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Nuclear reactors have long been a favored source for antineutrino measurements for estimates of power
and burnup. With appropriate detector parameters and background rejection, an estimate of the reactor
power can be derived from the measured antineutrino event rate. Antineutrino detectors are potentially
attractive as a safeguards technology that can monitor reactor operations and thermal power from a
distance. Advanced reactors have diverse features that may present challenges for current safeguards
methods. By comparison, neutrino detectors offer complementary features, including a remote, contin-
uous, unattended, and near-real-time monitoring capability, that may make them useful for safeguarding
certain classes of advanced reactors. This study investigates the minimum depth and size of an antineu-
trino detector for a small modular reactor to meet safeguards needs for advanced reactors. Extrapolating
performance from several prior reactor antineutrino experiments, this study uses an analytical approach to
develop a possible design for a remote antineutrino-based monitoring device.
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I. INTRODUCTION

The highly penetrating nature of neutrinos and their high
rate of production in reactors make them attractive as a
potential reactor safeguards monitoring technology. Sev-
eral applications have been identified as potential avenues
for further exploration to determine if neutrino detec-
tors can be deployed for safeguard measurements [1].
A working group consisting of members of the Interna-
tional Atomic Energy Agency (IAEA) and antineutrinos
experts determined that antineutrino detectors may offer a
complementary solution to the current safeguards struc-
ture [1]. The implementation of neutrino detectors for
safeguarding advanced reactors was also a use-case find-
ing in the NuTools Study. This assessment was based on
expert opinions, including advanced reactor developers, on
applications of neutrino detection [2]. Several advanced
reactor types, including small modular reactors (SMRs)
and molten salt reactors (MSRs), were specifically iden-
tified as an opportunity for potential neutrino detector
applications. Previous studies on antineutrino detection
sensitivities to diversion of thorium-fueled MSRs have
been performed, while investigations into SMRs are less
abundant [3]. When choosing a detector size, economics
and construction feasibility should be considered. With this
consideration, the ultimate goal of this study is to identify
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the smallest and shallowest possible detector to meet IAEA
detection goals.

II. BACKGROUND

A. Neutrino detectors at power reactors

Nuclear beta decay is the primary driver for neutrino
emissions in nuclear reactors. The fission of 2°U and #*°Pu
produces neutron-rich fission products that are likely to
exhibit beta decay. On average, these isotopes undergo
approximately six beta decays per fission before reaching
stability [4]. The neutrino detection rate is proportional to
the reactor’s thermal output. With a sufficient number of
events, the energy spectrum and number of emitted neu-
trinos can be used to estimate the fissile content of reactor
fuel [4]. However, this study will solely investigate reactor
power and operation as a function of neutrino rate, due to
the relatively modest number of events that can be acquired
for relevant standoff distances and dwell times.

Several previous experiments have used these neutrino
rates from power reactors to determine neutrino proper-
ties [5—8]. These neutrino experiments rely on inverse beta
decay (IBD) interactions

Ve+p — et 4n

in gadolinium-loaded liquid scintillator to detect neutrinos.
In this paper we will rely on previous gadolinium-loaded
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liquid scintillator reactor experiments to analytically deter-
mine the feasibility of a neutrino power monitoring detec-
tor for a generic light water SMR, similar to NuScale.

B. Challenges in SMR safeguards

Nuclear reactors provide approximately 20% of the elec-
trical output of the United States [9]. Moving to carbon-
free sources of electricity requires nuclear energy, but the
last decade has shown the challenges behind our current
generation of nuclear reactors in terms of cost and time-
liness of construction. In addition, the current generation
of large-scale nuclear plants are well suited for specific
markets but not necessarily adaptable for all facets of the
electric grid. Several novel designs have been proposed
that differ in fuel type, coolant type, and size. The SMR
design has adaptable electrical output, dependent on the
number of cores, which can be tailored to the needs of the
grid at a particular location [10]. This offers the availability
to put these reactors in more remote locations.

SMRs present both advantages and challenges to
present-day safeguard techniques. On the one hand, SMRs
generally have smaller cores making them a less attrac-
tive target for material theft or diversion. On the other
hand, the anticipated advantage of remote deployment is a
challenge to performing inspections [11]. The flexibility in
power generation makes SMRs ideal for remote locations
or developing infrastructure, but also the number of cores
increases the frequency of inspections and the burden on
IAEA inspectors [12].

