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Abstract

Nuclear reactor safeguards are how the peaceful use of nuclear material is ensured.
Safeguards consist of a broad array of techniques, such as video surveillance and tamper-
proof seals, to ensure that nuclear material is not diverted from declared activities.
Safeguards research is conducted to ensure that safeguards techniques are capable of
meeting the challenges posed by future reactor designs and operating conditions. One
such technique that has broad applicability to novel reactor designs, including small
modular reactors, is the method of standoff neutron detection using large area neutron
detectors. In this method, neutron detectors are employed to detect neutrons which
have escaped from the core, which are representative of the flux inside the core. Because
the flux required to achieve a given power is dependent on the isotopes being fissioned,
due to their different cross sections and fission energies, the state of the core can be
assessed using the neutron detectors. Prior research has demonstrated that it is possible
to correlate kilogram changes in fissile inventory using neutron detectors by employing
the standoff neutron detector method. This work at the McMaster nuclear reactor details
additional experiments to support prior work.

First, the apparatus and procedure to collect neutron detector data are detailed, along
with persistent challenges to the collection. Next, simulations using the OSCAR-5 code
to determine the fissile inventory are described. These two sections are subsequently
combined, to compare changes in detector signal to the simulated core inventory. It
was found that the uncertainty was too large to correlate changes in detector signal with
changes in core inventory. Lastly, a method of detecting malicious interference is derived
and tested.
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Chapter 1

Introduction

1.1 Nuclear Safeguards and the Standoff Neutron Detection
Technique

Nuclear reactor safeguards are how the peaceful use of nuclear material is ensured
[1]. Specifically, safeguards ensure that states which operate nuclear facilities do not
themselves divert nuclear material from declared nuclear activities. The diversion of
nuclear material may take many forms, and may occur at different points in the nuclear
fuel cycle; either prior, during or after irradiation inside of the reactor core. Consequently,
there is a broad range of safeguards techniques, from tamper-proof seals to security
cameras and handheld particle detectors that are employed at different parts of the
nuclear fuel cycle [2]. The IAEA, as the international body responsible for promoting
the peaceful use of nuclear material, creates and enforces Comprehensive Safeguards
Agreements (CSAs) with member states, which detail the state’s legal requirements
to submit themselves to a safeguards regime, and regular inspection [3]. The IAEA
Department of Safeguards is also responsible for pursuing safeguards research, by creating
research plans detailing its priorities for future research and directing safeguards research
among member states.

Safeguards research is important to ensure that safeguards methods are capable of
meeting the challenges posed by future reactor designs and deployment scenarios. There
has been significant interest in Small Modular Reactors (SMRs) [1]. SMRs may pose
problems for some existing safeguards techniques: Many SMRs are sealed-core designs,
meaning that the core cannot be opened to verify the fissile inventory, which is may be
comprised of higher enrichment fuel than typical power reactors to offset their smaller
size. The mass deployment of SMRs in remote locations may also make timely safeguards
inspections difficult. To meet these challenges, one such novel safeguards technique
developed by Canadian Nuclear Laboratories (CNL) is Standoff Neutron Detection
(SND). In brief, it is possible to correlate emanations from a nuclear reactor, in this case,
neutrons, with the internal state of the reactor, namely the quantity of fissile material in
the core. Dr. Bryan van der Ende and colleagues at CNL have demonstrated that it is
possible to correlate kilogram quantity changes in reactor fissile isotope inventory with
changes in neutron count rate collected by strategically positioned neutron detectors
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surrounding the core [5]. Since the decommissioning of the National Research Universal
(NRU) reactor in 2018 (the reactor studied in the aforementioned work), the McMaster
Nuclear Reactor (MNR) is the largest operational research reactor in Canada, and
therefore a prime candidate for additional experimentation into the SND method. This
work details those experiments. In this introductory chapter, background concerning
the SND method, a description of the MNR and so-called “malicious interference”
are provided. Chapter 2 describes the neutron detector data collection and analysis
procedure. Chapter 3 details computer simulations employed to estimate the fissile
inventory of the MNR for comparison to the neutron detector data. Chapter 4 provides
the results of comparisons between the neutron detector data, and the estimates of
fissile inventory. Chapter 5 considers the resilience of the SND method to “malicious
interference”, which refers to purposeful attempts to manipulate the local neutron environment

around the detector to mask clandestine activity. Conclusions are provided in Chapter
6.

1.2 Standoff Neutron Detection Theory

The primary particle of interest in nuclear engineering is the neutron, as the neutron
is the particle that initiates nuclear fission. For this reason, quantities related to the
number of neutrons inside a reactor are very important for determining the state and
dynamics of the reactor. The most common quantity related to the number of neutrons is
the neutron flux. Like other mathematical fluxes, the neutron flux is equal to the number
of neutrons passing through some infinitesimal surface area per time, consequently, it has
units of [neutrons/cm?s|. Often the central goal of reactor physics is to determine the
spatial and energy distribution of the flux inside a reactor. The fission power is related
to the neutron flux by Equation (1.1), where the index ¢ ranges over all fissile isotopes,
¢(r, E) is the flux at position 7 and energy F, o¢;, Et;, N; are the fission cross-section,
fission energy, and atom density of isotope i, respectively.

P=X" [aB [ &7 N7, By, B)E, (1)

Calculating the integrals over space and energy necessary to solve this equation is
very complex, as the reactor geometry itself is composed of countless parts made of
many different materials, each with its own cross sections that influence the spatial and
energy distribution of the flux. Consequently, many simplifications are often used to find
analytic solutions to the neutron flux, or more complex computer-based approaches are
employed.

Perhaps the most extreme simplification is to determine representative spatial and
energy averages of the flux, fission cross-sections and fission energy of each isotope, and to
replace the integrals with those appropriately averaged quantities. These simplifications
could be conceptualized as a 1-group, homogeneous slab reactor model. The resulting
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analogue to Equation (1.1) after averaging is Equation (1.2), where (¢) and (oy) are
spatial and energy averaged quantities, and E; has no energy or spatial dependence.

Piot =V (9) Z Ni (o) Ep, (1.2)

This in turn can be rearranged to obtain Equation 1.4, as shown below, where the
volume and sum over the atomic densities are re-written terms of Avogadro’s number,
N4 and the mass inventory and atomic weight of the ith fissile isotope, m; and w;.

-1
;D(fjt - [VZNZ' <Uf,i>Ef,i] (1.3)

-1
_ {9 _ [NAZ m; <Uf,l:>Ef,i] (1.4)

Piot wj

Before remarking on Equation 1.4, consider Equation 1.5, which states that the
number of neutrons detected, nge¢, is proportional to the total neutron population in the
core Nyop, which can be represented in terms of the flux, average neutron velocity (v)
and volume V. Note that the average velocity and volume of the reactor do not change
during operation and that therefore, the number of neutrons detected is proportional to
the neutron flux.

(9)

Net X Npop X 7V (1.5)

(v)

Returning to Equation 1.4, in this work, the quantity on the right-hand side will be
referred to as the Weighted Isotopic Composition (WIC). As the name suggests, it is
equal to the mass of the respective fissile isotope weighted by the likelihood of fission
and energy released per fission. Note that the right-hand side represents a model for the
state of the reactor core, and the left-hand side involves two measurable quantities, the
flux by Equation 1.5, and the thermal power by conventional means using a flow meter
and thermocouples (at least in this work).

