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Remote Reactor Ranging via Antineutrino Oscillations

S. T. Wilson[] C. Cotsford[f] J. Armitage, N. Holland, and M. Malek
Department of Physics and Astronomy, University of Sheffield, S3 TRH, Sheffield, United Kingdom

J. G. Learned
Department of Physics and Astronomy, University of Hawaii, Honolulu, HI 96822, USA
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Antineutrinos from nuclear reactors can be used for monitoring in the mid- to far-field as part of
a non-proliferation toolkit. 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.

Two complementary analyses are 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 analyses both show strong potential to range reactors, but
are limited by the detector design.

I. INTRODUCTION

The National Nuclear Security Administration (NNSA), part of the United States of America’s Department of
Energy (DoE), stated the importance in its Plan to Reduce Global Nuclear Threats [I] of the development of detection
methods for monitoring compliance with the Treaty on the Non-proliferation of Nuclear Weapons (NPT) [2] in line
with the International Atomic Energy Agency (IAEA)’s Comprehensive Safeguard Agreements [3]. The potential
of antineutrinos for reactor detection is well known with many experiments using nuclear reactors as a source of
antineutrinos [4, [5], including the first detection of the neutrino [0 [7]. As such, observation of reactors has been
demonstrated in the near-field (O(100 m)) via surface-deployed plastic scintillator detectors [8, @] with investigations
into extending this to reactor monitoring [I0]. However, reactor monitoring is typically intrusive due to the close
proximity of the detector to the reactor.

Reactor monitoring in the mid- to far- field (O(10 - 100 km)) via antineutrinos could significantly reduce intrusive
monitoring and be used as part of a toolkit of complementary methods, with there being interest in the safeguarding
and policy communities in a neutrino detector as a future tool to safeguard advanced reactors and as part of future
nuclear deals [I1]. Two analyses were presented in [12] to evaluate sensitivity of a prototype detector of this type to
the antineutrino flux from real reactor sites.

The Likelihood Event Analysis of Reactor Neutrinos (LEARN) analysis presented in [I2] consists of a likelihood
analysis followed by machine learning to reject backgrounds and maximize the significance at which reactor signals
are observed. This analysis can be extended to use additional information from the detected antineutrino spectrum
to determine the distance to the reactor, which can be calculated from the flavor oscillation of these antineutrinos.
Two methods of ranging a nuclear reactor are presented here. The first is a chi-squared method, which compares the
measured spectrum with the expected spectra for varying reactor ranges and finds the closest match. The second
uses Fourier transforms (FTs) to look for the frequency of neutrino oscillations in the detected spectrum to extract a
range.

The structure of the paper is as follows: the modeling of the reactor antineutrino signal is discussed in Section [[I]
the detector used and its location are detailed in Section [[TI} the methods are explained in Section [[V]and the results
are presented in Section [V] The results are discussed in Section [V, before the paper is concluded in Section [VII}
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II. REACTOR ANTINEUTRINO SIGNAL

The input for the Monte Carlo (MC) simulations in [I2] use reactor data found at [13], which is taken from the
TAEA-Power Reactor Information System (PRIS) [14]. The load factors used are monthly averages for the year 2020
and the mid-cycle fission fractions are used to estimate the emitted antineutrino spectrum. These simulations are
compared to modeled spectra. The models are produced using probability density functions (PDF's) that combine the
main contributions to the expected spectra: emitted flux, interaction cross-section and survival probability.

Nuclear fission reactors produce electron antineutrinos via the beta decay of unstable daughter nuclei from fission
processes [15]. The antineutrino flux, in units of #/MeV /fission, produced by a reactor core is defined by

O(Ey) = Zfixi(E,;), (1)

where \;(E5) is the antineutrino emission spectrum normalized to one fission, and f; is the fission fraction for the
i-th isotope. \;(E5) is estimated as

X(Ey) = exp (iajEw) 2)
j=1

where a; are polynomial fit parameters from the Huber-Mueller predictions [16], [I7]. The reactor antineutrino flux
also depends on reactor power and the average thermal energy emitted per fission. However, for this work scaling
factors have been omitted as only the shapes of the modeled spectra are of interest.