The introduction of neutrino detectors as a remote mon-
itoring tool for SMRs may help address some of these
challenges. The IAEA has used remote monitoring tech-
nologies for the past few decades for other containment
and surveillance (C&S) equipment [13]. As neutrino detec-
tors advance through technology readiness levels with
ongoing experiments and are capable of remote opera-
tion, neutrino detectors show promise as an additional
monitoring tool in the current C&S toolbox [14].

II1I. DIVERSION AND MISUSE SCENARIOS

To design a neutrino detector with the goal of advanced
reactor safeguards, it is useful to formulate diversion and
misuse scenarios where its use could provide potential
indicators of diversion. Two hypothetical diversion and
misuse scenarios are defined below. The requirement to
reduce total site thermal power is a common element in
both scenarios. The relevant neutrino detector signature
will be a signal rate decrease due to a reduction in power.

A. Scenario 1: Recovery from unexpected gaps in C&S
measurements

The increased number of cores at SMR sites, and
increased construction of SMRs due to power demands,

may increase the burden on the IAEA in terms of inspector-
days needed for inventory and information verification,
and/or reestablishing continuity of knowledge follow-
ing an anomaly, These new circumstances may increase
the opportunities for the failure of standard safeguard
measures.

Current IAEA safeguards at reactors rely primarily on
C&S in the form of optical surveillance or seals. These
elements can fail in a variety of ways, including loss of
power to surveillance cameras, degradation due to environ-
mental or radiative effects, and other potentially purposeful
attacks. In addition, some C&S technologies rely on in-
person inspection of seals that retrospectively indicate an
item has been tampered with, and thus do not provide real-
time monitoring of diversion. Further, many current C&S
safeguards methods must be performed for the inspec-
tion of fresh fuel in each core at each refueling. This
increases the number of inspections required to safeguard
a multicore SMR facility.

In our first concept of operations, the neutrino detector
would monitor the aggregate site reactor power, flagging
anomalies such as the temporary shutdown of a single
core, or power reductions across several cores. As the
IAEA considers designs for SMR-specific safeguards con-
cepts, a neutrino-based component offers a complementary
capability for continuous online monitoring of aggregate
reactor operations, and may help alleviate some of the
above problems. Currently, inspections are chosen at ran-
dom, or based on the other C&S mechanisms in place.
The indications and irregularities in the neutrino signal
can potentially aid in the decision to pursue unplanned
inspections or even routine inspection. Increased deploy-
ment has been identified as a challenge behind SMR
safeguards [12]. Remote neutrino-based power monitor-
ing may also help inform decisions about which cores to
inspect and prioritize within a larger number of operating
reactors.

B. Scenario 2: Reducing the reactor power to improve
plutonium quality

At the beginning of cycle, the quality of the ratio of
239Pu to other Pu isotopes is higher than at the end of
cycle. This is because the beginning of cycle produces
239Py through neutron capture on 2*U. However, as 23°Pu
is created, it is converted to 2**Pu through neutron cap-
ture. Operating at a lower power can slow the production
of the higher Pu isotopes such as >*°Pu. Figure 1 shows the
isotopic trends in these Pu inventories as a function of bur-
nup. Higher ratios of 23°Pu to other Pu isotopes would be
desired by a proliferator because the other Pu isotopes can
be challenging to handle to design a device. The isotope
249py has a large amount of both decay heat and sponta-
neous fission neutrons, and >*'Pu decays to 2*!' Am, which
is very radioactive. In addition, ?*’Pu has a high rate of
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FIG. 1. [Isotopic contributions to fission, using an approxima-
tion for fission fractions [16] for a 3 wt% pressurized water
reactor fueled by low-enriched uranium, can be seen as a func-
tion of burnup. The decrease in the ratio of 2*°Pu to total Pu is
caused by neutron capture and the conversion of 2*°Pu to 2°Pu.
While this graph does not include the relative amounts of 24°Pu in
the cycle, the ratio of 2°Pu decreases compared to the other Pu
isotopes. Further comparisons of the simplified fission fraction
approximations to reactor data are shown below [17].

spontaneous neutrons and a large critical mass [15]. For
these reasons, the ratio of 2*°Pu to other isotopes is a
key factor in determine the attractiveness of the material
to a proliferator. Most current safeguard approaches for
reactors use a combination of C&S and inspections. As a
consequence, the production of weapons-grade plutonium
through the cycle can remain undetected between inspec-
tions. In addition to providing indications of potential
misuse, neutrino detectors may be used to provide redun-
dancy to current C&S and thereby help to deter misuse in
these instances.