Isotopic composition of the core changes as U235 is depleted and as plutonium
isotopes are created, resulting in subtle changes in flux per unit power caused by the
difference in cross-sections and fission energies. This is what makes this technique
possible to employ as a safeguards approach; the equation is separated between observables
on the LHS, by which the state of the reactor, as represented by the RHS, can be inferred.
For the purpose of this work, because U235, U238, Pu239 and Pu241 comprise 99.97%
of the total fission power, the index ¢ in Equation 1.4 spans those four isotopes (which
are referred to colloquially as the four fissile isotopes) [(]. The objective of this work is
therefore to establish this correlation at MNR, as Dr. van der Ende et al. were able to


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/engphys
https://www.eng.mcmaster.ca/engphys

Master of Applied Science— Philip James BARRON; McMaster University— Department
of Engineering Physics

establish at NRU, to show that changes in fissile inventory can be correlated to changes
in neutron counts per unit power. To better understand this work, it can be broken into
two major parts: the first part being the experimental work of obtaining neutron count
rate measurements at MNR over time (in essence, the LHS of Equation 1.4), and the
second part being the generation of an estimate of the fissile inventory, and by extension,
the WIC by computational means.

1.3 McMaster Nuclear Reactor

The McMaster Nuclear reactor is an open pool type research reactor (known as a
Materials Testing Reactor (MTR)) with a maximum power of 5 MWyy,, originally built
in the mid-1950s. The reactor is currently operated at a nominal 3 MWyy,. Before 2008,
the reactor was fuelled with 93% enriched uranium, which was repatriated to the United
States as part of the Reduced Enrichment for Research and Test Reactors program
[7]. Since 2008, the reactor has used high assay low enriched uranium with a nominal
enrichment of 19.75%. Like other MTRs, the MNR fuel is composed of UsSi3 in an
aluminium matrix, which is then formed into curved fuel plates. The Standard Fuel
Assemblies (SFAs) are composed of 16 curved plates welded to aluminium side plates,
with one fuel-less curved endplate on either side, forming a rectangular tube through
which coolant travels. The bottom of each assembly has a snout, which slots into the
grid plate, below the core (described below). The Control Fuel Assemblies are modified
FAs with seven central fuel plates removed to make room for the control rod. There are
five AgInCd shim rods that are operated in unison, which are used for coarse reactivity
control and shutdown, and one stainless-steel regulating rod, used for fine reactivity
control. A cutaway illustration of an MNR FA is shown below in Figure 1.1:
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FIGURE 1.1: A cutaway illustration of an MNR FA [3].

The fuel assemblies are loaded into a 9 by 6 grid, labelled “1” through “9” and “A”
through “F”. Row 8, on the south side of the core, is a wall of graphite reflector assemblies,
the west wall is lined with a lead block, and the north and east walls are left open to the
six beam port tubes, operated by a variety of research and commercial users. Fuelling is
performed on a burn-up basis, meaning that FAs are removed when they reach the target
exit burnup [9]. Burnup is estimated using CuMn flux wire measurements and inferring
integrated power produced per element. Flux wire measurements are performed during
each fuel shuffle. MacConnachie provides a more detailed description of the apparatus
and procedure used in flux wire measurements in [10]. During the period relevant to this
work, the MNR, was loaded with 37 or 38 fuel assemblies. A typical core loading during
the relevant period is shown below in Figure 1.2:
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FIGURE 1.2: Cross section of MNR core loading during the relevant
period, generated using OpenMC, described in Chapter 3.
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An additional assembly, called the Central Irradiation Facility (CIF) is occasionally
inserted into the core for research purposes at site 5C. Because the CIF does not contain
any fissile material, it is often inserted with fresh FAs surrounding it to compensate for
the negative reactivity of the CIF itself.

The MNR building consists of three floors, in order from top to bottom: the experimental
floor, the mechanical floor, and the beam port floor. The control room and reactor pool
are on the experimental floor. The mechanical floor houses the hot cell. The beam port
floor is level with the reactor core itself, and the working area for the beam ports.

1.4 Malicious Interference

A secondary focus of this work is “malicious interference” attacks on the SND method.
In essence, the objective is to determine the resilience of the SND method itself to
cheating by the addition of exogenous neutron sources or shielding to alter the local
neutron field surrounding the detector, in order to alter the neutron count rate in
the detector. Because of the novelty of the SND method, the closest analogue to the
malicious interference scenario is Radiation Portal Monitors (RPMs), which are radiation
detectors (usually coupled gamma and neutron detectors) deployed at checkpoints to
search for radioactive material [11]. RPMs employ detection algorithms that interpret
detector data and sense when excess radioactivity produced by exogenous radioactivity
sources in cargo, for example, is present. Similarly, a modified RPM algorithm has been
implemented in order to sense the presence of exogenous sources or shielding surrounding
the neutron detector. Such an algorithm is not to be confused with the SND method

6
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itself, which provides a means of estimating the state of the core by inferring the flux
using neutron detectors; rather, this algorithm is responsible for ensuring that the local
neutron environment surrounding the detector has not been tampered or cheated and
that the results of the SND method can be trusted.
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Chapter 2

MNR Experiments

2.1 Introduction

This chapter pertains to determining the neutron count rate per unit power at MNR as
a function of time, which is the left-hand side of Equation 1.4. This section details the
detector and equipment used in the experiment, the locations at which measurements
were performed, and the data processing and analysis performed in part to overcome
certain limitations associated with counting neutrons at MNR.

2.2 Experimental Apparatus

The two neutron detectors used over the course of this project were composed of seven
He3 proportional thermal neutron detectors from General Electric Reuter Stokes (model
RS-P4-0840-223, similar to those shown under the “Resources” section in [12]). These
detectors are stainless steel tubes filled with He3 gas to 4 atm. The active length of the
He3 tubes measured 2.54 cm in diameter and 100.0 cm in length. The detectors were
biased using an NPM3100E “all-in-one” Neuchrometer Neutron Pulse Monitor (NPM)
by Quaesta Instruments [13]. Figure 2.1 shows the architecture of the NPM device. In
brief, it consists of a high voltage source, a series of analog amplifiers, an analog to
digital converter, and a microcontroller to tally the counts and store the data in text or
binary files. Finally, a frame of aluminum T-slot framing rails with a stand for stability,
and a horizontal bar to keep the He3 tubes in place was custom-built for these detectors.
The complete detector apparatus is shown in Figure 2.2.
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FIGURE 2.1: Architecture of the NPM device. Components in blue are
analog electronics while the components in green are digital. Taken from

[13].
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FIGURE 2.2: Photo of the detector apparatus. Seven detector tubes are
mounted vertically in each aluminium T-slot tubing frame. The stand
and horizontal bar to keep the tubes in place are also shown. The NPM
device is hidden behind the black plate on the upper right corner of the
detector. 10
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Figure 2.3, below, shows how the detector apparatus was powered. The setup consists
of an uninterrupted power supply (UPS), plugged into an electrical outlet, and a power
over ethernet (PoE) injector, plugged into the UPS and the NPM (housed inside the
detector framing). The PoE injector was also where a computer was connected (via
ethernet cable) to control and retrieve data from the NPM via proprietary software.

Electrical Outlet

Laptop Connection

PoE Injector

FIGURE 2.3: Photo of the detector setup, including the UPS, PoE
injector, NPM, and laptop connection. The white ethernet cable runs
from the PoE injector to the NPM, and the grey cable runs from the PoE
injector to the computer.

The two detectors were given the IDs “NE02A and “NE0043”. Using the proprietary
software provided by Quaesta Instruments, the following settings were applied to the
NPM devices. For data acquisition, the NPM was set to the “DAT” mode, which
produces binned, time series count data over a user-specified time-bin width. The voltage
of both detectors was set to 1600 V, and the gain on detectors NEO2A and NE0043 were
set to 10 and 2, respectively. The lower discriminator was adjusted such that it was set
at the lower edge of the wall effect continuum of the He3 pulse spectrum. These values
were determined from prior testing of the detector apparatus by van der Ende et al. at
CNL.

