains consis-
tent, but the antineutrino flux drops. This allows the antineutrino
flux to be sensitive to the composition of the core and measure a
potential ***Pu accumulation. The SONGS1 detector demonstrated
this effect, observing both core burnup and reactor power outages
in the measured flux’ from the San Onofre Nuclear Generating
Station.

The reactor spectra used in a previous rate-only study,’
which the work presented here builds on, use the Huber-Mueller
predictions.'”'" Measurements across several experiments show a
slight flux deficit when compared to these predictions and an excess
at 5 MeV."”"" More recent calculations that solve the reactor
antineutrino flux deficit using new measurements of the beta decay
spectra of the fissioning isotopes have since been developed.'*'” To
maintain consistency with previous work," the Huber-Mueller pre-
dictions have been used, with the anomaly considered as part of the
uncertainty. This is expected to have a small effect on the spectral
shape, shown in Fig. 1, which is of relevance to the spectral analyses
presented.

B. Reactor antineutrino propagation

The observed flux of antineutrinos heavily depends on neutrino
oscillation. Reactor antineutrinos are emitted as electron flavor and
inverse beta decay (IBD), the main detection mechanism, is sensitive
to electron flavor, so the survival probability of these antineutrinos
is of relevance. In the situation where the PMNS mixing matrix with
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1.0 consistency, and due to the negligible change at the energies of
interest, the cross section used in this work is from Strumia and
Vissani.”!

0.87 During IBD, the positron and neutron are produced in a pair.

The positron is detected directly, whereas the neutron first ther-
malizes and then captures, leading to prompt and delayed signal

3 j
i 06 components in coincidence. This coincident-pair of signals can be
d . o . . . e
a used to discriminate against backgrounds by correlating the position
0.4 and time of the neutron capture to the positron detection.
Due to the kinematics of IBD, the positron carries informa-
tion about the energy of the incoming antineutrino. The threshold
0.2 energy, Eg,, for IBD in the laboratory frame can be determined from
2 2
— ; , : My +me)" —m
10t _1o? 10* 10? Ege = (mn+me) =M ) 8 Mev, (4)
Distance [km] 2my
FIG. 2. Survival probability of 4 MeV electron antineutrinos with distance of travel. where m,,, m,, and m, are the neutron, proton, and positron rest
masses. The antineutrino energy, Ej,, can then be determined from
the positron energy through
three neutrino mass eigenstates is used, the survival probability of E;, = E,+ + Ethy — Me. (5)

electron antineutrinos is given by
The positron direction is almost isotropic, with a slight bias in

1,27Am§1 L the backward direction. The neutron, however, takes most of the
E; antineutrino’s momentum, and its initial direction is largely paral-

Py, = 1 — cos (613 )sin’ (261, )sin” (
lel to the incoming antineutrino’s direction. The neutron will take

2

, Cosz(elz)sin2(2013)sin2( 1.27Am31L) a random walk from near the point of emission and thermalize

E; through successive scatterings in the detector medium. Once ther-

s e o 1.27Am%,L malized, the neutron will capture on hydrogen or another nucleus

= sin”(612)sin" (2613 )sin - > 3) added as a neutron capture agent, such as gadolinium. The capture
v

and subsequent radiative de-excitation produces a second signal,
occurring a short time and distance from the initial positron sig-
nal, creating a coincident-pair signal in the detector. This time and
distance are dependent on the detector medium.

The final observable antineutrino flux at energy Ej is given by

where Aml-zj = m? — m? is the mass-squared difference between mass

eigenstates i and j, 0; is the mixing angle between states i and j, L
is the distance of travel in km, and E; is the antineutrino energy
in GeV. The survival probability of 4 MeV electron antineutrinos
is shown in Fig. 2. Two oscillations are visible: those due to the

€0:0¢€'}1 1 202 4290100 0¢

E;|L) = ¢(Ev)o(Es)P(L, E>), 6
61, and m?, terms and those due to the 63 and m3, terms. The F(BIL) = ¢(Es)o(Es)P(L, Es) ©
small-amplitude, high-frequency oscillations starting around 1 km
are due to 613 and m3; terms. The low-frequency, high-amplitude o — oscillations
oscillations that cause the large trough followed by a peak at around 0.00251 e N ——= No oscillations
100 km are caused by the 61, and m§1 terms. Neutrino oscilla- 1
tions will not only change the shape of the spectrum but also 0.0020
reduce the total observable flux through the conversion of elec-
tron flavor antineutrinos to muon and tau flavor, which do not 0.0015 1
undergo IBD.
C. Reactor antineutrino detection 0.00101
The dominant mechanism of antineutrino interaction in a
hydrogenous material is IBD,”’ in which an electron antineutrino 0.00051
interacts with a proton to produce a positron and a neutron,
. 0.0000 -
Vetp—>e +n 2 4 6 8 10
_ Ener [MeV]
The cross section of IBD is 6(10 44)Eepe cm?, where E, and P, v
are the positron energy and momentum, respectively. At the time of FIG. 3. Observable reactor antineutrino spectrum at a 150 km standoff with oscil-
the previous study,” the most accurate cross section in the MeV to lations (red solid line) and no oscillations (black dashed line). Both spectra have
GeV range was given by Strumia and Vissani.”! An updated cross been normalized to the total flux of the no oscillation case, showing the reduction
section with reduced uncertainty has since been recalculated.”’ For injthe flux afielectron antineuirinos dusiojosilation.
AIP Advances 14, 105101 (2024); doi: 10.1063/5.0220877 14,105101-3
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where ¢(Ey) is the reactor emission flux [Eq. (1)], o(E5) is the IBD
cross section, and P(L, E;) is the survival probability at distance L
[Eq. (3)]. The spectrum produced from this model, and the effect of
neutrino oscillation, is shown in Fig. 3.

