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Abstract

Among other applications, antineutrino detection offers a remote but still cooperative
capability to discover or exclude operating nuclear reactors in relatively large geographic
regions. The non-intrusiveness of this approach may be attractive to the country be-
ing monitored, while its persistence, wide areal coverage, and well-defined criteria for
discovery or exclusion, and the opportunities it provides for scientific engagement and
open dissemination of data, may be attractive to inspecting parties and the international
community.

Here we report the main findings of a recent study of the reactor-discovery potential
for a specific technology: large-volume Gd-doped-water Cherenkov detectors. Realistic
background models for the worldwide reactor flux, geoneutrinos, cosmogenic fast neutrons,
and detector-associated backgrounds are included. We calculate the detector run time
required to detect a small 50-MW+t reactor at a variety of stand-off distances as a function
of detector size. We also discuss possible improvements that could lead to increased
standoff, reduced dwell-time or other operational advantages.

In proceedings of the joint Institute of Nuclear Materials Management (INMM) and the European Safeguards
Research and Development Association (ESARDA) Annual Meeting, May 22-26, 2023, Vienna, Austria.

'E-mail: 1i68@lInl.gov



1 Antineutrinos and their role in reactor monitoring

Fission nuclear weapons use uranium and plutonium. Plutonium is advantageous as it has
a lower critical mass than uranium. Plutonium is made in a nuclear reactor by irradiating
uranium [1]. New reactor designs such as small modular reactors might require new methods of
safeguarding them [2, 3]. In addition, geopolitical tensions could create scenarios where access
to the facilities is limited, making it difficult or impossible to assess the amount of plutonium
that was made [4].

Nuclear reactors emit an enormous number of antineutrinos. In a single fission reaction,
about 200-210 million of electron-volts are released and about 6 antineutrinos are emitted
as a result of fission-product beta decays. In other words, roughly 2x10'7 antineutrinos are
emitted per second per 1 MW of reactor’s thermal power. Neutrinos and their antiparticles,
antineutrinos, are weakly interacting particles with an extremely low interaction cross section [5,
6]. For the inverse-beta-decay (IBD) reaction:

vo+p—et+mn, (1)

the cross section is of the order of 10~**cm? for an MeV-scale antineutrino; which in turn results
in a mean free path on the order of a thousand of light years in water.

The IBD reaction Eq. 1 has a 1.8-MeV threshold. About 1/4 of emitted reactor antineutrinos
are above the threshold. Thus, in a thousand tonnes of water, the interaction rate is roughly 1
event per day for a flux of neutrinos for a 50-MWt reactor at 2 km.

Neutrinos were first detected at a nuclear reactor using the IBD reaction and a delayed-
coincidence technique in 1956 by Reines and Cowan collaboration, 26 years after being first
proposed by Pauli. In 1960, Markov proposed to use large bodies of water to detect high-
energy neutrinos by using Cherenkov radiation from the neutrino-induced charged lepton, such
as an electron or muon [7]. This idea was central to the DUMAND and Baikal neutrino
telescopes, and subsequently led to IceCube. To lower the detection threshold, a higher photo
coverage and better background suppression are needed, not achievable in open water. The
pioneering underground water-Cherenkov detectors IMB and Kamiokande were sensitive to the
burst of neutrinos emitted from SN1987A using elastic neutrino-electron scattering reaction in
the tens of MeV range. However, without a special dopant, the backgrounds would need to
be substantially lower to be sensitive to the IBD reaction (such that originate from reactor
antineutrino interactions). The detection of reactor antineutrinos in an undoped water was not
realized until last year, in the water-phase of the SNO+ detector, a remarkable achievement —
sensitivity to CANDU reactors few hundred kilometers away from the detector [8].

In 1977, it was noted that reactor antineutrino signal might have a utility for monitoring
purposes [9]. A series of experiments were successful in observing fuel burn-up using reactor
antineutrino radiation.