11
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2.3 Timeline of Locations at MNR

Neutron counting at MNR was complicated by other research and commercial activities
that generated a significant and varied neutron background. In particular, the beam
ports, operated by a variety of users, would generate a neutron signal that could be many
times larger than the neutron signal produced by leakage from the reactor. Measurements
were taken at several different locations, all inside of the MNR facility, before locations
for long-term placement were determined. Detector locations were selected to maximize
the signal from the reactor, minimize the noise from beam port use, and ensure that the
detectors would not be damaged during the counting campaign (that is, that there are
adequate railings or other objects to strap down the detectors, and that the detectors
were not placed in high-traffic areas), as well as the availability of electrical outlets.
Below is a list of locations tested and the rationale for changing locations before determining
the final locations. Figure 2.4 shows a timeline of detector locations throughout the
detection campaign. Each location has a unique local neutron environment, which is
a product of the distance between the reactor core and the detector, and the shielding
between the core and the detector. Dr. van der Ende and colleagues have shown that
the quantity of shielding (namely water, steel and high-density concrete at NRU) can
drastically impact the local neutron environment to the degree that locations with less
shielding, at a much father distance (67 m versus 17 m from the reactor core), experienced
approximately three to four times greater neutron count rate, adjusted for detector
efficiency [5]. Because each location has a unique local neutron environment, to detect
small changes in count rate that can be associated with changes in WIC, the detectors
must be left in long-term locations to maximize the data available for comparison.

Finally, Dr. van der Ende and colleagues note that, at one of their detector locations,
they were able to observe short changes in neutron count rate that they were able to
ascertain were caused by online refuelling activities at NRU. Because the MNR cannot
perform online refuelling, all fuel shuffle activities were performed when the core was
shut down, and no variance from the typical background count rate was observed when
the reactor was being refuelled, although an attempt was made to position detectors on
the experimental floor (at the same elevation as the top of the reactor pool), where they
might be able to better observe some deviation.

12
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BN NEO2A
Location 61 wmm NE0043

Location 4

Location 3

Location 2 A

Location 1

May-2021 Jun-2021 Jul-2021 Aug-2021 Sep-2021 Oct-2021 Nov-2021 Dec-2021 Jan-2022 Feb-2022Mar-2022 Apr-2022

FIGURE 2.4: Timeline of detector locations.

The locations are listed below, in chronological order:

e Location 1: Location 1 is at the end of the north corridor on the mechanical
floor, to the right of a small stairwell to a storage closet. The location is marked
on the floor plan, shown below in Figure 2.5.

OPEN UP AND DOWN

Reactor Core

NE Stairwell

FiGure 2.5: Floor plan showing Location 1, indicated by a star, in
reference to the NE stairwell and the reactor core.
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¢ Location 2: Location 2 is directly below the north-east stairwell on the beam
port floor, in front of the electrical panel. The location is in front of beam ports 4
and 5. The location is marked on the floor plan, shown below in Figure 2.6.

Reactor Core

NE Stairwell

FicURE 2.6: Floor plan showing Location 2, indicated by a star, in
reference to the NE stairwell and the reactor core.

¢ Location 3: Location 3 is in the east corner of the control room floor, placed
directly below the electrical panel. The location is marked on the floor plan,
shown below in Figure 2.7.

14
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OPEN UP AND DOWN

FiGUrRE 2.7: Floor plan showing Location 3, indicated by a star, in
reference to the NE stairwell and the reactor core.

e Location 4: Location 4 is along the back wall of the beam port floor, in front
of beam port 6, on the east side of the building. The location is in front of beam
ports 4 and 5. The location is marked on the floor plan, shown below in Figure
2.8.

Reactor Core

NE Stairwell

FicUre 2.8: Floor plan showing Location 4, indicated by a star, in
reference to the NE stairwell and the reactor core.
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e Location 5: Location 5 on top of the enclosure on the west side of the experimental
floor. The location is marked on the floor plan, shown below in Figure 2.7.

OPEN UP
OPEN UP AND DOWN

FIGURE 2.9: Floor plan showing Location 5, indicated by a star, in
reference to the NW stairwell and the reactor core.

e Location 6: Location 6 is in front of the hot cell, on the mechanical floor, it is
marked on the floor plan, shown below in Figure 2.10.

NW Stairwell

Reactor Core

OPEN UP AND DOWN

FIGURE 2.10: Floor plan showing Location 6, indicated by a star, in
reference to the NW stairwell and the reactor core.
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Table 2.1 shows typical neutron count rates at each location.

Location Approximate Counts per 10 s
Location 1 | 150

Location 2 | 2200

Location 3 | 350

Location 4 | 1200

Location 5 | 1100

Location 6 | 1200

TABLE 2.1: Approximate count rates per 10 s at each of the locations.

Location 1, the original detector location, was suggested by MNR staff as a suitable
location to set up the detectors due to it being in a low-traffic area. Location 2 was tested
to determine if a location on the beam port floor (that is, at the same elevation as the core
itself) would have a higher local count rate. Location 3 was tested to determine the count
rate on the experimental floor and to attempt to observe a change in count rate that
could be associated with fuel shuffle activities, however, none was observed. The NE0043
detector was moved from location 3 because large hard plastic (likely polyethylene) bins
were occasionally placed in front of the detector. Location 4 was tested as a potential
alternative to location 2 for long-term observation because location 2 was no longer
available. Location 5 was employed as an alternative to location 3 because it was in a
low-traffic area with a consistent local environment (meaning the local shielding would
not change over time). During the counting period when NE02A was positioned at
location 4, there was beam port interference that presented a constant signal, as opposed
to the square wave interference that was typical for beam port interference. Location 6
was tested to determine if it was possible to “block” or mitigate the constant beam port
interference by placing the detector on the other side of the core from the beam port
producing the constant signal. The activities that produced the constant beam port
signal were ended shortly thereafter, however, NEO2A remained at location 6 because
the signal was comparably strong to location 4, and it was in a lower-traffic area.

2.4 Data Processing

2.4.1 Data Collection and Processing

Data is collected via ethernet cable connection using the NPM software. With the NPM
in “DAT” mode, the data is gathered at 10 s bins and written in text files, that are
timestamped at the beginning of the bin. At the end of a day, the current data file is
terminated and a new file is written. Data analysis was performed in Python using the
Pandas package, which provides tabular data structures to facilitate data manipulation
and analysis [141]. Pandas also has extensive features for use with time series data,
which were used in this project. To process the data in Python, the entire data set was
added to a folder, and the individual files were sequentially read and concatenated to
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create one large variable corresponding to all of the files in the folder. For ease of use,
the timestamps were rounded to the nearest even 10 s interval (data with time-stamps
ending in 0 through 4 would be rounded down to 0, and ending in 5 through 9 would be
rounded up to 10). This rounding procedure was performed to merge the detector count
data with thermal power data provided by MNR operations. The power is measured
by a flow meter, and four thermocouples (two on the inlet and outlet), the power is
calculated using Equation 2.1:

P = qC,AT (2.1)

Where ¢ is the mass flow rate, C), is the specific heat, and AT is the change in
temperature from the outlet to the inlet. A discussion of uncertainty in power measurements
at MNR is found in MacConnachie et al. [15]. Power measurements were logged at 10
second intervals starting on the minute (such that the data was timestamped at 0 s, 10
s, 20 s and so on). The power and rounded count data were then merged, and only the
timestamps for which power and count data both existed were kept.