I1l. REACTOR ANTINEUTRINO MONITORING
PROTOTYPE

The Advanced Instrumentation Testbed-Neutrino Experiment
One (AIT-NEO) facility and detector was a proposed project to
demonstrate the application of antineutrino monitoring for non-
proliferation purposes. AIT is the facility designed to develop new
technologies, where NEO was the planned first experiment to be
housed in the facility. Several detector designs were considered, with
the options considered previously all being upright cylinders with a
water-based fill and gadolinium doping.”®

The investigated detector design here is a hypothetical 22 m
height and diameter right cylinder, water-based Cherenkov detector,
located 1100 m underground (2800 m.w.e, ~10° muon attenuation
vs surface’’) near to Boulby Underground Laboratory in a 25 m
height and diameter cavern. The detector considered has a 9 m inner
detector region, surrounded by 4600 photomultiplier tubes (PMTs)
for a 15% coverage facing inward, and a 2 m passive buffer region
surrounding this to attenuate external backgrounds. This gives a
fiducial volume of ~4.5 kT. A schematic of the detector used is shown
in Fig. 4.

The detector is filled with a water-based liquid scintillator
(WDbLS). WbHLS is a water and scintillator mix, providing higher
light yields and lower energy thresholds than water, but longer
light attenuation lengths than scintillators.””** WbLS, in princi-
ple, allows the scalability and lower cost of water to be combined
with some of the performance properties of scintillators. As part
of AIT, the first kilotonne-scale deployment of WbLS was pro-
posed, with a significant benefit from a low energy threshold being
found for reactor antineutrino monitoring.® The cocktail used con-
tains a liquid scintillator at a concentration of 1% w/w, giving a
light yield of 100 photons/MeV and an ~18% energy resolution
at its 1 MeV energy threshold. This is a significant improvement
over Super-Kamiokande’s pure water energy performance, in par-
ticular its 3.5 MeV threshold.”” By lowering the energy threshold

pubs.aip.org/aip/adv

FIG. 4. Schematic of the detector design by Jan Boissevain (University of Penn-
sylvania), showing the tank supported on a steel truss structure and inner PMT
support structure.

through the addition of a scintillator, the rate of observable reac-
tor IBD events can be doubled. Proposals have been made for WbLS
detectors up to 100 kT, significantly larger than the largest liquid
scintillator detector,’® with energy resolutions reaching —%_ and

MeV
sub-MeV energy thresholds.”’

The detector fill is also gadolinium doped at a concentration of
0.1% w/w. This provides a boost in neutron capture and detection
efficiency,”””” allowing the neutron components of IBD to be more
easily observed.

The expected reactor landscape around Boulby is used for this
study. There are two reactor types considered in this landscape; they
are Advanced Gas-cooled Reactors (AGRs) and Pressurized Water
Reactors (PWRs). Both use enriched uranium as fuel, with the AGRs
using graphite as a moderator and the PWRs using water. The AGRs
are older and dominate the UK reactor fleet, with the nearest three
complexes to Boulby being AGRs. These are split into two genera-
tions, AGR-1 and AGR-2, with similar designs. The PWRs are more
common in France, with newer reactors in the UK also using PWR
designs.

TABLE I. The reactor type, standoff distance, approximate signal rate after data reduction, and expected decommissioning
date for the reactors considered in this study. Sizewell B was under review for a long term extension beyond 2035 at the time

of this study.