Neutrino detectors provide a method to monitor reac-
tor power levels from a standoff distance outside of the
site perimeter. Neutrinos are impossible to shield and thus
adversaries cannot hide the signals arising from reactor
power operation. These neutrino measurements may pro-
vide valuable information about the period over which
power has been decreased, which may give insight into the
quality of plutonium that could be produced from a reactor.

In both scenarios, the goal of the neutrino detector is to
detect the reduction in a timely manner. This reduction in
neutrino signal is indicative of the reduction in power of
the aggregate site power.

IV. SIGNAL AND BACKGROUND
DETERMINATION

A. Reactor signal

The detector mass and its distance from the reactor core
affect the signal rate. Here we vary these detector parame-
ters to identify a decrease in reactor power consistent with

a single reactor shutdown from a six-core generic SMR
configuration. Considering that the goal of this study is
to analyze a detector’s safeguard capabilities from outside
of the site perimeter, detector parameters to meet current
IAEA safeguards standards are investigated. The exclu-
sion area boundary (EAB) and low population zone (LPZ)
are found using dose estimates, among other factors, to
require limiting distances from the reactor to the EABs and
LPZs [18]. There is significant cost reduction for SMRs
due to their smaller EABs [19]. The smaller EABs in
turn make SMRs attractive sites for neutrino detectors,
which can be much closer to the reactor and remain outside
the perimeter compared to traditional light water reactors
(LWRs). We define the distance from the core to the EAB
as the minimum distance of the detector from the reactor
to be considered nonintrusive.

The antineutrino signal can be found using the equation

e(Ey)
Nyet(Ey, 1) = m(pu(Evat)G(Ev)NTPsurv(Ev:L)- (D

It is assumed that the reactor power is constant, thus
the number of fissions over time does not change. A
more robust approximation would include calculations
with regard to burnup over time. However, this study is
intended to reflect the averaged detection rates over a
whole cycle.

In Eq. (1), Nget is the number of neutrinos detected per
second [20]. The estimated detection efficiency, ¢ is 80%,
based on recent experiments [6,21], and was treated as the
average over all neutrino energies. The estimated distance
from the reactor to the detector is L. The flux averaged
cross section, o, is found by [22]. This study assumed an
operating thermal power of 160 MW per core [23] with six
cores operating during normal operation. The oscillation-
dependent survival probability, Pgy, is given by Eq. (65.9)
in the “Review of Particle Physics” [24]. The energy-
dependent neutrino flux is given a fifth-order polynomial
with coefficients for 23U, 233U, 23°Pu, and ?*! Pu in [25,26].
The fission fractions and energy per fission from [27] were
used. Here Ny is the number of free protons within the
detector and is directly proportional to the detector mass.
Similar to previous antineutrino detector experiments, we
will assume the scintillator will be Gd-loaded linear alkyl
benzene and thus has a free proton per molecule of 30 and
a density of 0.86 g/ml [28]. This is used to calculate the
number of free protons per ton.

The rejection of events that are within a specified win-
dow after a detected event in the muon veto can lead to
a loss of live time. This is more prevalent at shallower
depths. In the instance of Daya Bay, detector live time was
reported to be 92% with calibration requirements reported
to be the driver of these reductions in live time [29]. The
detector described in this paper would be calibrated for
20 days prior to the operation of this detector while in use
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TABLE L.
estimate the production of muogenic and accidental backgrounds.

9Li-3He, fast-neutron, and accidental backgrounds from previous neutrino detector experiments. These values are used to

Experiment Depth mwe Li-He (events/day) Fast neutrons (events/day) Accidentals (events/day)
RENO 120 12.45 £ 5.93 [33] 5.0 +£0.13 [33] 4.3+ 0.06 [33]
Double Chooz 120 5.01 &+ 1.43 [34] 3.42 +0.23 [34] 0.344 £ 0.002 [34]
Daya Bay 250 3.1+1.6[21] 0.84 +0.28 [21] 9.85+0.06 [21]
Daya Bay 265 1.8+ 1.1[21] 0.74 + 0.44 [21] 7.67 £ 0.05[21]
Double Chooz 300 0.97f8:‘fé [34] 0.586 £ 0.061 [34] 0.106 £ 0.002 [34]
RENO 450 2.59+0.75 [33] 0.97 £ 0.06 [33] 0.68 £0.03 [33]
Daya Bay 860 0.16 £0.11 [21] 0.04 +0.04 [21] 3.254+0.03 [21]

for safeguard applications. The detection times that indi-
cate success metrics shown further in results were run with
20 days of calibration times that would be expected for the
operation of this detector. Double Chooz reported the use
of a small 4.5% correction from Monte Carlo normaliza-
tion used to compensate for time lost due to the muon veto
and 0.5% from multiplicity veto dead times [30]. Other
contributions to the reduction in live time, such a muon
veto time reductions, can be accounted for by the detector
efficiency of 80%.