The digital recorders in the MNR control room were not synchronized to any time,
that is, there was an offset between both the time-stamp of the power data and the time
on any internet-connected devices, and between the NPM count data and the power
data time-stamps. For this reason, before the two time series could be compared, they
first had to be synchronized. The simplest method of synchronizing was to compare the
shutdown time of the power and count data and to shift that day of count data forward or
backward to be aligned with the power data. For each day, before the filtering operation
discussed below in Section 2.4.2 was performed, a plot of the two time series at shutdown
was produced, and the count data was shifted until the first decrease in detector count
rate occurred at the same time as the first decrease in thermal power. Because the
neutron detector count rates are proportional to the flux in the core, which is in turn
proportional to the neutron power (equivalent to the fission rate), the count signal decays
more quickly than the thermal power. This procedure was repeated for each day during
the counting campaign, to ensure that all days were synchronized.
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FIGURE 2.11: Time series plot at shutdown showing power and counts.
By referring to this plot the count series was shifted to align with the
power series.

Figure 2.12 shows a time series plot of typical daily operations, with the neutron
count rate in orange, and the power in black. The neutron count rate data shows a
consistent signal at approximately 1200 counts per 10 s, and a fluctuating higher signal
at approximately 12000 counts per 10 s. For example, in Figure 2.12, the higher signal
is visible from approximately 9:00 to 16:00 with a brief pause around noon.
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FIGURE 2.12: Time series plot showing typical daily operation. The
neutron count data in orange, and the power data in black.

By comparing daily plots of the detector signal to the beam port use schedule, it was
clear that the elevated signal to the detector (the signal above the consistent signal at
1200 counts per 10 s) was caused by beam port use. Figure 2.13 shows a smaller segment
of time taken from the same day of operation as Figure 2.12.
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FIGURE 2.13: Time series plot showing a zoomed-in segment of Figure
2.12

As can be seen in 2.13, although the consistent “lower” signal and higher signal
appear continuous in 2.12, there are minute-long periods of beam port use followed by
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minute-long periods free of the beam port signal. Points in between the “lower” and
“higher” signal are caused by the time-binning, meaning that if the beam port shutters
were opened or closed halfway through a time-bin, the count rate will be a combination
of the two signals, resulting in an averaged count rate between the two signals. In the
following section, the technique employed to remove the beam port signal is described.

2.4.2 Beam Port Interference Removal

For later comparison, the signal to the neutron detectors must be representative of the
flux in the core. That is, if the signal without any filtering of the beam port signal were
to be used, the result would be that the count signal would be more representative of
the fraction of the day that the beam port shutters were open. As stated above, the
“true” signal that represents the state of the core is the persistent signal around 1200
counts per 10 s in Figure 2.12. Therefore, instead of using the entire signal, only the
low signal should be used for later comparison. To that end, a method of filtering the
time series to only select the low signal was developed. The pseudocode corresponding
to the function is shown below:

Function lowband_filter
Pass In: start_time, stop_time, initial_guess, std_cutoff

Set data to data between start_time and stop_time
Set mean and std to initial_guess

WHILE mean and std have not converged
Set data to data between mean - std_cutoff*std and mean +
— std_cutoff*std
Perform normal distribution fit on data
Set new mean and std to results from normal distribution fit
Compare new mean and std to previous iteration

Set final mean and std to final interation mean and std
Set data to data between mean - std_cutoff*std and mean +
— std_cutoff*std

Pass Out: mean, std, data

In this case, “convergence” means that the data points used in one iteration do not
change from one iteration to the next. Recall that particle counting is a Poisson process,
and thus the resulting distribution of particles counted per unit time will be the Poisson
distribution [16]. Because the Poisson distribution can be approximated by a normal
distribution for large A, a normal distribution fit was applied to the data to determine
the mean and standard distribution of the normal distribution representing the data.

In effect, we are trimming our data to be between start_time and stop_time, and
creating a band-pass filter to select data around the mean. The while loop shows one of
many possible ways of making the band-pass filter “dynamic”, meaning instead of simply
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setting the bounds of the filter manually, the bounds are set automatically by iteratively
applying a normal fit and selecting the data within std_cutoff number of standard
deviations of the mean. std_cutoff was usually set to 5, and the filter usually captured
all of the data without excluding any points during regular operation, as shown below.
Finally, as a check, the standard deviation of the final normal fit can be compared to
/I, as they should be approximately equal (as couting particles is a poisson process),
with some additional variance caused by limited sample sizes and small changes in the
underlying mean count rate.

Figure 2.14, shows the output of the filtering operation on the same day of data
shown in Figure 2.12. The top plot is identical to Figure 2.12, with the orange points
indicating data resulting from the filtering function. The plots below and on the left
are time series plots of individual segments that were filtered. The red points are points
that were between start_time and stop_time, but did not pass through the filter. The
plots below and on the right are bin histograms of the corresponding time series on the
left. Note that the first segment, between 10:00 and 10:20, has large variance due to
change in reactor power during the 20 minute segment.
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FIGURE 2.14: Collection of plots showing the results of the filtering
function. Top: time series plot of whole day operation. Orange points
indicate the results of the filtering function. Horizontal orange dashed
bars indicate the final thresholds. Below, left: Successive plots of the
individual time segments that were filtered. Below, right: Bin histogram
of counts during the corresponding time segment on the left. The normal
fit o and /p are listed for comparison.
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One additional alternative is to use all of the “lower” signal data, including the
minute-long segments in between beam port use, regardless of duration. Figure 2.15
shows this result. The standard deviation of the resulting normal fit is significantly
larger (in the case shown below, approximately 1.5 times larger), and decreasing the
bandwidth to decrease the standard deviation begins to exclude data too far below the
mean, meaning that the filter is not working as intended (that is, there is no situation
where the beam port use reduces the number of neutrons being counted, and therefore
the filtering operation should not exclude points too far below the mean).
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FIGURE 2.15: Filtering function applied to the segment of lower signal
between 12:00 and 16:00 when the beam port was in use. Top:
Results with std_cutoff set to 5, showing a significantly larger standard
deviation than expected. Bottom: Results with std_cutoff set to 2,
showing that points below the mean that should not be excluded are
being excluded.

Moreover, if the “lower” signal when the beam port is in use tends to have a larger
mean than the “lower” signal when the beam port was not in use, then the same problem
would arise as simply using all of the data, that is, the mean would become a function
of the fraction of the day that the beam port was in use.

As noted above, the frequency of the data logged in the power recorder and the
frequency of the binning performed by the NPM system was the same, allowing for
each pair of count and power values to be divided to obtain a normalized count per
unit power value. This filtered count per unit power data is ultimately what is used in
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comparison with the WIC values, discussed next in Chapter 3, to attempt to correlate
neutron counts per unit power with the WIC.
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Chapter 3

Core Following and Weighted
Isotopic Composition Generation

3.1 Introduction

This chapter pertains to the weighted isotopic coefficient, and core following simulations
of the MINR to compute the fissile inventory, which is used to generate the timestamped
weighted isotopic coefficients that are compared to the detector data. The first section
describes the WIC, and particularly how the WIC changes during and between fuel
shuffles at the MNR. The following section contains a description of the core-following
methodology of Dr. Simon Day, using the OSCAR-5 code suite.

3.2 Core-following of MINR using OSCAR-5

3.2.1 Methodology

As part of regular operations at MNR, the Reactor Analysis group, led by Dr. Simon
Day is responsible for performing core-following simulations to track the MNR  for safety
and optimization of commercial radioisotope activities. For this work, it was valuable
that MNR staff perform in-house core-following, as it meant that an independent core-
following methodology did not need to be created and applied over the entire observation
period to generate the WIC values.