Number of Standoff Rate Decommissioning
Signal cores Type distance (km) (per day) date
Hartlepool 2 AGR-1 26 7.65 2026
Heysham 1 2 AGR-1 149 0.20 2026
Heysham 2 2 AGR-2 149 0.23 2028
Torness 2 AGR-2 187 0.13 2028
Sizewell-B 1 PWR 306 0.045 After 20357
Hinkley point C 2 PWR 404 0.089 2090°"
Gravelines (France) 6 PWR 441 0.089 2031

AIP Advances 14, 105101 (2024); doi: 10.1063/5.0220877
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FIG. 5. Map showing the location of the detector at Boulby and the reactor sites
studied.*

Table I shows the reactor sites considered for this study, along
with their type, standoff distance, approximate signal rate after
data reduction, and expected decommissioning date. At the time
of this study, the UK’s AGR fleet was due for decommissioning,
with the first generation AGR-1 cores by 2026 followed by the sec-
ond generation AGR-2 fleet by 2028. Hinkley Point C (a PWR) was
also expected to come online by around 2030.”>" Their locations
on a map are shown in Fig. 5. Sizewell B, a PWR, was undergo-
ing review for an extension beyond its initially planned end date
of 2035.%

IV. SIMULATIONS

Full Monte Carlo (MC) detector simulations were performed
using RAT-PAC.” RAT-PAC is based on the physics simula-
tion framework Geant4,””’ the CLHEP physics library,”® the
Generic Liquid-scintillator Anti-Neutrino Detector (GLG4sim or
GenericLAND) Geant4 simulation for neutrino physics,” and the
ROOT data-analysis framework.*’

RAT-PAC models the detector response event-by-event,
including triggering and data acquisition (DAQ), with custom
GLG4sim MC event generators used to produce the signal and back-
ground particles. Light emission from the detector medium and
PMT response are handled by GLG4sim, with the propagation of
particles and light performed by Geant4.

ARTICLE pubs.aip.org/aip/adv

The models used for MC simulations of the WbLS* are
based on time profile measurements of the scintillation light'”*’
and light yield and scattering measurements of gadolinium-doped
WbDLS.**

The detector is simulated in a cavern surrounded by a 2 m
rock layer, which has been shown to be sufficient to sample all back-
grounds external to the detector when combined with the detector’s
passive buffer region and fiducial volume in previous studies.” The
large-scale, complex structures, such as the support structures in the
detector, are simplified to approximate positions and volumes to
allow their background contributions to be considered.

A. Signal

The antineutrino signal options considered are the power reac-
tors in the UK’s fleet, as well as Gravelines in northern France,
detailed in Table I. The signals are simulated by sampling spec-
tral and angular distributions based on the reactor emission flux,
antineutrino oscillations during travel, and the IBD cross section
to produce an expected antineutrino signal distribution for each
reactor. A custom event generator is used to produce the positron
and neutron from an antineutrino interaction in a correlated
pair, with their kinematics defined by the Stumia and Vissani
cross-sectional model.”’ The mean time and distance between
positron and neutron signals in simulated IBD is 28 us and 6 cm,
respectively, which matches expectation for a 0.1% gadolinium
concentration.”

The Hartlepool complex is simulated as two individual cores,
Heysham is split into its two dual-core sites representing the
Heysham 1 AGR-1 and Heysham 2 AGR-2 sites, and all other
complexes are simulated as a single signal. Spectra are taken from
geoneutrinos.org,’® which uses IAEA data for the year 2020.*” The
spectra use the mid-cycle core composition. For AGRs, due to their
short refueling cycle geared toward optimal power generation, there
is only a small amount of fuel evolution, so using the mid-cycle core
composition is a good approximation.

B. Background

A large number of backgrounds are simulated, which are
detailed further by Kneale et al.,° using custom event generators.

Given the coincident-pair nature of the IBD signal, the over-
all background is suppressed by requiring the detection of both
the prompt and delayed signals in a time and distance character-
istic of the positron and neutron-capture signals. However, sev-
eral background sources can mimic the correlated signal expected
from IBD, some accidently and some through their own inherent
correlation.

The key correlated background sources are produced by comic
ray muons; they are fast neutrons produced by spallation in the rock
surrounding the detector and neutron evaporation along the muon
track, and radionuclides produced primarily in hadronic showers
from the spallation of oxygen in the detector fill.**

Fast neutrons are commonly produced in multiplicity and
can generate neutron pairs in the detector volume. When they
thermalize and capture, this pair can mimic the IBD signal. The
spectrum and multiplicity used are from comparison between data
and simulations,”””” as is the angular distribution.”’ The first neu-
tron is produced largely along the path of the muon, and so is

AIP Advances 14, 105101 (2024); doi: 10.1063/5.0220877
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generally downward-going. The secondary neutrons from neutron
evaporation are emitted isotropically. Neutrons with energies less
than 10 MeV are insufficiently penetrating to reach the inner detec-
tor volume, and so are neglected. The mean time between neutrons
in a pair is 20 ys in simulation, and the mean distance is 80 cm, which
is similar to IBD.

The radionuclides of concern for reactor antineutrino detection
are the f-neutron emitters, in particular °Li and "N due to their high
yields and branching ratios, long half lives, and  endpoint energies.
These decay via the emission of both a 8 particle and a neutron, pro-
ducing the same correlation in time and space as an IBD event. Due
to the low yield, consistent with zero in Super-Kamiokande,”* 8He is
neglected.