B. Background interpolation

This study considers three background types: *Li-*He
production, fast-neutron production, and accidentals. An
overview of these backgrounds from each of the detec-
tor experiments is captured in Table I and organized by
increasing overburden. These backgrounds are dependent
on the multiplicity cuts employed to meet the criteria for
neutrino measurements. Both °Li-8He and fast neutrons are
depth-dependent and can be reduced with increased over-
burden that shield these backgrounds. Accidental back-
grounds, however, are not dependent on the depth of the
detector and can be more challenging to predict. As shown
in Table I, °Li-*He backgrounds are roughly double the
rate of backgrounds caused by fast neutrons in the detector
type and overburden range of interest.

1. Muon-induced backgrounds

Both cosmogenic radionuclide production (°Li and
8He), and fast-neutron production are induced by
atmospheric muons. When muons interact with the '>C
inside the scintillator, °Li and ®He can be produced. Subse-
quent 8 — n decays of these isotopes mimic antineutrino-
induced IBD interactions [31,32]. Fast neutrons can be
produced when muons interact with nuclei in the rock sur-
rounding the detector. Some of these fast neutrons then
produce recoil protons in the detection medium, creating
a prompt signal, then thermalize within the detector and
capture to create a delayed signal. The combination of
these two correlated signals and their temporal structure
again mimics the IBD interaction [32]. To reduce these
backgrounds, the detector will require some overburden
to reduce the muon flux. However, as with detector size,
detector depth has a strong impact on detector construction
and operational costs.

To approximate muon-induced backgrounds, several
reactor neutrino experiments were benchmarked and an
analytical model was used to estimate background rates.
Table I displays the data used to approximate the back-
ground from °Li and ®He and from fast neutrons.

The background rates in the theoretical detector are then
assumed to scale with the volume of the detector in the
case of °Li and 8He and with the surface area in the case
of fast-neutron backgrounds. Production of °Li and 3He is

TABLE II. The detector and reactor characteristics of each experiment are listed by increasing depth. The radii, height, baselines,
and signal are averaged amongst detectors from the same experiment in the same hall.
Experiment Depth Mass Radius Height Site Power Baseline Efficiency Signal
mwe tons cm cm GW m % events/day
RENO 120 16 [36] 137.5[37]  315.0 [37] 16.52 [36] 408.56 [36] 64.70% [33] 779.05 [33]
Double Chooz 120 9 [38] 115.0[39]  245.8 [39] 8.5[34] 400 [40] e 293.4 [34]
Daya Bay 250 20 [21] 155 [29] 308.2 [29] 17.4 [41] 512 [42] 78.8% [36] 716.0 [36]
Daya Bay 265 20 [21] 155 [29] 308.4 [29] 17.4 [41] 561 [42] 78.8% [36] 532.29 [36]
Double Chooz 300 9 [38] 115.0[39]  245.8 [39] 8.5[34] 1050 [40] 78.0% [43]* 39.0 [34]
RENO 450 16 [36] 137.5[37]  315.0[37] 16.52 [36] 1443.99 [36]  74.50% [33] 72.78 [33]
Daya Bay 860 20 [21] 155 [29] 308.5 [29] 17.4 [41] 1579 [42] 78.8% [36] 70.7 [36]

2Double Chooz’s selection efficiency and Gd-capture fraction are listed separately in [43]. It is assumed these can be treated as follows

to obtain the total efficiency: 91.5% x 85.3% = 78.0%.
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FIG. 2. The average of these background measurements is y =
9.94 x 10~ 713107 (events /day-cm?) for the Li-He induced
background, where x is depth in meters water equivalent. Back-
grounds for each detector are fitted to Eq. (2). This function is
sampled from the approximate background.

proportional to the number of '2C atoms that a muon may
interact with. Therefore, the Li-He production is scaled to
the detector volume as this is proportional to the '*C atoms
within the detector. The rates for fast neutrons are scaled
to the surface area of the detector as the surrounding rock
scales directly with this type of background. The detector
dimensions used to determine the surface area and volume
are shown in Table II. Daya Bay has multiple detectors at
the same depth, each with their own background measure-
ments. In these cases the average background was used,
rather than treating all detectors as individual data points.
For the °Li-8He background fit, the Daya Bay backgrounds
for 250 and 265 m water equivalent (mwe) were averaged
to avoid overfitting. (This was not needed for fast-neutron
background fitting as the fast-neutron backgrounds at these
two depths were very similar.) Lastly, the Reactor Exper-
iment for Neutrino Oscillation (RENO) has more recent
lower backgrounds measurements that are the result of
more stringent multiplicity measurements [35]. However,
the larger background measurements were chosen in this
approximation for conservatism.