The code used in core-following is the MGRAC (Multi-Group Reactor Analysis Code)
nodal diffusion solver in the OSCAR-5 code package. OSCAR-5 is a code suite developed
by the Radiation and Reactor Theory Section of the South African Nuclear Energy
Corporation, designed for use in reactor analysis and core-following [17]. OSCAR-5
stores the model, including the geometry, materials, and cross-section (both standard
ENDF/B-VIL.1 .ACE files, and multi-group cross-section data generated by the SERPENT2
code) inside the code suite, and automates the creation of simulations using different

codes (namely MCNP, SERPENT and MGRAC) and model inputs [18][19].

As noted, one aspect that sets MTRs apart from other reactor types is the day /night
operation. The day/night operation has significant consequences for the core-following
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procedure: It means that accurate modelling must use enough steps to track the xenon
oscillations through regular operation. To that end, Dr. Day’s method creates time steps
for use in the depletion by first noting the startup and shutdown times recorded by MNR
operations staff, as well as the control rod positions (often described in terms of percent
control rod insertion) when the reactor is first critical at 3 MW. The method involves
creating time steps by working backwards in four-hour increments until the startup time
is reached. Because the reactor never truly operates for a multiple of 4 hours, the earliest
time step is of variable length. For example, say the reactor starts at 915h and shuts
down at 2245h. The code would split the time into time stamps at 2245h, 1845h, 1445h,
1045h, and 915h (all 4-hour segments, except for the first, which is only 1.5 hours). The
reason behind this operation is so that the earliest, and most precise time step occurs
at the beginning of the day when the xenon concentration is changing the fastest. The
method assumes that the reactor is operating at the nominal 3 MW at all times.

Using those time steps and the nominal power as inputs, the depletion stepping is
performed. For daily operation, the next step is to run a "flux step* using MGRAC, with
the CRs in their initial positions as recorded by MNR operations staff, these initial daily
steps are referred to as ”criticality estimates”. The position of the CRs is essential to
ensuring that the reactor maintains the correct flux shape, such that the fissile inventory
depletes correctly. To that end, before every depletion step, the regulating rod is placed
at 50% insertion, and a criticality search is performed (with a target keg of 1 minus a
systematic offset, described below), with all shim rods set to the same position. The
depletion is performed using a predictor-corrector integrator method. The criticality
search systematic offset is computed by taking the average of the criticality estimates
over the previous fuelling cycles. This procedure also provides a convenient way of
ensuring that the core-follow is accurately depleting the fissile inventory; if the criticality
estimates do not diverge from the history of criticality estimates (to within the model
uncertainty), then the core-follow is accurately tracking the true operation of the core'.
Finally, at the end of the day, a decay step is performed between the shutdown time and
the startup time the next morning.

Over fuel shuffling periods, the geometry and materials in the model are changed to
match the inventory at BOC of the following core, and a “core-snapshot” simulation
is computed within the OSCAR-5 suite using SERPENT2. The core snap-shots in
SERPENT?2 serve as another means of verifying the criticality estimates from OSCAR.

3.2.2 Results

The MGRAC depletion results can be written to text files, and a text parser was coded
in Python to extract the desired quantities at each step: the time stamp, the masses
of the four main fissile isotopes of interest, and additional quantities (a spatial average
flux and average xenon concentration, kg and the reg and shim rod positions). These
quantities were imported into a Pandas DataFrame to calculate the WIC for each step,

Indeed, during the course of this work, a bug was discovered and corrected by examining the
criticality estimates over time.
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and to perform additional analysis. Figure 3.1, below contains a series of plots that
show the quantities extracted from the MGRAC output files over the entire period of
observation, from May 18" 2021, until April 20" 2022: The upper left plot shows both
the mass of U235 and U238 on separate axes, the upper right plot shows the quantity of
Pu239 and Pu241 on separate axes, the bottom left plot shows the normalized WIC, and
the normalized core-average flux and Xel25 concentrations. Further analysis of these
results is found below and in Chapter 4.
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F1GURE 3.1: Upper Left: Mass of U235 and U238 in the MNR, over the
entire period of observation. Upper Right: Mass of Pu239 and Pu241.
Lower Left: The normalized WIC. Lower Right: The normalized core-
average flux and Xel25 concentrations.

3.3 WIC changes at MNR

Before comparing the WIC to the detector data in the following chapter, it is important
to understand the changes in the WIC during fuel shuffles and by depletion during
the individual cores at MNR. This section considers several aspects of the change in
fissile inventory and WIC over time, as well as calculating the change in WIC from the
removal of fissile inventory that might be removed in the event of clandestine activity.
To generate the data used in this section, the OSCAR-5 core-follow model was used, in
particular, the capability of the OSCAR-5 code to take the MNR model at a moment in
time and generate a SERPENT model, with the geometry and materials corresponding
to that time. The materials from the SERPENT models created in OSCAR-5 were then
stripped from the input file and converted into the OpenMC material input file format.

28


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/engphys
https://www.eng.mcmaster.ca/engphys

Master of Applied Science— Philip James BARRON; McMaster University— Department
of Engineering Physics

OpenMC is a modern, open-source Monte Carlo code, complete with a Python API that
allows for easier and more sophisticated model creation than in SERPENT was used for
this limited purpose [20]. The OpenMC Python APT allowed for the creation of arrays of
materials containing the isotopic composition of the fuel to be stored and manipulated
with ease, which was the purpose of converting from OSCAR to SERPENT to OpenMC.
The materials variables could be altered and summed over to easily calculate the total
mass and WIC. For each core, this process of generating OpenMC materials data was
performed for the BOC and EOC materials, such that the change in mass and WIC
could be calculated during individual cores (depletion during regular reactor operation)
and during fuel shuffles (as FAs were added and removed).

3.3.1 Change in Fissile Inventory and WIC During Fuel Shuffles

The total change in fissile inventory during a fuel shuffle can be thought of as the sum
of two terms, the first is the increase in fissile inventory as new FAs are added, and the
second term is the reduction in fissile inventory as old FAs are removed. Consider the
first term: Often, the only fissile inventory that is added is the nominal 225 g of U235, as
well as approximately 915 g of U238 in fresh FAs (sometimes FAs that have previously
been added to the core are re-added to the core). The second term is conversely the sum
of all of the U235, U238 and plutonium isotopes in FAs that are removed. In this section,
when considering the effects of Pu239 and Pu241 the WIC, the contributions of Pu239
and Pu241 are grouped for simplicity. Figures 3.2-3.5, below, show the change in the
four isotopes during fuel shuffle activities. The fuel shuffles are labelled by the beginning
of the new core, for example, on the x-axis labels of the plots below, the label “63B”
corresponds to the 63A to 63B fuel shuffle. For each fuel shuffle, the red bar indicates
the decrease in the respective isotope mass following the removal of the FAs, and the
green bar indicates the increase in the respective isotope mass following the addition of
the new FAs. These plots were created by comparing the EOC and subsequent BOC
OpenMC materials files, selectively removing the isotope masses (corresponding to the
FAs being removed) and adding the isotope masses (corresponding to the FAs being
added).
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FIGURE 3.2: Change in U235 mass in the core, during each fuel shuffle.
The core labels on the x-axis refer to the fuel shuffles at the beginning of
that core cycle. The length of the red bar indicates the mass of U235 in
removed FAs, and the length of the green bar indicates the mass of U235
added in new FAs.
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FIGURE 3.3: Change in U238 mass in the core, during each fuel shuffle.
The length of the red bar indicates the mass of U238 in removed FAs, and
the length of the green bar indicates the mass of U238 added in new FAs.
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FIGURE 3.4: Change in Pu239 mass in the core, during each fuel shuffle.
The length of the red bar indicates the mass of Pu239 in removed FAs,
and the length of the green bar indicates the mass of Pu239 added in new
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The overall change in mass is therefore the difference between the top of the red and

31


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/engphys
https://www.eng.mcmaster.ca/engphys

Master of Applied Science— Philip James BARRON; McMaster University— Department
of Engineering Physics

green bars. Note that the 63F_p2 to 63G fuel shuffle did not involve any removal or
addition of fissile inventory. Figures 3.4 and 3.5 are quite similar, both show that in the
majority of fuel shuffles, more plutonium is removed than is added, and the addition of
plutonium indicates that a FA that was previously in the core has been re-added.

