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1. Overview

Muon scattering tomography (MST) is a non-invasive method that allows to inspect (large) objects from
a safe distance without the introduction of radiation. It exploits the natural background radiation. By
measuring the incoming and outgoing radiation, the contents of the object under inspection can be
determined. The technique can be used to address many challenges including imaging the contents of
nuclear waste drums.

In CHANCE we developed a mobile muon tomography system to inspect waste drums. We developed
new and improved algorithms to image waste drums. In particular, we focused on the material
identification of blocks of material inside the waste drums, on the detection of small gas bubbles in
waste drums and inspection of CASTOR drums.

Despite issues out of our control with the experimental setup, we have made significant improvements
in the field. We published 10 papers in the field, 1 more was submitted recently and 1 more is in
preparation, gave 14 conference talks and three PhD theses are in preparation.

During the project we aimed for a deployment of the system. We have spoken to several waste
management organisations, however with the Covid-19 situation a deployment could not be realised.
We did raise the profile of muon tomography. Several new projects have spun out of the CHANCE
program as well.

This document starts with an introduction to muon tomography. Next the experimental system is
presented. This is followed by an overview of our work on novel algorithms. Then the deployment plans
are discussed followed by raising awareness and future and current muon tomography projects that are
a result of the CHANCE project.

2. Muon tomography

As part of the CHANCE project, work package 4 the Muon Tomography work package, we built and
operated a mobile muon tomography system using RPCs and drift chambers and operate it in a non-
laboratory environment. This report details the performance and challenges in the realisation of the
system.

Muon scattering tomography (MST) is a non-invasive method which shows a great potential to produce
3D images of closed objects from a safe distance. MST uses cosmic rays as probes. Cosmic rays are
high energy, charged particles which come to the Earth’s atmosphere from outer space. In the
atmosphere, cascades of new particles are produced. The main type of particles that reach sea level are
muons. Muons are identical to electrons, but 200 times heavier. Muons can go through large amounts
of material as they do not scatter very much due to their high mass.
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Muon tomography is being developed for many different applications, both using Monte Carlo
simulation studies and experiments. A focal point of muon tomography is the characterization of nuclear
waste drums and related security applications, where contents of concrete or bitumen filled waste drums
are studied. Key issues here include the potential presence of gas bubbles in the matrix of the waste
drum [1] and identify the material inside the drums [2, 3, 4]. Security applications were mainly focused
on detection of lumps of high-Z material in cargo containers [5, 6], but work on the detection of
explosives is ongoing as well [7]. Examples of MST trials include experimental studies of concrete
blocks [8, 9] and detection of rebars in concrete walls and floors [10].

The main advantage of muon tomography is its non-invasiveness, no additional radiation is introduced
to perform the scan. Furthermore, cosmic radiation is abundant. The cosmic muon flux at sea level is
about 10000 m~?min~t [11] and has a wide angular and momentum spread, see figure 2.1. Cosmic muons
are highly penetrating, so they are perfect in situations where the tested volume is shielded by a layer of
metal or rock. Furthermore, since muons are charged particles, they are relatively easy to detect.
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Figure 2.1: Muon intensity as a function of muon momentum, where & is the zenith angle. Taken from
[12].

When traversing material, Coulomb interactions take place between the muons and the nuclei of the
material. As a result, muons exit the material under an angle. The angular distribution of scattering of
muons can be described by a Gaussian distribution with a mean of zero and a standard deviation g
described by [13]:

13.6 MeV T T
oo = =2 /X— |1+ 0.038n (X—)] (2.1)
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where p is muon’s momentum, S is muon’s speed divided by the speed of light ¢, T is the thickness of
the material and Xj its radiation length. A is the atomic weight of the medium in g/mol. The standard
deviation depends on the atomic number, Z, of the traversed material. Under the assumption that
scattering occurs in single locations and by reconstructing the incoming and outgoing trajectories of the
muons, the scattering angle distribution can be reconstructed and thus information about the traversed
material can be extracted.

There are two ways to utilize muons: one is to record the number muons absorbed in the material, which
is known as radiography, and to measure the scattering, which is known as muon tomography. The
radiography is particularly relevant for the scanning of large objects like waste silos. Radiography
returns density (contrast) information. Muon tomography is utilized for objects like waste drums up to
cargo containers and can provide more information on the scanned object. Muon tomography requires
measurement of the incoming and outgoing muon path and thus can only provide information on the
volume sandwiched between two detector systems. Muon radiography only requires measurement of
the transmitted muons. As a result, very large objects can be scanned with only one (small) detector
system.