Daya Bay, Double Chooz, and RENO’s muon-induced
background data were each fitted to an exponential func-
tion given by

y =me ™. ()

Each of these detectors has selection criteria uniquely cho-
sen to optimize the signal to background rates. Rather than
using the average exponential fit as shown for Figs. 2
and 3, the maximum value from each of the extrapo-
lated fits is used to be conservative for both correlated
backgrounds.

There are several considerations when extrapolating
these data to approximate background rates at shallower
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FIG. 3. The average of these background measurements is y =

2.43 x 1075¢7677<107 (events/day-cm?) for the fast-neutron
induced background, where x is depth in meters water equiva-
lent. Backgrounds for each detector are fitted to Eq. (2). This
function is sampled from the approximate background.

depths. This method for background approximations does
not account for veto capabilities of the varying detectors.
In addition, this method assumes that these backgrounds
are directly related to the attenuated muon flux through
the rock overburden, and thus Eq. (2) can be applied.
Higher-energy muons are found at deeper rock overbur-
dens because lower-energy muons are more likely to inter-
act and stop entirely. At shallow depths, both the muon
energy and angular distribution have a significant impact
on muon intensity; however, this study approximates muon
flux using solely depth [44].

Lastly, RENO reported a contamination of 23Cf in
their detector, with a more significant impact on the
far RENO detector than near. A multiplicity requirement
helps to mitigate the effects of the >32Cf source, causing
the contamination of the near detector to be negligible
and the contamination of the far detector to amount to
0.095 + 0.018 events/day [45]. Shallower depth detector
experiments, such as Palo Verde at 32 mwe, may offer
some insight into muon-induced backgrounds at shallower
depths [5,46]. However, given the significant differences
in detector designs, solely monolithic detector experiments
were chosen for extrapolation.

2. Accidentals

Aside from the muon-induced backgrounds, accidentals,
or uncorrelated backgrounds, there is another important
source of IBD-like events in a detector. This background
is not depth dependent and can be caused by a variety of
factors, including detector contamination, selection crite-
ria, shield thickness, and detector size. For these reasons,
accidentals cannot be correlated to a single parameter,
such as depth in the previous case, and must be treated
separately.
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The causes for uncertainty in accidentals can be the
radioimpurities of the detector materials or surrounding
rock overburden, or any other natural radioactivity that can
be attributed to coincidence. Ways to minimize these acci-
dental backgrounds include shielding thickness, stringent
multiplicity measurements in space, time, and energy, and
general detector cleanliness. Due to the unpredictability of
accidental backgrounds, a scaled prediction was not cre-
ated, and instead the largest accidentals rate from the detec-
tor measurements was used. Like fast neutrons, accidentals
are also proportional to the surface area surrounding a
detector. The largest accidentals rate per surface area from
the detectors using Tables I and II is from the far Daya Bay
detector at 250 mwe. The maximum number of accidentals
divided by surface area is 2.18 x 10~ events/day-cm’. As
this analysis will further show, a surface area is found for
each of the detector masses and multiplied by this value to
find a conservative estimate for accidental backgrounds in
our theoretical detector.

C. Uncertainty estimates

The Double Chooz detector signal absolute uncertainty,
including uncertainties in cross section, fractional fission
rates, thermal power, mean energy per fission, and dis-
tance, is propagated to be 1.7% [6]. Neglecting the effect of
burnup has the consequence of degrading the precision of
the thermal power estimate. Therefore the thermal power
component of the uncertainty was increased from 0.5% to
5%, while keeping all of the other uncertainties constant.
The updated signal uncertainty then propagated to 5.25%.

In all events, the largest systematic uncertainty percent-
age from each respective data set—cosmogenic radionu-
clides (°Li and 3He), fast neutrons, and accidentals—used
when generating assumed systematic uncertainties from
background. The largest cosmogenic radionuclide system-
atic uncertainty percentage was 50% from Daya Bay at
250 mwe and the largest fast-neutron uncertainty percent-
age was 100% from Daya Bay at 860 mwe, as shown
in Table I. The largest uncertainty percentage was 4.4%
from RENO. These maximum uncertainties using previous
experiment data in Table I will be used as a conservative
approximation of background uncertainties.