Figure 3.3 shows very discrete quantities of U238, that is, if the quantity of U238
added and removed in the 63A to 63B shuffle is a bar of relative length one, then the
mass of U238 added in the 63B to 63C shuffle is of length two, and the mass of U238
removed in the 63B to 63C shuflie is of length three. One “relative length” in actual terms
is the mass of U238 in one FA, and consequently, two or three “relative lengths” of U238
being added or removed indicates that two or three FAs were added or removed. Because
a relatively small fraction of U238 in each FA undergoes neutron capture to eventually
become plutonium isotopes, the quantities of U238 in fresh and highly depleted FAs
are quite similar, which gives rise to the discretization described above. The figure also
clearly shows the addition of the CIF (discussed in Section 1.3) in the 63B to 63C shuffle
(one less FA is added than removed) and its removal in the 63D to 63E shuffle.

Because of the mass of U235 present in the core, and its comparable fission energies
and cross sections to those of the plutonium isotopes, Figure 3.2 shows the clearest
relationship to the overall change in WIC during fuel shuffles, as discussed below. Recall
that burnup in the MNR context generally refers to the percent U235 depleted, “exit
target burnup” (that is, the desired U235 depletion of a fully depleted FA when removed)
is around 50%-60%. Consequently, fuel shuffles like 63A to 63B, where a highly-depleted
FA is removed and a (nearly) fresh FA is added constitute the largest changes in WIC.

To determine the overall change in WIC during a fuel shuffle, Figures 3.2-3.5 can
be effectively scaled by their respective fission energies and cross-sections and summed
together, as shown in Figure 3.6. Note that the contribution of U238, despite its relative
abundance in the core, to the WIC is minimal— generally 6 orders of magnitude smaller
than the effects of plutonium isotopes or U235.
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FIGURE 3.6: The effects of the constituent isotopes on the WIC during
fuel shuffles. Each fuel shuffle is normalized such that 0% change is equal
to the WIC of the EOC core without any removals or additions.

For each core, a 0% change in WIC refers to the state of the core before removals
or additions of fissile inventory. Because the WICs of each core before the fuel shuffle
is not identical, the exact magnitude of the change in magnitude cannot be compared
to plots (for example, Figure 3.1, lower left) where multiple cores of reactor history are
normalized to the same value.

Figure 3.6 shows that the total change in WIC is dominated by changes in U235 and
that changes in U238 have a negligible effect on the WIC. Changes in plutonium tend
to have a small but not negligible effect on the WIC. These results, namely the change
in magnitude during refuelling, provide some perspective on the approximate change in
WIC that would be incurred during clandestine activity, discussed in Section 3.3.3.

3.3.2 Change in Fissile Inventory and WIC During Cores

After considering the change in WIC during fuel shuffles, the second period over which
the WIC changes is during cores, that is, depletion during regular operation. In the
previous section, to calculate the change in isotope masses and the WIC, the EOC core
from one core cycle was compared to the BOC core from the subsequent core cycle.
Conversely, to generate these results the BOC and EOC of the same core cycle were
compared to determine the change in mass and WIC during operation. The absolute
change in fissile inventory is shown in Table 3.1.
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Core | U235 (g) U238 (g) Pu239 (g) | Pu241 (g)
63B -1.266e+02 | -1.192e+01 | 5.573e+00 | 3.592e-01
63C -4.036e+-01 | -3.621e+00 | 1.796e+00 | 9.309e-02
63D -2.067e+01 | -1.851e+00 | 6.386e-01 | 4.794e-02
63E -1.322e+02 | -1.244e+01 | 5.671e400 | 3.782e-01
63Fpl | -1.078e+01 | -1.020e+00 | 1.049e-02 | 3.180e-02
63Fp2 | -1.470e+01 | -1.387e+00 | 4.178e-01 | 4.468e-02
63G -1.041e+01 | -9.841e-01 | 2.611e-01 | 3.173e-02
63H -1.191e+02 | -1.127e+01 | 5.031e+00 | 3.514e-01

TABLE 3.1: Change in mass of the four isotopes that comprise the WIC
over the duration of the core.

Because each core cycle spans a different amount of time, to determine the rate of
change of the masses, these values must be normalized to some measure of the duration
of the core cycle. Using operational data from MNR, the core duration (in hours and
MWh) of each cycle was determined. To determine the duration of the reactor in units
of MWh, a simple trapezoidal integration was performed over the reactor power time

series. Tables 3.2 and 3.3 show the rates in units of [g/h] and [g/MWHh].

Core | hours U235 (g/h) | U238 (g/h) | Pu239 (g/h) | Pu241 (g/h)
63B 8.560e+02 | -1.479e-01 | -1.393e-02 | 6.510e-03 4.195e-04
63C 2.682e+02 | -1.505e-01 | -1.350e-02 | 6.696e-03 3.471e-04
63D 1.384e+4-02 | -1.494e-01 | -1.337e-02 | 4.614e-03 3.464e-04
63E 8.958e+02 | -1.476e-01 | -1.389e-02 | 6.331e-03 4.221e-04
63Fpl | 7.343e+01 | -1.468e-01 | -1.389e-02 1.428e-04 4.330e-04
63Fp2 | 1.009e+02 | -1.457e-01 | -1.375e-02 | 4.141e-03 4.428e-04
63G 7.136e+01 | -1.458e-01 | -1.379e-02 | 3.659e-03 4.447e-04
63H 7.214e+02 | -1.651e-01 | -1.562e-02 | 6.975e-03 4.871e-04

TABLE 3.2: Mass rate of change of the four isotopes that comprise the
WIC, in units of [g/h], for each core cycle.
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Core | mwh U235 (g/MWh) | U238 (g/MWh) | Pu239 (g/MWh) | Pu241 (g/MWh)
63B 2.566e+03 | -4.933e-02 -4.646e-03 2.172e-03 1.400e-04
63C 7.966e+4-02 | -5.066e-02 -4.546e-03 2.255e-03 1.169e-04
63D 4.139e+02 | -4.994e-02 -4.471e-03 1.543e-03 1.158e-04
63E 2.689e+03 | -4.916e-02 -4.628e-03 2.109e-03 1.406e-04
63Fpl | 2.193e+02 | -4.916e-02 -4.649e-03 4.782e-05 1.450e-04
63Fp2 | 3.004e+02 | -4.891e-02 -4.618e-03 1.391e-03 1.487e-04
63G 2.118e+02 | -4.912e-02 -4.646e-03 1.233e-03 1.498e-04
63H 2.158e4-03 | -5.520e-02 -5.223e-03 2.331e-03 1.628e-04
TABLE 3.3: Mass rate of change of the four isotopes that comprise the

WIC, in units of [g/MWHh], for each core cycle.