The dominant interaction for antineutrinos at the energies produced by reactors is inverse beta decay (IBD), with
a cross-section of O(10~%*)E.p, cm? [I8]. The cross-section applied in this work is simplified to

o(E.) = p.E., (3)

where E, and p, = \/E? —m2 are the positron energy and momentum respectively, and m, is the positron mass.
This neglects energy-dependent recoil, weak magnetism, radiative corrections and the energy-independent coefficient
as they are all small contributions to the total cross-section. The cross-section used in the MC is from [I9], with
a more accurate cross-section detailed in [20]. The new cross-section is not expected to impact the results as the
difference to the one used is negligible at the energies of reactor antineutrinos.

IBD is sensitive to electron flavor antineutrinos; their survival probability due to neutrino flavor oscillation in a
vacuum [21] needs to be accounted for. The survival probability of these electron flavor antineutrinos is parameterized
by the Pontecorvo-Maki-Nakagawa—Sakata (PMNS) matrix [22], with oscillation parameters from [23] used for this
work. In this work, a three-flavor mixing matrix is used.

The complete PDF for a given energy spectrum Ej5 with distance the neutrinos travel, L, as the free parameter is
given by

f(Ez7|L) = ¢(Ep)o(Ey)P(L, Ey), (4)

where P(L, E;) is the survival probability of electron antineutrinos, and the other terms are as defined in Equation
and Equation

IIT. DETECTOR AND LOCATION

The detector investigated is a 22 m height and diameter right cylinder water-based Cherenkov detector, which is
detailed in [I2]. This detector is located 1100 m underground close to the Science & Technology Facilities Council
(STFC) Boulby Underground Laboratory in the UK (2800 m.w.e, ~ 10% muon attenuation versus surface [24]), and
contains 4600 photomultiplier tubes (PMTs) for 15% PMT coverage in an inner detector with a 9 m radius. There is
a 2 m outer detector which is uninstrumented, acting as a passive buffer, and the fill material is water-based liquid
scintillator (WbLS) [25] 26] doped with gadolinium to act as a neutron capture agent [27, 28]. The liquid scintillator
is at a concentration of 1%, giving a light yield of 100 photons/MeV. A schematic of the detector used is shown in
Fig. [1] [12].

The expected reactor landscape around Boulby is used for this study. Table[l] shows the reactor sites considered for
this study, along with their type, standoff distance, approximate signal rate after data reduction and decommissioning
date. At the time of this study, the UK’s advanced gas-cooled reactor (AGR) fleet was due for decommissioning, with



FIG. 1: Schematic of the detector design by Jan Boissevain (University of Pennsylvania), showing the tank
supported on a steel truss structure and inner PMT support structure.

the first generation AGR-1 cores by 2024 followed by the second generation AGR-2 fleet by 2028, and Hinkley Point
C (a pressurised water reactor (PWR)) had a planned start date of 2026 [29] 30]. Their locations on a map are shown
in Fig. 2] Sizewell B, a PWR, was undergoing review for an extension beyond its initially planned end date of 2035

TABLE I: The reactor type, standoff distance, approximate signal rate after data reduction and
decommissioning date for the reactors considered in this study. The decommissioning dates are
taken from [29, [30] [32]. Sizewell B was under review for a long term extension beyond 2035 at the
time of this study [31].

Signal Number Type Standoff Rate  Decommissioning
of cores distance [km] [per day] date
Hartlepool 2 AGR-1 26 3 2024
Heysham 1 2 AGR-1 149 0.1 2024
Heysham 2 2 AGR-2 149 0.1 2028
Torness 2 AGR-2 187 0.08 2028
Sizewell-B 1 PWR 306 0.02 after 2035
Hinkley Point C 2 PWR 404 0.03 2086
Gravelines (France) 6 PWR 441 0.03 2031

IVv. METHOD

Two analyses were employed on the same dataset for this study. The data was MC produced in Geant4 [34], [35] for
the study in [12]. Signal MC was produced using real reactor data described in Section

Several backgrounds are considered for this study, with their approximate rates given in Table [[1| [I2]. Rates differ
slightly depending on the target reactor due to analysis optimizations made during data reduction. Due to the nature
of the data reduction performed in analysis, only correlated backgrounds are considered.

Uncertainties on the signal and background rates used in this study are shown in Table [[TI]

MC for the backgrounds were produced using rates and sources from a combination of literature and previous
studies [24], [36H50]. Data is taken from the output of the LEARN data reduction [12], and backgrounds combined as
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FIG. 2: Map showing the location of the detector at Boulby and the reactor sites studied. [33]

TABLE II: Backgrounds considered for this study and their approximate rates per day [12].