The expected rate of each radionuclide isotope is calcu-
lated using the muon flux in Boulby Mine,”” @, = (4.09 +0.15)
x 107% cm™2 s7', and assumes the muon travels the vertical height
of the detector. The 8-n decay rates are calculated using

Riso(s™) = Ru(s™") x Ly(cm) x Yio( 'g em?)

x br x p(g cm ™) x ( Eypoutty

], ()
Eﬂ,Super—Kamiokande

where R, = @, x is the tank surface area, L, is the muon path length,
Yiso is the isotope yield, br is the branching ratio for the -n decay,
p = 1gcm™ for water, and E,, is the average muon energy. The path
length in Super-Kamiokande is taken as the vertical height of the
detector,” making the assumption that all muons are downward
going, which sets a conservative upper limit. The same assump-
tion is made for NEQO, and rates are calculated for the full detector
volume. A depth-related correction to the average muon energy
E,; is applied,”’ where & = 0.73 + 0.10, as higher-energy muons will
survive to greater depths on average.

Other antineutrino sources create a background to the reactor
signal as they also interact via IBD. Other reactors are the dominant
source of background IBD at Boulby; which reactors are part of the
background depends on which reactor is the target of observation.
All reactors more distant to Boulby than Gravelines are amalga-
mated into a single world reactor background, as these are present
in the background for all reactor targets considered. The reactors
from Gravelines and closer are added to the background individ-
ually where appropriate based on the expected decommissioning
dates and target reactor signal. Antineutrinos from uranium and
thorium in the Earth’s mantle, termed geoneutrinos, are the other
source of IBD background. Geoneutrinos are produced via the f
decay of 23817 and %**Th in the Earth’s mantle, with the antineutrino
spectra obtained from geoneutrinos.org.*

Uncorrelated events from radioactive  decays in the detector
material and environment can mimic a correlated pair through acci-
dental coincidences. These events are typically low in energy and,
with the dominant sources originating outside or coming from the
edge of the detector, are mostly observed toward the outer edges
of the detector. Their total rate is very high in a large detector,
O (MHz), but most events can be rejected through energy and posi-
tion cuts, and by specifying both a prompt and delayed event must
occur within a small time and distance of each other. The rate
of coincidences is highly dependent on the analysis cuts used to
remove backgrounds. The largest source of concern for these decays
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TABLE II. The raw background rates in the 22 m NEO design. The reactor IBD is for
all reactors further away than Gravelines.

Component Pair rate (Hz)
N B-n 1.99 x 107°
°Li f-n 325x%107°
Reactor IBD 147 x107°
Geoneutrino IBD 2.60x10°°
Single rate (Hz)
Fast neutrons 322 x 1072
Uncorrelated single 3.57 x 107
TABLE lll. Uncertainties on signals and backgrounds.

Component Uncertainty
Hartlepool 2.5%"°
Heysham 2.0%*°
Torness 2.6%"°
Sizewell B 2.75%"°
Hinkley point C 3.0%"
Gravelines 3.4%"°
World reactor 6.0%"°
Geoneutrinos 25%"°
Li 0.2%°
N 0.2%°
Fast neutrons 27%"°

is the PMTs, in particular their glass. The rates for the radioac-
tive decays in the detector materials and surrounding cavern are
taken from a combination of experimental data, material assays, and
theorY.ZZAi«LS 61

The total rate of background components is shown in Table II.
The uncorrelated single f’s dominate the overall rate, but are sup-
pressed significantly by the requirement of particles being in a pair.
The fast neutron rate is for individual neutrons, but they often
interact close to each other and mimic pairs.

The uncertainties on signals and backgrounds are shown in
Table I1I. Uncertainties limit detector sensitivity by making it dif-
ficult to distinguish between components based on expected rates of
interaction for each component.

V. DATA REDUCTION

The simulated data are passed through an event reconstruction
and data reduction pathway typical of neutrino detectors. The posi-
tion of interactions is reconstructed from the PMT response using an
adapted version of BONSAL®” which is used in Super-Kamiokande
for low energy events, and the backgrounds suppressed using Likeli-
hood Event Analysis for Reactor Neutrinos (LEARN). Further detail
is given on the full data reduction in the work of Kneale et al.®
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FIG. 6. Log likelihood for single uncorrelated triggers due to radioactivity (black
solid line) and from neutrons in IBD (red dashed line). The vertical blue line
corresponds to the minimum log likelihood for the radioactive singles.

To remove large chains of neutrons induced by fast neutron
interactions, a multiplicity cut of two is applied to the data. This
accepts pairs and single events, but rejects hadronic showers and
neutron clouds. The accepted events are passed to the LEARN data
reduction.