Using these systematic uncertainties from previous
detector experiments, four trials were conducted using
combinations of reactor signal systematic uncertainty and
background systematic uncertainty. Using the combina-
tions of Gaussian-distributed total signal rates with these
systematically shifted means, there was no significant dif-
ferent in detection times, false alarm rates, and missed
alarm rates. Given this, consideration of systematic uncer-
tainties was not included in the final detection times and
alarm rates.

Uncertainties on backgrounds could be reduced using
similar methods to previous experiments, including

14 1 6 Cores Operating
5 Cores Operating

Events/Day

0 ; ; ; ; ; ;
50 60 70 80 90 100
Signal Events/Day

FIG. 4. The randomly Guassianlike distribution of signal rates
for steady-state reactor power and reduced power over a period
of 100 days, in a 5-ton detector at a depth of 20 mwe. The
decreased power is representative of either of the diversion
scenarios occurring.

utilizing outages to perform reactor-off measurements to
obtain better precision on background contributions to
signal [47].

V. DETECTION METRICS

A.TAEA requirements for containment and
surveillance

With established signal and background rates that are
dependent on detector depth, size, and distance, we can
determine how quickly we can detect a reduction in power
as discussed in the diversion scenarios. The time to detect
the reduction in power from six to five operating reactors,
and the false and missed alarm rates [48], are the metrics
considered for the success of the detector. The IAEA time-
liness detection goals depend on the quality and quantity
of fissile material [48]. One objective is to reduce the time
required to detect the diversion of a significant quantity
of fissile material. Although the timeliness component of
the IAEA inspections goals may vary by reactor [48], the
desired goal to observe a reduction in power was deter-
mined to be 30 days in this study for conservatism. This
should not be used as a sole indicator of diversion, and
thus 30 days would allow ample time for further inspec-
tions. These goals govern the technical requirements for
detector depth and size. The false alarm probability, o,
is the frequency of indication that diversion has occurred
when there has been no diversion. The goal for IAEA false
alarms (Type I error) is generally small [48], and therefore
a < 0.05 is the goal used in this study. The missed alarm
rate (Type II error) was set to § = 0.1.

B. Simulating signal

To identify the detection time for the reduction in
power of a reactor, the total signal from two scenarios
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FIG. 5. The Gaussian-distributed signal is plotted against time for the diversion and nondiversion case. The vertical line indicates

when there is a power decrease, and marks the time at which diversion has occurred.

is simulated. In the first, the expected detector response
is normally distributed around the average signal from
six operating cores and the corresponding background at
a given depth for 200 days. In the second instance, the
detector response is normally distributed around the signal
from six operating cores and corresponding background
for 100 days and then the detector response is simulated
for five operating reactors and the same background for the
following 100 days. To create these data, the NumPy ran-
dom sampling feature was utilized [49]. Figure 4 shows the
Guassianlike distribution of the number of signal events
per day using the NumPy package. This is for six reactors
operating at 160 MWth each at a distance of 244 m from

the reactors. The following data and analysis is for a 5-ton
detector at 20 mwe; however, this was repeated for various
configurations.

When these data are sampled, especially in instances
with smaller detectors, there is a reasonable possibility that
the signal randomly sampled from the normal distribution
will be negative. In these cases, the code resamples from
the normal distribution until a realistically feasible value
is chosen. However, this is frequently not necessary as the
vast majority of sampled signals are positive values.

Figure 5 shows both the diversion and nondiversion
simulated signal. Using solely the neutrino signals on a
per-day basis, it can be difficult to differentiate between

100 4

=< 50 4

5

£

o 0
—50 -

1 sigma

—-- 2 sigma

--- 3sigma

— Power Decrease

Background: 17.32 events/day
Full Signal: 62.43 events/day
Reduced Signal: 52.02 events/day

T T

25 50 75 100 125

Time (days)

150

175 200

FIG. 6. Diff(z,x), as defined by Eq. (3), is plotted against time in days. The first 10 days, the specified time window in this case, are
voided as there are not sufficient previous simulated data to find the aggregate counts from the previous days. When this difference in

signal crosses the threshold for 3 sigma, an alarm is recorded.
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TABLE III. The average time, in days, over 10° trials to detect a reduction in power from six to five operating cores to 3-sigma
confidence and the standard deviation found by Eq. (4).