Component Rate per day

World 0.2
Geo 0.06
914 0.02
TN 0.2

Fast Neutrons 0.05

appropriate.

The impact of both backgrounds and energy resolution are tested by applying energy reconstruction and/or back-
ground uncertainties. The energy reconstruction is applied as in [12], where a fit between simulated particle energy
and PMT hits is applied. To remove energy resolution effects, the simulated particle energy is used where appropriate.

To apply background uncertainties, it is assumed the background rates are known at the rates observed in [12] with
some Gaussian uncertainty. For each bin in the observed spectrum for the target reactor, a rate is drawn from the
uncertainty distributions and combined with the reactor rate for that bin. As the background rates can fluctuate up
or down due to their uncertainties, when combined with the signal, it can cause the observed signal rates to fluctuate.

To determine the uncertainty on the range caused by background uncertainties and statistical fluctuations, each
“observation” is repeated 100 times.

The impact of both energy resolution and background uncertainties are assessed on the nearer AGRs, but only the
energy resolution is included for the more distant PWRs due to the small signal which is obscured by background
uncertainties, as seen in Fig. In the case of the Hartlepool cores, all backgrounds are applied including their
uncertainties, and full energy reconstruction is used.



TABLE III: Uncertainties on signals and backgrounds. Data taken from [12] 13} [36].

Component  Uncertainty (%)

Hartlepool 2.5
Heysham 2.0
Torness 2.6
Sizewell B 2.75
Hinkley Point C 3.0
Gravelines 3.4
World 6.0
Geo 25

°Li 0.2

1N 0.2

Fast Neutrons 27

1.2
---- Uncertainties included

104 —— No uncertainties

Events per day

0.21

0.0

0 2 4 6 8 10 12
Positron Kinetic Energy [MeV]

FIG. 3: The reconstructed energy spectrum for a single observation of Hinkley Point C with (dashed black) and
without (solid red) background uncertainties included after data reduction. A description of the application of
background uncertainties is given in the text.

A. Chi-squared

The chi-squared method minimizes the difference between the positron spectrum from analyzed data from [12] and
models produced using Equation [4] with the antineutrino energy converted to detected positron kinetic energy. The
chi-squared used is given by

2
X2 _ Z ((I>l ffl) , (5)
i 3
where f; is the value of Equation {4 for a given distance and the energy corresponding to the iz, bin, and ®; is the
data content in the iy, energy bin. Both the data and Equation [4] are normalized to a maximum of 1 to mitigate the
effects of reactor power. The distance to the reactor is incremented between 0 and 500 km at 0.1 km intervals and
the value of Equation [5]is minimized to yield an “observed” range for a reactor.

B. Fourier transform

As shown in Equation the oscillation probability of one neutrino flavor state to another is proportional to
. 27Amf L . . . . . .
31112(12%)7 where Am?j is the square of the mass difference between flavors i and j, L is the distance the
antineutrino travels and E; is the energy of the antineutrino. As such, the oscillation of neutrino flavor is dependent

on the distance and energy domains. As the kinetic energy of the positrons from IBD can be measured and the



antineutrino energy determined from this, a FT can be used to switch from antineutrino energy to the distance of
travel.
The survival probability of an electron flavor neutrino is given in Equation [6]

P(L,E;)=1—P,,, (6)
where
1.27Ams, L
)
1.27Amg, L
7
o )+ (7)

2
1.27Am32L)
E; ’

P,, = cos*(#13) sin®(26,5) sin® (
cos?(f12) sin?(26;3) sin® (
sin?(#12) sin®(26;3) sin? (

assuming charge-parity-time invariance [13]. Here, 6;; is the mixing angle between flavors i and j.