The agreement between individual rows of Tables 3.2-3.3 reflects that MNR is reliably
operating at a nominal 3 MW power. Finally, using the information from the above
tables, we can compute the absolute change and rate of change of the WIC over the
different core cycles, as seen in Table 3.4.

Core | hours mwh WIC Change | WIC (/h) | WIC (/MWh)
63B 8.560e+02 | 2.566e+03 | -1.146e-32 -1.339e-35 | -4.468e-36
63C 2.682e+4-02 | 7.966e4-02 | -3.675e-33 -1.370e-35 | -4.613e-36
63D 1.384e+02 | 4.139e+02 | -1.905e-33 -1.377e-35 | -4.602e-36
63E 8.958e+02 | 2.689e+403 | -1.202e-32 -1.342e-35 | -4.470e-36
63Fpl | 7.343e+01 | 2.193e+402 | -1.057e-33 -1.439e-35 | -4.819e-36
63Fp2 | 1.009e+02 | 3.004e+4-02 | -1.386e-33 -1.373e-35 | -4.612e-36
63G 7.136e+01 | 2.118e+4-02 | -9.896e-34 -1.387e-35 | -4.672e-36
63H 7.214e+02 | 2.158e+03 | -1.101e-32 -1.526e-35 | -5.100e-36

TABLE 3.4: Absolute change and rate of change of the WIC in [g/h] and
[g/MWHh], for each core cycle

There is good agreement in the rate of change of the WIC between the various cores.
An added benefit of this procedure is that it provides another means of confirming that
the results of the OSCAR-5 core-follow can be trusted. Because MNR operates at a
steady nominal power, MNR operations staff desire to have a consistent fissile inventory
in the core, and therefore that the effects of fuel shuffles (adding new fissile inventory)
and depletion should balance each other. And consequently changes in fissile inventory
during fuel shuffles and during cores should be quite similar, as they are. Lastly, this
method of splitting changes in WIC into changes during and between fuel shuffles can
also be applied to determining if a change in detector count rate resulted from a change
in fissile inventory; changes can be observed during, and in between fuel shuffles.
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3.3.3 Change in WIC During Possible Clandestine Activity

After considering the changes in WIC that arise during normal operation, it is valuable to
consider the possible changes to WIC that would be incurred during possible undeclared
diversion of material. Two possible removals are postulated:

e The removal of Pu239 and Pu241 from the core.
e The removal of one FA of variable burnup.

In the first case, the removal of all Pu239 and Pu241 by some hypothetical means is
considered. This scenario is postulated as plutonium presents the ideal material for the
construction of a nuclear weapon, due to its large fission cross section and high fission
energy. For each BOC and EOC core, the entirety of both plutonium isotopes was
removed and the resultant change in WIC was compared to the WIC before removal.
Figure 3.7 shows the change in WIC for each core. The mean plutonium removed was
113.45 g, and the mean change in WIC was 2.66% =+ 0.16%. As will be shown below, this
is equivalent to the removal of a partially depleted FA. The change in WIC is roughly the
same magnitude (though in the opposite direction) as the change in WIC from refuelling,
meaning that if the neutron detectors are sensitive enough to observe a fuel shuffle, then
they will be sensitive enough to observe the removal of all plutonium. Additionally, it
is worth noting that for every core, the change in WIC from removing the plutonium at
EOC is larger than removing the plutonium at BOC, as there is always more plutonium
after depletion than before (although for some shorter-duration cores is it difficult to
see).
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FiGUure 3.7: The change in WIC resulting from the removal of all
plutonium from the core at EOC and BOC for each core.

In the second case, the removal of a single FA is considered. This removal is more
consistent with possible clandestine activity, as FAs are added and removed from the core
during fuel shuffles. In this case, for each BOC and EOC core, six tests were performed in
which one specific FA was removed. In the first test, the FA with the burnup (measured
by percent U235 depletion) with the closest to 0% burnup was removed. In the second
test, the FA with the burnup closest to 10% was removed, and so forth in increments
of 10% burnup until 50% burnup. The results of repeating this process for all cores are
shown below in Figure 3.8.
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FIGURE 3.8: The change in WIC resulting from removing one FA with
nearest burnup to 0%/10%/20%/30%/40%/50%.

Note that the burnup of the FA that was selected to be removed is never exactly
the desired 0%/10%/20%/30%/40%/50% burnup, instead, it is the nearest burnup to
that desired value. In the 0% case, there is no fresh FA in the core if none was added
in the most recent fueling. Additionally, the EOC and BOC points of each core are
coloured the same. Like in the plutonium removal scenario where the EOC change in
WIC from withdrawing all plutonium was larger in magnitude than the BOC change, in
cases where the same FA was selected in the EOC and BOC case, the stars of the same
colour appear “stacked” one atop the other, however, the change in WIC is not the same;
this is because the WIC at EOC is always less than at BOC, and therefore the change
in removing an FA at BOC will always have a smaller relative effect. The changes in
WIC were 3.94% + 0.04%/3.63% =+ 0.03%/3.26% =+ 0.04%/2.86% + 0.05%/2.45% =+
0.04%/2.09% =+ 0.03%, respectively.

As in the plutonium removal case, removing one FA results in a change in WIC
comparable to the change incurred during refuelling, but in the opposite direction,
indicating that if the neutron detection system is sensitive enough to detect fuel shuffling
events, it will be able to detect the removal of a FA.
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Chapter 4

Results

4.1 Introduction

In this chapter, the results from the prior two chapters are combined to determine if
it is possible to correlate changes in WIC and normalized neutron counts. It is worth
reviewing the results from the previous two chapters, such that the exact nature of the
data being compared is better understood. A flow chart showing the procedure applied
to the counts data in Chapter 2 is shown below in Figure 4.1, and a sample of the
resulting data is shown in Figure 4.2.

P =,

From MMNR i Data Cleaning Functions
| Detector Timestamp | | Daily [ — )
Detector Counts Aligning Aligning Function F'_';fg%g;”;‘é”_”
(Section 2.4.1) (Section 2.4.1) { el
S Write Counts, Power,

b : ' A and Counts/Power to

/' csv file

FIGURE 4.1: Flow chart showing “data cleaning” proceedure applied in
Chapter 2.

Thermal Power
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FIGURE 4.2: Time series plot of a day of filtered count, power, and counts

per unit power data.

In Chapter 3, a time series of WIC values (typically four or five per day) was created
from the results of OSCARS5 depletion simulations. The entire time series is shown in
Figure 4.3.
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FIGURE 4.3: Time series plot of all WIC data.

From 1.4, recall that counts per unit power and the WIC are proportional, and
therefore for clarity they can be normalized. Although they can be normalized by any
arbitrary scaling, because this work employed two neutron detectors, they should be
normalized in such a way that the results from the two detectors can be compared. In
this case, the mean counts per unit power of the respective detector, over the period
when both detectors were in their long-term observation locations (locations 5 and 6)
were used to normalize the data. Detector NEO2A was placed at Location 6 on September
9th 2021, and removed January 25", 2022. Therefore both detectors were normalized
to their respective means between September 9" and January 25%". Likewise, the WIC
was normalized to the mean of the series between September 1% and April 15", The
period over which the detectors were in their long-term locations spanned six cores, 63C
to 63H, over approximately eight months.

4.2 Weekly Periodicity of Detector Data

Because MNR does not always operate on a consistent Monday to Friday schedule,
the definition of a “week” for this work refers to a continuous series of days without a
shutdown day. As an example, if (instead of shutting down on Saturday and Sunday)
the reactor were operating on Sunday, it would become day 1 of the “week” and Monday
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would become day two. The term “reactor week” is used in the subsequent analysis to
refer to the aforementioned “weeks”. The use of reactor weeks instead of normal weeks
is important to the analysis below.