LEARN uses a likelihood analysis to remove uncorrelated
events due to radioactivity, suppressing them to a level consis-
tent with zero, and accept pairs of detected particles, which have
the characteristics of IBD. This can include fast neutron pairs and
radionuclides that are f3-neutron emitters, as well as IBD interac-
tions. The likelihood for an event is determined from probability
density functions (PDFs) for the event’s detected position, energy,
and time in relation to the previously detected event. A neutron from
IBD will have a very different distribution to a single event from a
radioactive decay. By comparing the likelihood of an event to the
distribution of likelihoods for the uncorrelated event background, it
can be determined if an event is the second in a pair and the pair can
be accepted. The log likelihood distributions for neutrons from IBD
and single uncorrelated events from radioactive decays can be seen
in Fig. 6.
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An AdaBoost® machine learning algorithm is used to suppress
fast neutrons, which have a high uncertainty and therefore signif-
icantly limit detector sensitivity, by comparing the differences in
location, light yield, and reconstruction quality between pairs with
two neutrons and pairs with an electron or positron. This technique
is ~94% efficient at removing fast neutrons and has a negligible effect
on the signal rate.

Energy cuts are then used to suppress the low-energy geoneu-
trinos and high-energy radionuclides, in particular °Li, which has
a high 8 endpoint energy of ~10 MeV compared to positrons from
reactor neutrinos, which peak below 4 MeV.

Finally, a post-muon analytical veto is used to reject long-lived
radionuclides from muon-induced spallation by applying a dead
time to a limited transverse distance around an observed muon
track.

The detection efficiency for each event type after each step in
the data reduction is shown in Table IV.

A. Production of spectra

Three scenarios are considered depending on the target reactor
signal. They are as follows:

¢ unknown backgrounds,
e known backgrounds with uncertainties, and
e known backgrounds with no uncertainties.

These are chosen to test the limits of the detector’s sensitivity
and determine the most distant power reactor that can be accurately
ranged from Boulby using NEO.

The output from the data reduction applied to simulated data
is in the form of spectra for all events that pass background sup-
pression, split into individual sources. These can be combined
into a single “observed” spectrum or remain as separate compo-
nents. This allows the option of background contributions to be
unknown or known and therefore be subtracted from the spectrum if
known.

If a background is known, it is assumed that it is known at the
rate that passes data reduction with a known spectral shape, allowing
it to be removed from the total spectrum. This is a hypothetical sce-
nario, as it would involve background-specific measurements and
further analysis to confirm the background rate and spectrum. By
allowing for backgrounds to be known, and subtracted from the

TABLE IV. Detection efficiency of key event types after each step in the data reduction.

Detection efficiency after step (%)

Machine Energy Muon
Signal Multiplicity Likelihood learning cuts veto
Reactor IBD 88 88 52 33 33
Geoneutrinos 47 47 37 13 13
°Li 99 99 54 21 14
N 72 72 47 22 19
Fast neutrons 0.12 0.12 21x107* 2.1x107* 2.1x107*
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spectrum, their impact on the ability for the detector to range a reac-
tor can be determined. In some scenarios, in particular more distant
reactors, it is expected that backgrounds dominate and will be the
limiting factor for a spectral analysis.

When uncertainties are applied, they are at the level in Table ITI.
Uncertainties are assumed to be Gaussian distributed about the
observed rates after data reduction. To include uncertainties, the dis-
tribution for each source is drawn from each energy bin to give the
fluctuations in the spectrum due to uncertainties. For the situation of
unknown backgrounds, these fluctuations are added to the spectrum
for each source after data reduction, before the spectra are summed
to give a total observed spectrum, including uncertainties. When it
is assumed that backgrounds are known and can therefore be sub-
tracted from the observed spectrum, only the fluctuations are added
to the signal spectrum. This creates a signal with fluctuations due to
uncertainties.

To understand the impact of these uncertainties, the uncer-
tainties are drawn 100 times to give 100 spectra. Each spectrum is
equivalent to making a single observation of a signal, with the num-
ber of data points in the sample being related to the length of the
observation. Due to the Gaussian nature of the uncertainties, each
observation will differ. The analysis is performed on each observa-
tion individually and the determined ranges used to find a mean
range and uncertainty.

Further to these background scenarios, the effects of detector
energy resolution are considered by using the number of PMT hits
for a detected prompt interaction to determine the energy. A linear
fit between collected charge and true positron or electron energy is
used to convert the PMT response to approximate particle energy.
The effect of this, alongside background uncertainties, on the spec-
trum for Heysham 2 can be seen in Fig. 7. The low energy events,
when compared to the spectra in Fig. 1, are not efficiently recon-
structed due to the lower light yield, resulting in only the higher
energy peak. The simulated true energy of particles is used to remove
detector effects. By comparing the results from the reactor ranging
when true energy is used to when reconstructed energy is used to

le-1
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--- No uncertainties
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FIG. 7. Simulated positron energy spectrum after data reduction for the Heysham
2 cores with reconstructed energy (both) and background uncertainties (red solid
line).
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produce the detected positron spectrum, the extent to which the
energy resolution of this detector limits the ranging sensitivity can
be obtained.

The combination of background scenarios and energy reso-
lution options allows for confirmation on the limiting factor for
each signal, i.e., whether the background, detector, or analysis limits
sensitivity.