R . . 27AmZ, . G —
As the oscillation probability depends on sm%%#), the identity sin?() = 1%8(20) can be used to express

the FT as

FCT(L) o / Fmes

E

B I 8)

1

min

1.27TAm2 L\ 1
f(L,E;) cos | 2 x ———"—

Here, Equation |8 is defined as a Fourier cosine transform (FCT). A phase shift can be applied for a Fourier sine
transform (FST), shown in Equation @

Emax

9)

1.27TAm3 LY 1
ST ) g,
Ey E;

FST(L) x / f(L, Ep) sin (2 X

Both Equation [§| and Equation |§| include terms not associated with neutrino oscillations within the term f(L, E;).
To isolate the oscillation terms, a spectrum where no oscillation is assumed is simulated i.e. the model in Equation []
but only including the terms from Equation [I] and Equation 3] A FT is performed on this spectrum and it is then
subtracted from the one performed on the original data. The effect of this can be seen clearly in Fig. [4] where the

peak associated with factors not related to neutrino oscillation are removed.
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FIG. 4: Comparison of the Fourier transform for oscillations (black solid) and no oscillations (red dashed) in the
reactor spectrum modeling for a 200 km standoff distance (a), and the subtraction of the no oscillation situation
from the original reactor model for the same reactor standoff (b). The reactor model has peaks for 100 km and 200
km before the subtraction, and only the expected peak at 200 km after subtraction.



As the distance is varied, the peak amplitude of the FCT and the zero amplitude values of the FST are the points
of interest that correspond to the “observed” range. Fig. |5 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 they
match.

-~ FCT
101 — FST
0.5 A
g I
E‘ 0.0 A
<
—0.5 1
—1.0 A
0 L/’Z I'_ 3L’/2 2L

Distance

FIG. 5: The combination of an FCT (blue dashed) and FST (gray solid) allows the area of interest (red solid) to be
narrowed down to reduce uncertainties by comparing where the maxima of the FCT and zeroes of the FST occur at
matching distances.

Due to the detector resolution, only the 615 oscillation pattern can be resolved. As such, the FTs are normalized
to the 015 term, and #,3 and 623 are neglected. This creates a lower limit to the range that can be observed with this
method, as at least one full wavelength of the oscillation pattern must be visible in the spectrum for a FT to work.

Although detailed analysis has been performed on specific reactors, this is illustrative only due to the expected
decommissioning of many of the observed cores. As such, a scan over generic scenarios has been carried out up to a
range of 500 km to show the potential of this analysis, with the results in Fig. [6] A lower limit of approximately 80
km can be seen due to the requirement of a full wavelength of the oscillation pattern.
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FIG. 6: The analytical range of reactors with distance using the Fourier transform analysis. The Fourier transform
relies on resolving the 015 oscillations, which are not obviously present at ranges below 100 km, as the 6013
oscillations are smaller than the detector’s energy resolution.



V. RESULTS
A. Chi-squared

For the minimum chi-squared method, a single analysis was performed. This was the ranging of the EDF Hartlepool
reactor with all limitations, such as complete backgrounds including uncertainties and detector effects, considered as
part of the LEARN analysis chain in [I2]. The obtained range, shown in comparison to the true range in Table
is 50% from the expected value.

TABLE IV: Observed distance in km for the Chi-squared method for Hartlepool.

True Chi-squared
Distance (km) 26 39 £1

Hartlepool is the dominant signal after data reduction, so assuming all backgrounds are known only improves the
observed range slightly to =~ 35 km. The biggest cause of the discrepancy between the observed and true range is
the depletion of the low energy events caused by the data reduction in [I2]. To remove the numerous radioactive
background events, low energy cuts are applied. This, alongside the detector’s increasing efficiency with energy, cause
the spectrum to shift to higher energy and impact the observed range. The impact on the observed spectrum in
comparison to the models for the true range at 26 km and observed range at 39 km can be seen in Fig. [7a] and Fig. [7H|
respectively.
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FIG. 7: The comparison of the analyzed Hartlepool reactor complex data (red points) and models (black solid line)
for the (a) true range and (b) observed range. The shift to higher energy in the data can be seen. This shift limits
the ability to range the reactor as the shape of the spectrum is what is used to determine the range.

The observation time needed to range Hartlepool to this accuracy is 40 months, with the uncertainty dropping to
the level in Table [[V] by around 50 months, as demonstrated by Fig.

Due to the simplicity of the method, and the need for a signal-dominated spectrum, this analysis is not appropriate
for higher-background situations such as more distant reactors. Further analysis would be required to isolate a
complete reactor spectrum for this method to be effective at larger distances.

B. Fourier transform

The Fourier transform (FT) method is applied in four possible scenarios on five reactor complexes. The scenarios
are combinations of including background uncertainties and detector energy resolution.