Depth 1 ton 2 tons 3 tons 4 tons 5 tons 6 tons 7 tons
20 mwe 33.8+253 245+£21.0 17.8 £ 16.2 133+ 11.7 10.7 £ 8.3 9.0+6.0 8.0+4.5
40 mwe 33.6+£252 24.1+20.7 173 +£15.8 13.0+11.4 104+7.9 88+57 7.8 +£43
60 mwe 33.2+25.1 23.8+£20.5 169+ 154 12.8 £ 11.0 102+7.8 8.6E£55 7.7+4.1
80 mwe 3324251 23.6 £20.5 16.8 +15.3 12.6 £ 10.8 10.1 +7.6 8.6+54 7.6 +4.1
100 mwe 33.1+25.1 232+20.1 16.5+15.0 12.4+10.6 10.0+7.4 85+53 7.5+3.9
120 mwe 32.7+24.8 23.1 £20.1 16.3 +14.8 122+104 9.8+72 84£52 7.5+3.9
140 mwe 32.6 +24.8 23.0 £20.1 16.3 +14.8 12.1 £10.2 98+7.1 84+50 7.5+3.9

signals in the nondiversion and diversion simulated data.
Alarming techniques are employed to be able to find how
quickly after diversion detection can occur. To lessen the
inherent fluctuations in the data, a rolling sum of the data
is found for a specified “window.” This window can be
optimized for each detector configuration, but in this case
a time window of 10 days was used. The rolling sum of
these data is then subtracted from the expected sum (the
full power signal expectation multiplied by the window).
This expected sum is found using a calibration window of
20 days, where a full power signal is Gaussian-distributed
and sampled. The mean of this calibration period is then
used as Sexp. This calibration period is used to emulate
the time before a detector is put into operation where the
expected signal is found. The following equation shows
this method for data analysis where the time window is
defined as x in days, the expected full power signal is sexp,
the actual signal is s,, and # is time in days:

t

Diff(£, x) =X X Sexp — Y _ Sa(0). (3)

i=t—x

It is expected that in the first few weeks of operation, the
expected signal will be determined and used as a com-
parison to the remainder of operation. An alarm indicates
when the difference in this aggregate signal crosses 3 sigma
above the expected difference of aggregate signals. An
example of this signal difference as described by Eq. (3)
is shown in Fig. 6.

If this alarm is greater than 30 days, the time-to-
detection goal in this study, then this is considered a missed
alarm. If this occurs prior to the reduction in power, then
this is considered a false alarm. There can be multiple false
alarms for each trial as there can be multiple data points
above the 3-sigma threshold. There cannot be multiple
missed alarms per trial as the data can only miss the detec-
tion goal once. This is repeated for 10° trials and the time
to detect the reduction in reactor power is averaged, and the
missed and false alarm frequencies are found. False alarms
are found on a per-day, per-trial basis, whereas missed
alarms are solely found per trial. False alarms can be reme-
diated by requiring sequential data to be above the 3-sigma

threshold; however, this should optimized dependent on
the detector configuration.

In this example detector, at 5 tons at a depth of 20
mwe, the detection time is about 10 days, « = 0.006 and
B = 0.033. These values are well within the IAEA guid-
ance for the detection of diversion. Of course, this pro-
cess would show an indication that diversion may have
occurred and should not be used as the sole tool for diver-
sion. However, this should encourage further inspections
of a facility or be used in the prioritization process of
facility inspection. In addition, this mechanism is comple-
mentary to traditional material accountancy procedures to
ensure fuel is not immediately replaced following diver-
sion.

This process was then repeated for detectors with fidu-
cial volumes of 1 to 7 tons, and at depths of 20 mwe to
140 mwe in increments of 20. Table III shows the time to
detect the reduction in power beyond the case described in
detail above. The sample standard deviation, given by

n '_—2
o = Zi:,ll()jl X) ’ (4)

is used to find the dispersion of the time to detection, where
X; 1s each time within a trial, X is the mean time of the trial,
and 7 is the number of trials (10).

It is important to note that these detector sizes describe
the fiducial volumes of the detector exclusively. In order
for the background predictions made in this study to be
comparable to background rates seen in previous experi-
ments, similar muon vetos and buffers would be required
to detect and subsequently reduce background events.