VI. SPECTRAL ANALYSIS

As shown in Eq. (3), the oscillation probability of one neutrino

. . . 2, 127Am L
flavor state to another is proportional to sin( % ). As such, the

oscillation of neutrino flavor is sinusoidally depevndent on the dis-
tance of travel and energy of the neutrino. The kinetic energy of the
positrons from IBD can be measured and the antineutrino energy
can be determined from this, meaning that a Fourier transform (FT)
can be used to switch from antineutrino energy to the distance of
travel. The application of Fourier transforms has been proposed for
measuring oscillations from reactor antineutrinos previously,** with
applications in detectors such as JUNO being considered.® In these
cases, the energy spectrum is detected and the distance is known,
with the oscillation parameters being determined from analysis. In
the situations considered in this work, the distance is the unknown

quantity being determined from analysis.

As the oscillation probability depends on sinz(%), the

identity sin?(6) = 17%(26) can be used to express the FT as

= 1.27Am? L
BCT(L) o [ ™ f(LEs)cos (2>< i)di ®)

E; Ey

Emax

Here, Eq. (8) is defined as a Fourier Cosine Transform (FCT), and
f(L,E;) is the model in Eq. (6). A 7 phase shift can be applied for a
Fourier Sine Transform (FST),

-4- FCT

1.0 —— FST
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T
=
x
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FIG. 8. The combination of an FCT (blue dashed line) and FST (gray solid line)
allows the area of interest (red solid line) to be narrowed down to reduce uncer-
tainties by comparing where the maxima of the FCT and zeros of the FST occur at
matching distances.
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FIG. 9. (a) Comparison of the FCT for oscillations (black solid line) and no oscil-
lations (red dashed line) in the reactor spectrum model for a 200 km standoff
distance, and (b) the subtraction of the no oscillation situation from the original
reactor model for the same reactor standoff. The reactor model has peaks for 100
and 200 km before the subtraction and only the expected peak at 200 km after
subtraction.

1 2
FST(L) o< | ™ f(L,E;)sin (2 x M)ali. )
- Ey Ey
The splitting of the FT into an FCT and FST is consistent with the
previous proposal,®* as each transform highlights spectral features
differently.

The difference between the FCT and FST due to the phase shift
can be used to improve the precision of the analysis by combining
the two. As the distance is varied, where the peak amplitude of the
FCT is the determined range, the zero amplitude of the FST is the
points of interest due to the phase shift. The FCT can be used to
determine the region of interest, with all possible distances within
uncertainty of the peak amplitude being considered. This provides
constraints to the FST, which can be used to determine the final
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FIG. 10. The calculated range of reactor signals with true distance using the
Fourier transform analysis applied to Eq. (6). The FT relies on resolving the 61,
oscillations, which are not obviously present at ranges below 100 km, as the 643
oscillations are smaller than the detector’s energy resolution.

distance and uncertainties by searching for a value of zero within
the constraints set by the FCT. The FST has its steepest gradient at
the region of interest, which reduces the potential distances that fall
within the uncertainty and hence reduces the uncertainty. Figure 8
shows how the FCT and FST can be used in combination to reduce
the possible ranges responsible for the detected spectrum by only
considering the regions in which the peak of the FCT matches a
zero-amplitude point of the FST.

Both Egs. (8) and (9) include terms not associated with neu-
trino oscillations within the term f (L, Ey). To isolate the oscillation
terms, a spectrum where no oscillations are assumed is simulated,
i.e., the model in Eq. (6) with the survival probability set to one. An
FT is performed on this spectrum, and it is then subtracted from the
one performed on the simulated data. The effect of this can be seen
clearly in Fig. 9, where the peak associated with factors not related to
neutrino oscillations is removed.

Due to the detector resolution, only the 6, oscillation pattern
can be resolved. As such, the FTs are normalized to the 6;, term,
and 013 and 6,3 are neglected. This creates a lower limit to the range
that can be observed with this method, as at least a significant part
of one full wavelength of the oscillation pattern must be visible in
the spectrum for an FT to work. Figure 2 shows how the larger
changes in electron antineutrino survival probability due to 6, do
not occur until approaching a 100 km distance of travel. The oscil-
lations due to 6,3, which occur at short distances, produce much
smaller changes in the survival probability. A lower limit of ~80 km,
due to the requirement of a full wavelength of the oscillation pat-
tern, can be seen in Fig. 10 when the analysis is applied to the model
in Eq. (6).

VIl. RESULTS

Due to the detector’s energy resolution giving a minimum dis-
tance that the Fourier transform is effective at (Fig. 10), the Hartle-
pool complex could not be ranged using this detector at Boulby.
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TABLE V. Determined distance in km. Both the true energy and reconstructed energy are considered, as is the inclusion of uncertainties. Situations with center dots are deemed
impossible to range due to background uncertainties dominating. The time to determine the quote ranges is based on requiring enough events to produce a complete spectrum.