Going into far field (10s of kilometers) required some clever engineering, underground facil-
ities, and relatively large detector volumes. KamLAND, an undoped 1-kton liquid-scintillator
detector, was the first to be sensitive to reactor antineutrinos in the far field, and was able to
confirm the phenomenon known as neutrino oscillations [10]. It was sensitive to pick up signals
from reactors few hundred kilometers away.



In early 2000s, it was proposed to dope water with gadolinium in large detectors in order to
improve sensitivity to the IBD reaction [11, 12]. In late 2010s, Super-Kamiokande began intro-
ducing gadolinium to the pure DI water. The first phase of doping was recently completed [13].

A series of workshops dedicated to discussion of applications behind neutrino physics have
been ongoing for nearly two decades [14]. Another detector sensitive to far field is JUNO [15],
a liquid scintillator detector. Once constructed it will be sensitive to reactors beyond 50 km.

2 Study to assess scalability of Gd-water detectors

In our recent study [16], we determine the scalability of detectors filled with Gd-water and
the range over which a relatively small reactor can be detected in the presence of realistic
backgrounds (world-reactors and detector-related backgrounds). Since the number of events
generally follow the inverse square of distance, it is natural to expect that the range would
scale approximately with the square root of detector mass and linearly with the reactor power:

range o /Mdet (2)

range o< power (3)

First, we select the detection medium. Water is an abundant resource, and recent advances in
doping large water detectors with gadolinium are highly encouraging.

Second, we select geographic location to account for realistic world-reactor backgrounds, as
well as geo-neutrinos; although the latter doesn’t affect much as we show later.

Third, we then model the detector performance using a specially designed toolkit called
RAT-PAC, which is based on GEANT4. We include the following realistic detector performance
parameters — water attenuation, PMT quantum efficiency and noise rates, detector component
radiopurity levels, etc.

Finally, we apply the detectability metric to estimate dwell time and range to detect a test
reactor.

Since our presentation at INMM 2019 [17], a series of related studies on the subject of reactor
antineutrinos and non-proliferation in the context of far field have been published. Here, we
briefly reference them. Various subgroups of AIT/WATCHMAN collaboration have assessed
various scenarios and detector fills for the sensitivity of a detector placed in the Boulby Mine
in the United Kingdom. That included a detector with two different fills: a Gd-water and
water-based liquid scintillator. A variety of new techniques were explored, such as ranging,
directionality, and new reconstruction algorithms[18-23].

3 Gadolinium-doped water and inverse beta decay

The positron energy from the IBD reaction is correlated with the antineutrino energy. The
positron travels a distance on the order of a centimeter before annihilating into two gamma
rays: The positron produces Cherenkov light if its energy is above ~ 260-keV. The Cherenkov
photons are emitted at an angle cos = ¢/(nv) relative to the direction of motion of a charged
particle moving at speed v in medium with index of refraction n; in water, the angle is < 41° [24].



After the annihilation with an electron, the 511-keV gamma-rays Compton scatter off electrons.
The latter generally don’t have sufficient energy to be detectable in a water Cherenkov detector.

Neutrons from the IBD reaction have a kinetic energy in the tens of keV range. Carrying
no electrical charge, they do not produce any Cherenkov radiation. After a number of elas-
tic scatters, they loose energy and eventually thermalize. As they loose energy, the neutron
capture cross section increases, capturing on hydrogen or on a dopant element. Two isotopes
of gadolinium, 155 and 157, have enormously high thermal-neutron-capture cross sections, the
highest of any known stable nuclei. After capturing on gadolinium, a few gamma rays are emit-
ted with a total of about 8 MeV of energy. The Compton-scattered electrons resulting from

these gamma-rays have sufficient energy to produce Cherenkov radiation and be detectable in
water.