VI. CONCLUSION

This exercise is entirely reactor power dependent to
make determinations about the steady state and reduced
power signal. The diversifying advanced reactor market
requires new methods to safeguard nuclear material. As an
example, the current safeguards regime for LWRs is not
designed for advanced fuel types such as MSRs with lig-
uid fuel and pebble bed reactors [50]. Neutrino detectors
could be used as a way to determine the operational status
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of these reactors, where traditional item accountancy may
pose challenges. This method can be applied to a range
of advanced reactors. As discussed previously, this paper
determines the background and signal rate using analytical
methods and data from previous neutrino experiments to
provide a benchmark.

Depth likely has a minimal impact on the detection
time and metrics as the remaining five cores dominate
the remaining signal rather than depth-dependent muon-
induced backgrounds.

The two diversion and misuse scenarios discussed in
this paper are the intentional shutdown of one core out
of six to divert fuel or the decrease in power of all six
cores to improve the ratio of Pu in used fuel. For the latter,
it is assumed that all cores are reduced to 83% operat-
ing power, making both of these scenarios appear identical
with respect to neutrino signals. Of course, reactors could
operate at an even lower capacity to slow production of
other Pu isotopes for longer. This would lead to even
faster detection times and better results with respect to the
IAEA requirements. To analyze more specific cases of a
power reduction to produce higher-quality Pu, a quantity
and quality of simulated diverted Pu would need to be pre-
dicted. A full core simulation that identifies Pu quantity as
a function burnup for an SMR would be required.

Neutrino detectors can assist the IAEA with some of
the anticipated challenges behind SMR safeguards, includ-
ing increased deployment and remoteness of reactors. The
World Nuclear Association reports that around 30 coun-
tries are beginning to develop nuclear programs [51]. This
will inevitably create increased costs and burden for the
IAEA to safeguard these new reactors. Neutrino detectors
located outside of the reactor sites may offer the capabil-
ity for the IAEA to monitor these reactors remotely and
offer an additional layer of redundancy to the current C&S
safeguard regime.

Simulations using RAT(-PAC) can be used to com-
pare these Monte-Carlo-driven predictions for signal and
background to the analytical methods displayed in this
work [52]. Neutrino detectors are capable of measuring

TABLE 1V. The fractional false alarm rates show how fre-
quently the aggregate signal crosses the alarm threshold without
a simulated reduction in power. All of the fractional false alarm
rates are within the IAEA goals for C&S metrics and thus not a
factor when determining the minimum size and depth detector.

Depth lton 2tons 3tons 4tons 5tons 6tons 7 tons
20mwe 0.005 0.006 0.006 0.006 0.006 0.006 0.006
40 mwe 0.005 0.006 0.006 0.006 0.006 0.006 0.006
60 mwe 0.005 0.006 0.006 0.006 0.006 0.006 0.006
80 mwe 0.005 0.005 0.006 0.006 0.006 0.006 0.006
100 mwe 0.005 0.005 0.006 0.006 0.006 0.006 0.006
120 mwe 0.005 0.006 0.006 0.006 0.006 0.006 0.006
140 mwe 0.005 0.005 0.006 0.006 0.006 0.006 0.006

TABLE V. The missed alarm rates are indicative of the frac-
tional rate that the detection times are after the goal detection
time (30 days), in which case the reduction in power was not
detected soon enough.

Depth Iton 2tons 3tons 4tons 5tons 6tons 7 tons
20mwe 0.572 033 0.167 0.076 0.033 0.014 0.005
40mwe 0.568 0.317 0.157 0.071 0.029 0.011 0.004
60 mwe 0.558 0.31 0.149 0.067 0.028 0.011 0.004
80 mwe 0.558 0.305 0.145 0.064 0.026 0.01 0.004
100 mwe 0.553 0.296 0.14 0.06 0.024 0.009 0.003
120 mwe 0.546 0.292 0.136 0.059 0.022 0.008 0.003
140 mwe 0.543 0.292 0.135 0.056 0.022 0.008 0.003

reactor power from distances outside of a site bound-
ary. This research investigated varying detector sizes and
depths to compare to IAEA metrics for success for C&S.
Our results show that a 5-ton detector with an overbur-
den of 20 mwe was able to detect the reduction in power
from six operating reactors to five in about 10 days with
a false and missed alarm rate of @« = 0.006 and 8 =
0.033, respectively. Other methods of alarming systems
may allow for smaller and shallower detectors. This would
reduce the cost of construction and operation.
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APPENDIX

The following tables show the false and missed alarm
rates for each of the aforementioned detector configura-
tions. Table IV shows the false alarm rates and Table V
shows the missed alarm rates.
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