Range (km)
Situation Heysham Torness Sizewell B Hinkley point C Gravelines
True range 149 187 304 404 441
No uncertainties, true energy 148 + 4 188 + 5 306 £+ 8 403 + 11 440 + 11
No uncertainties, reconstructed energy 157 + 4 195+ 5 307 + 8 397 + 11 432 + 11
Uncertainties, true energy 156 + 6 177 £ 10 . x e
Uncertainties, reconstructed energy 155+5 171+ 9
Time (Years) 21 74 200 100 100

While the 26 km standoff results in a signal dominated spectrum,
there are no clear features from the 6, oscillations that can be used
for ranging.

The FT method is applied in four possible scenarios on five
reactor complexes. The scenarios are combinations of including
uncertainties and detector energy resolution, all of which assume
background rates are known. The target reactors used are those more
distant than Hartlepool, starting at Heysham, under the assumption
that the Hartlepool cores are decommissioned and do not contribute
to the background. As these reactors are at large distances, the signals
are small. Any assumption that all backgrounds after data reduction
are unknown and indistinguishable from the signal would mean that
ranging is impossible. As such, the two known background scenar-
ios are used, in which it is assumed that background contributions
to the total spectrum could be removed, either completely or leaving
some uncertainties in the remaining signal.

The results of the FT method shown in Table V show that
for reactors at large distances, the range can be determined when
the detector’s energy resolution is accounted for. However, reactors
beyond 300 km do not have a large enough signal to be ranged effec-
tively when background uncertainties are included. The two nearer
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FIG. 11. FCT analysis of Heysham 2 repeated 100 times to show the effect of
fluctuations due to uncertainties. The vertical dashed line at 149 km is the true
distance to Heysham 2 from Boulby.

reactor sites, AGRs at Heysham and Torness, can be ranged close
to the true value when uncertainties are included. Heysham 1 and
2 can be ranged to the same level as Heysham 2 in isolation as the
spectral shapes are the same, but the required time is lower due to
the increased signal rate.

Uncertainties are determined by repeating the FT, sampling
from the uncertainty distributions separately each time. This pro-
duces a range of possible FTs, which fluctuate due to uncertainties.
These fluctuations can be seen in the FCT for Heysham 2 in Fig. 11,
where the spectrum has been produced 100 times and the analysis
has been repeated. This results in a range of possible amplitudes for
every distance for both the FCT and FST. The range of amplitudes
is then used to determine the uncertainty on the amplitudes from
the FTs. The uncertainty on the distance is then determined by the
range of distances that fall within the uncertainty of the amplitudes
accepted by both the FCT and FST.

The FT for Heysham 2 with uncertainties and with energy
reconstruction applied is shown in Fig. 12. The maximum for the
FCT yields an accurate range, but with an uncertainty of £15 km.
The FST is able to reduce this uncertainty significantly to +6 km,
shown in Table V.
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FIG. 12. The Fourier transform, in sine (black solid line) and cosine (red dotted
line), for Heysham 2 with background uncertainties and energy resolution effects.
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Due to the low event rates for the distant reactors, it takes
over 20 years of observation time to be able to range the Heysham
complex and significantly longer for the more distant reactors.

VIIl. ALTERNATIVE DETECTORS

The JUNO liquid scintillator detector aims to use multiple
reactors at known distances to measure neutrino oscillation para-
meters’® by applying Fourier cosine and sine transforms. This is
similar to this work, but with a fixed distance and floating oscilla-
tion parameters, so the same techniques can be applied by switching
the free parameters. The JUNO detector is expected to have a 73%
IBD detection efficiency® and is significantly larger than the AIT-
NEO proposal at 20 kT. Before the consideration of improved energy
performance due to the use of a liquid scintillator allowing for bet-
ter analysis cuts to be made, the time required to range Heysham
reduces to just over 2 years. Improvements to analysis due to better
energy resolution could further lower this.

By using a scintillator-filled detector with a good energy res-
olution, closer reactors could potentially be considered as the 63
oscillations could be resolved. JUNO will be observing reactors at
53 km.”® Closer reactors would mean a significantly larger antineu-
trino flux for the same reactor power. A reactor at 50 km could be
ranged in around 1 year using a NEO-sized detector filled with liquid
scintillator if 613 oscillations could be resolved and a reactor at 100
km could be ranged in 4 years. A 20 kT volume of liquid scintillator
could range a 50 km reactor in 4 months and a 100 km reactor in 1
year.

The proposal made for the Theia WbLS detector includes a
higher scintillation concentration than the 1% used here and a very
high photocoverage.”” As such, the detection efficiency could be as
high as 95% with neutron tagging. Two detector sizes have been pro-
posed: 25 kT with a 17.5 kT fiducial volume and a 100 kT detector
with a 70 kT fiducial volume. From this, the smaller Theia detector
could range the Heysham complex in 2 years and the larger detector
in under 6 months. Theia is actively considering reactors at 1000 s
km standoffs.” This does not take into account the improved energy
resolution due to the higher scintillation concentration and light col-
lection efficiency. Again, further improvement could potentially be
obtained here.