4 Geographic location and world reactors
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Figure 1: Left: 1IBD spectra of the three representative locations shown in the right panel.
The 50-MWt reactor spectra for different stand-offs are also shown. Right: Map of world
power reactors, taken from geoneutrinos.org. Legend: red — pressurized-heavy-water reactor
(PHWR, mostly in Canada and India); green — pressurized-water reactor (PWR); blue —
PWR with mixed-oxide fuel (mostly in France); orange — gas-cooled reactors (mostly in the
UK). The three detector locations used in this study are shown, indicating three levels of world-
reactor backgrounds: Andes (low), Baksan (medium), Frejus (high). Those locations are used
as representative of world-reactor background levels, not overburden.

The three locations used in this study (shown in Fig. 1) are to represent typical world-
reactor backgrounds [25], and are not indicative of the overburden used in this study. In the
far field (distances > 10 km), neutrino oscillations become a significant effect and need to be


https://geoneutrinos.org/

taken into account. The result is a distortion of the spectrum and an overall suppression of
event rate — roughly 20% of the original 5-MeV neutrinos “survive” at 80 km (Fig. 2).
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Figure 2: Left: Reactor antineutrino survival probability as a function of energy for selected
baselines (top panel); emitted and detector spectra. Right: Neutrino oscillations in the far field.
Several ongoing and proposed detectors are shown.

5 Detector geometry and associated backgrounds

A set of Gd-water detector of various sizes were simulated. The detectors simulated were
right cylinders with 40% photocoverage. The detector-associated backgrounds were modeled
based on realistic radiopurity levels found in purified water and PMT glass. A series of cuts
were applied to select candidate IBD events. Although geological antineutrinos are included,
they do not pose a substantial background since they are mostly below the detector threshold.
To estimate fast-neutron rates, which depend on depth, the detector overburden is fixed at
2.8 km.w.e. (roughly 1 km underground). This is the depth of the Boulby mine in Northern
England, a site once contemplated for the deployment of a water-based detector for reactor
monitoring. The Mei-Hime model can be used to predict neutron backgrounds for different
overburdens. [26]. A series of different sized detectors were simulated, and their sensitivity to
a 50-MWt reactor assessed at various stand-off distances.

6 Dwell time and range

As a sensitivity metric, we apply Minimum Detectable Amount metric described in Knoll’s
textbook [27]:

Np =4.653+/Np + 2.706
st=4.653vbt+2.706

(4)
()

4



which can roughly be interpreted as follows: if we have 100 background events, we will need at
least 50 signal events for a positive detection. The metric assumes the use of Gaussian statistics,
and therefore is applicable when any of the Np or Np is greater than ~ 30. To account for
different reactor power levels, one can apply a scaling factor X/50 in front of the Np term,
where X is a reactor power in MWHt.

We solve for time ¢ based on the metric in Eq. 5, and then calculate range by fixing a dwell
time to 1 year. The final plot is shown in Fig. 3.
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Figure 3: Maximum range as a function of detector fiducial mass for a 1-year dwell time at the
three representative world-reactor backgrounds (See text). The empty rhombi indicate scenarios
with zero cosmogenic fast-neutron backgrounds - the limit one can achieve with depth. The
geographic locations for the three representative world-reactor backgrounds are shown in Fig. 1.

One can also use this study to find dwell times for other reactor powers. Solving the Eq. 5
for t, one obtains the following approximation:

L9 (31196102 + 480bs + 961b + 240s) (©)
a 800>

For example, if the background rate b is 4000 events per year (roughly corresponds to the
50 x 50 detector placed in the high world-reactor background), then the dwell time to detect a
50-MWt reactor at a 20-km standoff (signal rate s is about 400 events per year), is about half
a year. However, if the power of the reactor is 150-MWt (multiply s by a factor of 3) at the
same standoff, then the dwell time is roughly 1 month.



7 Conclusion and outlook

Although large scale antineutrino detectors require a substantial capital investment and coop-
eration to be built, they nevertheless could serve as a viable option for a cooperative reactor
monitoring of a certain region. First steps to simulate realistic detector performance have been
taken. Next steps might involve investigating new techniques and out-of-the-box thinking on
how to extend the range.
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