Before comparing detector data to the WIC, there are trends in the detector data
that must be addressed. By examining the daily detector data, it can be seen that there
is a clear weekly periodicity to the detector data. Data from earlier in the week tend to
have an elevated count rate, on the order of 5% above the count rate later in the week.
Moreover, it appears as though data from midday tends to have a higher count rate than
in the morning or the evening. Figure 4.4 shows this weekly periodicity for all reactor
weeks. That is, this plot features all reactor weeks on the same plot, where every week
is normalized to the mean count of that week. Because the reactor does not startup at
the same time every day, every day of data was aligned such that the startup is at 00:00.
Finally, all the individual days of data were averaged into hours, and the mean of that
hour is plotted below. The black line shows the average of the hourly means for all data
with any counts within that hour range. Figure 4.5 shows a flow chart of the procedure
to produce Figure 4.4

1.075

1.050

1.025

1.000

0.975

0.950

Weekly Normallized Counts [Arb. Units]

0.925

0.900

01 00:00 02 00:00 03 00:00 04 00:00 05 00:00 06 00:00

FIGURE 4.4: Plot of all reactor weeks normalized to their respective
weekly mean counts. All days are aligned so that startup is at 00:00, and
averaged hourly. The black line shows the average of the means for that
hour.
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FI1GURE 4.5: Flow chart showing procedure to produce Figure 4.4.

Before discussing Figure 4.4 further, it is important to understand why the weekly
periodicity must be accounted for: Consider a hypothetical two weeks of data, where
in the first week, there are many data points at the beginning of the week, and fewer
data points at the end of the week (recall that the availability of the detector data is a
limited to whenever the beam ports are not in use), and in the second week, there are
fewer data points at the beginning of the week, and more at the end of the week. Based
on Figure 4.4, if the data were to be averaged weekly, then the mean of the first week of
data would be significantly higher than the second week, simply because of the limited
availability of the detector data.

From conversations with MINR staff, supervisors, and colleagues, it was agreed that
weekly periodicity appears similar to the xenon concentration caused by the day-night
operation cycle at MNR. MacConnachie discusses the use of a correction factor in [10],
similarly, a correction factor will be employed to attempt to allow for the comparison
between days. The xenon coefficient quantifies the effect of the xenon concentration on
the count rate of the detectors, relative weekly average count rate. For each 10 s data
point, a xenon coefficient can be created using Equation 4.1, where C' is the number of
counts (per 10 s time bin), and ¢x. is the xenon coefficient.

C
Ccorrected = ¢X (41)
e

To estimate the xenon concentration at MNR, the Bateman equations for iodine
and xenon were coded and time stepping was performed using the classic fourth-order
Runge-Kutta method as described in [21]. To fit the xenon transient to the detector
periodicity, the detector data was resampled to 15 minutes, and the number of 10 s
in each 15-minute sample was calculated. The SciPy python package non-linear least
squares method curve fitting function was used over the entire final observation period for
both detectors, with the flux (used as input to the Bateman equation), and constants to
scale the magnitude of the oscillations as fit parameters [22]. The 15-minute resampling
was performed to reduce computation time, and the number of 10 s points in each 15-
minute sample were used as weights in the fitting function, using w; = 1//n;. The flux
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was 1.71x10'3 (in good agreement with typical fluxes from OSCAR simulations, which
were approximately 1.5x10'3, and within the acceptable range of “high 1x10'2 to low
1x10'3, no larger than 6x10'3” from conversations with Dr. MacConnachie). After the
fit parameters were determined, the Bateman function was used again, with 10 s time
stepping instead of 15 minutes, to determine the xenon correction factor at each point.

lelq
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Xe Concentration [cm”-3]
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0.25

0 25 50 75 100 125 150 175 200
Hours

FIGURE 4.6: Plot of a sample xenon transient created using the RK4
model from [21]. The final decay is approximately 56 hours, which is
equal to a typical two day weekend shutdown.

Figure 4.7 shows a flow chart detailing the procedure to generate the xenon coefficients.

- s,

Generating Parameters for Xenon Transient

. i A .R | ot I. : ) Curve fit, using 15
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F1GURE 4.7: Flow chart showing procedure to generate xenon coefficients.

There is one complication associated with this method. First, to create Figure 4.4,
each reactor week was normalized to the weekly mean. However, in doing so, the weeks
with more data earlier in the week (when the signal is higher) have larger weekly means,
and consequently, after being normalized, the week of data would be lower than if no
normalization had been performed. In the following sections, the xenon correction is
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applied after discussing the results of the uncorrected data. Despite the aforementioned
complications, the xenon correction factor can reduce the variance between weekly counts
significantly.

4.3 Comparison Between WIC and Uncorrected Normalized
Counts

4.3.1 Overview

Figure 4.8, shows a time series, with normalized counts per unit power and WIC on the
same axis. Both the count and WIC data were first grouped by the corresponding core,
and then by day. Each point represents one day of data, with the standard deviation
shown. NE0043 data is presented as dots, while NEO2A data is presented as crosses and
the WIC is shown as stars. Figure 4.9 shows the proceedure to create Figure 4.8.
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* 63CWIC $ 63C Counts NE0043 X 63C Counts NEO2A
+ 63D WIC ¢ 63D Counts NE0043 % 63D Counts NEO2A
% 63EWIC % 63E Counts NE0043 % 63E Counts NEO2A
* 63F_pl WIC $ 63F_pl Counts NE0043 X 63F_pl Counts NEO2A
1.15 * 63F_p2 WIC 4 63F_p2 Counts NE0043 X 63F_p2 Counts NEO2A
* 63GWIC ¥ 63G Counts NE0043 ¥ 63G Counts NEO2A
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FIGURE 4.8: Time series of normalized counts per unit power and WIC
data on the same axis. NE0043 data are marked by circles, while NEO2A
data are marked by crosses. WIC data are marked by stars.
' Mormalize to mean ' Group by date,
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P ) and WIC, each core
Mormalize to mean Group by date, | as a separate colour |
WIC —»| Detween Sept 1st- | Group by core —»{ compute mean and
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FIGURE 4.9: Flow chart showing procedure to produce Figure 4.8.
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Figure 4.10, shows the residuals of the daily means between the two detectors over the
period where both detectors were in their long-term observation locations. The detectors
agree with eachother to within 1% initially, however, later into 2021, the NE02A detector
begins to observe proportionally more counts, followed by the NE0043 detector observing
proportionally more counts.
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FIGURE 4.10: Plot of residuals between the daily mean of the two
detectors over the period when both detectors were in their long-term
observation locations.

Only the NE0043 counts data will be used in this analysis, as the detector was in its
long-term location for longer. Figure 4.11 contains a plot of normalized counts against
WIC, where each point corresponds to a day of WIC and normalized count data.
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FIGURE 4.11: Normalized NE0043 counts per unit power against WIC
for cores 63C to 63H.

After examining Figures 4.8 and 4.11, the most evident feature is the increased counts
during the 63C and 63D cores. During both cores, the CIF (discussed in Section 1.3)
assembly was in the core at site C5. It is possible that the change in counts during
refuelling was caused by the removal of the CIF site, this possibility is discussed further
below.

4.3.2 Comparison During Cores

Figures 4.12-4.18 show the counts and WIC data averaged by day. The data is presented
as a time series, like 4.8, and as counts against WIC plots, like Figure 4.11, for each core
period individually.
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