IX. DISCUSSION

The results of the Fourier transform indicate that this detector
is insufficient to range the UK’s reactor fleet. The nearest reactor,
26 km away at Hartlepool, is too close for 6, oscillation features to
be useful, and the detector does not have the necessary energy reso-
lution to resolve the 0,5 features. The more distant reactors, at over
150 km, do not produce a large enough signal in this detector design
to be ranged in a practical time, with the Heysham complex requir-
ing over 20 years even when backgrounds are known and subtracted
from the total spectrum.

However, given enough data to build a spectrum, the anal-
ysis is capable of ranging the source of the spectrum even when
background uncertainties are included on small signals. This indi-
cates that the analysis itself has potential; this type of analysis is
being considered for reactor neutrino oscillation experiments, such
as JUNO.”""" By considering the improved performance of other

ARTICLE pubs.aip.org/aip/adv

detector designs, such as JUNO or the proposed Theia WbLS-filled
detector, this analysis could have some utility. Based on increased
volumes and detection efficiencies, both JUNO and the smaller
Theia design could reduce the required observation time by an order
of magnitude. This is before improved energy resolution is con-
sidered. JUNO is expected to have a resolution of 3% at 1 MeV,*
and Theia could have 7% at 1 MeV;”’ the NEO detector consid-
ered has a resolution of 18% at 1 MeV. The substantially better
energy resolutions provided by other detector designs could allow
for better data reduction and the observation of the 0;3 oscillation
features. This allows closer reactors that give much larger signals to
be considered and would boost the rate of the more distant reactor
measurements.

Beyond improving the detector design, relaxing of the level
of measurement precision may allow a ranging analysis to occur
more quickly. The results quoted are the best results where the
most precise and accurate values are obtained based on the data
reduction and rate-only analysis previously performed. However, if
instead of a precise measurement, a determination of whether the
observed spectrum is consistent with expectation for the expected
reactor operation is acceptable, a quicker result may be obtained.
In this case, rather than matching an exact model, showing the
spectrum does not match the expected shape or FT would be a
positive result, particularly if it is in combination with an obser-
vation of excess signal from the rate-only analysis. The FT analy-
sis could also be applied to remove signals from known reactors
from the data. If their distance and rate are known, using the FT
analysis could allow spectra due to known reactor operations to
be subtracted from the observed data. This would then highlight
unexpected reactor signals, a key goal of using antineutrinos for
non-proliferation.

The limiting factor in the situations presented is the detector.
The detector is not large enough to detect a sufficient rate of events
from more distant reactors, meaning that a range cannot be deter-
mined in a practical observation time. To do this, the detector would
need to double its detection efficiency after data reduction and be
significantly larger, at around 20 kT. NEO also has an insufficient
energy resolution to resolve the 0,3 oscillation features, which cre-
ates a minimum distance of around 80 km that can be ranged. As
such, the more local reactors such as Hartlepool at 26 km cannot
be ranged. Hartlepool could be ranged with this detector in under
2 years based on its event rate if the oscillation features could be
resolved. To be able to range nearer reactors, it is likely a pure liquid
scintillator or higher concentration of scintillator in WbLS would be
needed.

Separating the detector’s limitations from the analysis, the
results show that the FT analysis shows some promise. By consider-
ing other detector designs, a more timely ranging could potentially
occur. This would allow spectral information to be used in addi-
tion to the existing rate-determination techniques. Applying spectral
analysis to a detector with better performance, and using the anal-
ysis in tandem with other information, means this technique may
be applicable for non-proliferation. Using Fourier transforms to
analyze reactor antineutrino oscillations in this way, but with the
distance fixed and the oscillation parameters free, is considered for
the JUNO liquid scintillator detector.

It should be noted that the scenarios tested all use reactors
with enriched uranium as fuel and use limited fuel evolution in the
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generation of spectra. While for the AGRs, which are all reactors that
could be ranged when uncertainties on all backgrounds are consid-
ered, this is not expected to change the overall results, other reactor
types may need a more comprehensive inclusion of core burnup.
The analysis could be applied to any neutrino detector and any reac-
tor landscape, and assuming that the fuel type and evolution are
appropriately handled in modeling expected spectra, the analysis
should still perform in a similar fashion.

X. CONCLUSION

A Fourier transform spectral analysis has been developed and
applied to an existing data reduction for reactor antineutrino mon-
itoring in the mid- to far-field. The analysis is applied to a pre-
viously developed detector design placed underground in Boulby
Mine, and the UK reactor landscape is simulated to provide a
realistic test.

The detector is unable to practically range any of the reactors
in the UK’s fleet. However, the analysis shows potential when other
detector designs are considered. By applying this technique to a dif-
ferent detector design, such as JUNO or Theia, ranging could be
performed in a more reasonable time. This could allow it to be an
extra tool for non-proliferation as it provides extra information on
top of existing analysis techniques. For ranging to be possible in the
near- to mid-field, a better energy resolution is needed; for rang-
ing far-field reactors, a much larger detector with a better detection
efficiency is needed.
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