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 effectively when background uncertainties are included.
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FIG. 8: The observed range of the Hartlepool reactor complex with observation time.

The two nearer reactors, AGRs at Heysham and Torness, can be ranged close to the true value when background
uncertainties are included.

TABLE V: Observed distance in km for the Fourier transform method for the situations where true energy and
reconstructed energy are used. Inclusion of background uncertainties is compared to the situation of zero background
uncertainty. Situations with a slash are deemed impossible to range due to background uncertainties dominating.

Situation Range [km]
Heysham 2 Torness Sizewell B Hinkley Point C Gravelines
True Range 149 187 304 404 441
No Background, True Energy 148 £+ 4 188 £ 5 306 + 8 403 £ 11 440 £ 11
No Background, Reconstructed Energy 157 + 4 195 £ 5 307 + 8 397 + 11 432 + 11
Background Uncertainty, True Energy 156 £+ 6 177 +£10 @ ——o —_ —_
Background Uncertainty, Reconstructed Energy 155 £ 5 1m+9 —— — —

As shown in Fig. [6] reactors within approximately 80 km of the detector cannot be accurately ranged by the FT
method. As such, the EDF Hartlepool cores were not ranged as part of this analysis.

The FT for Heysham 2 with background uncertainties and with energy reconstruction applied is shown by Fig. [9]
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, shown in Table [V]

Due to the low event rates for the distant reactors, it takes over 50 years of observation time to be able to range
the Heysham complex, and significantly longer for the more distant reactors.

VI. DISCUSSION

The results of both methods show the potential of using neutrino oscillation to determine the distance to an observed
reactor, as well as the use of extending the analysis in [I2] to include a spectral analysis. The two analyses presented
complement each other well, with the minimum chi-squared analysis allowing nearby reactors with a large signal
contribution to be ranged, and the Fourier transform (FT) method allowing the ranging of more distant reactors.

Despite showing potential, there are strong limitations to both methods. While the chi-squared method can handle
lower energy resolutions for mid-field reactors, the energy threshold and detector efficiency strongly limits the uti-
lization of lower energy events. This causes the discrepancy between the true and observed range for the Hartlepool
reactors.
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FIG. 9: The Fourier transform, in sine (black solid) and cosine (red dotted), for Heysham 2 with background
uncertainties and energy resolution effects.

The FT method is able to range reactors in more complex scenarios. However, the event rate for these distant
reactors results in this taking a long time, in excess of 50 years, and therefore being impractical.

This detector configuration is not able to make the best use of spectral analysis. A potential solution is using
gadolinium-loaded liquid scintillator. This would lower the energy threshold, boost detector efficiency at low energies
and improve energy resolution. In principle, this could allow the FT method to work at much shorter ranges by
resolving the 613 oscillations or allow the chi-squared method to range Hartlepool with much more accuracy.

VII. CONCLUSIONS

An attempt at extending the rate-only analysis of nuclear fission reactor antineutrinos in [I2] has been made by
using two methods of spectral analysis with the aim of determining the distance between a reactor and a detector.
The simulated detector used is a 22 m height and diameter right cylinder with a 9 m inner PMT support structure
and a 15% PMT coverage. The detector is filled with gadolinium-doped water-based liquid scintillator, and is located
at the Science & Technology Facilities Council (STFC) Boulby Underground Laboratory.

The analyses show potential to range real reactor signals, but are significantly limited by the detector design. A
minimum chi-squared analysis is able to range nearby reactors which produce a dominant signal well within the lifetime
of this kind of detector, with the EDF Hartlepool reactor ranged to 50% of its true distance. A Fourier transform
analysis is able to handle reactors at much larger standoff distances, up to 180 km when background uncertainties are
included. However, this would take a very large amount of time due to the low event rate.

With both analyses, the fundamental issue is the detector’s performance. An order of magnitude increase in signal
rate is needed to range the Heysham 2 cores at 149 km within a detector lifetime, and the energy thresholds and
detector efficiency limit the ranging of more local reactors. Using gadolinium-doped liquid scintillator could offer a
solution as it would improve energy resolution, lower the threshold and improve low energy efficiency.

Due to performance issues, the gadolinium-doped WbLS detection medium is not appropriate to use in determining
the distance to operating reactors. However, the analyses developed could be used with a more sensitive detector for
this purpose.
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