Muon tomography requires both the incoming and outgoing muon trajectory to be measured. Hence, the
object under inspection needs to be covered on both sides. As muon tomography relies on reconstruction
of the scattering angle, the key parameter for the detector system is the angular resolution of the upper
and lower detector system. As such, a poor hit position resolution can be compensated for by increasing
the distance between the measurement planes. That typically requires large area detectors. Due to cost
reasons, these detector systems are either gaseous [14, 15]* or scintillation detectors see for example
[16]. Several types of gaseous detectors are in use: resistive plate chambers (RPC), drift chambers and
drift tubes are the most common. There are two types of scintillator-based detectors in common use. All
aforementioned technologies provide large area detector systems with good performance for reasonable
cost.

2.1 Imaging algorithms

All muon tomography imagining algorithms rely on the reconstruction of the scattering angle of the
muon, see figure 2.2. They all differ in how the information is processed. In our work, we are building
mainly on the Angle Statistics Reconstruction algorithm (ASR), see section 2.1.2, and the Binned
Clustering algorithm (BC), see section 2.1.3.

1[15] is an output of the CHANCE project and can be found in Appendix A.1 as well.
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211 PoCA

In the simplest approach, called the Point of Closest Approach (PoCA) algorithm, multiple scatterings
of a muon are modelled as a single scattering at a single point (‘scattering vertex’), see figure 2.2. The
scattering vertex is found by extrapolating the incoming and outgoing tracks and searching for a point
at which the distance between them is minimal.

To obtain a 3D image, the scanned volume is divided into cubic voxels. The number of scattering
vertices and the scattering angle reconstructed in each voxel depends on the radiation length of the
material in that voxel. Thus, analysis of the density of scattering vertices, their distribution and
distribution of a scattering angle provide means to discriminate between material with different atomic
number Z.
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Figure 2.2: lllustration of scattering vertex reconstruction of a muon.

In the POCA algorithm, the image is obtained as a 3D density map of the scattering vertices, sometimes
weighted by a value of scattering angle. Such an approach is simple, but it suffers from intrinsic noise
due to single-scattering-point approximation.

2.1.1  Angle Statistics Reconstruction Algorithm

Unlike the POCA method, the ASR algorithm [17] assumes that when a muon travels through the 3D
voxel grid, itis likely to experience many small scatters. The ASR thus avoids the underlying assumption
of the PoCA algorithm that a muon only scatters inside a single vertex. The Angle Statistics
Reconstruction (ASR) algorithm was developed to mitigate the effects of using the PoOCA method’s
inaccurate approximation of the muon trajectories. This has been achieved by applying a minimum
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chosen distance (D) between the reconstructed muon trajectories and the centre (c) of a voxel, therefore
only voxels that lie within the chosen distance are considered. Any voxel that is located beyond the
chosen distance D, will be neglected. The minimum distance is determined by

D, = max(min||a(z) — c||), min (||b(2) — cl|)) (2.3)

where a(z) and b(z) represent the fitted trajectories of the incoming and the outgoing muons,
respectively. A threshold distance of (d:) is chosen, ideally it is the same size as a voxel so that all
voxels that have D, < d¢, will be assigned a discriminator score. For each voxel and each muon with
momentum of (p), the projected scattering angles on the x-axis and y-axis (6. and 6, respectively) are

used to generate two scores S; = (|6,|p) and S, = (|6y|ﬁ) where p is the muon’s momentum according
P
Pnorm

resulting in a distribution of the S1 and S2 scores for each voxel. For each voxel the final distribution of
scores is taken and an ASR discriminator score is assigned to be that of the third quartile (0.75) of the
distribution and this value will be referred to as the ASR discriminator. These final discriminator scores
are subsequently used to locate voxels in which high-Z materials might be present.

top = where prorm = 3 GeV. This is repeated for all muons passing through the object of interest

2.1.3 Binned clustering algorithm

In our studies, we developed more advanced methods, based on the Binned Clustering (BC) algorithm
[5]. It builds on POCA and exploits the spatial density of scattering vertices to improve image resolution
and quality.

The Binned Clustering algorithm employs spatial density of large scattering vertices to discriminate
between materials of different densities. In denser materials large angle scatters occur more often, hence
the density of high angle scatters is higher.

The principle of the BC method is as follows:

1. The volume is divided into voxels (for instance cubes of side length 1 cm) and location of
muon scattering vertices is calculated within each voxel.

2. Within each voxel, scattering vertices are sorted into descending order by the scattering angle.
The first n entries in the list are kept and the rest discarded. Voxels with less than predefined
value of n scattering vertices are discarded.

3. For each pair of vertices i, j in each voxel, a metric value m; ; is calculated as

iyl
m;; = e (2.4)
Where vi, @ and pi are respectively, the scattering vertex position, scattering angle, and momentum of
muon i. Then, |v; — v, | is a metric distance between vertex i and j.
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For high-Z materials the density of the scattering vertices is higher (this the distance between voxels is
shorter) and scattering angles are larger thus the metric value is lower. The original BC method uses
median of the In(m;; ) distribution in a voxel as a material-discriminating variable. In our studies, we
adopted slightly modified definitions of the discriminator to maximize performance for low-Z and high-
Z object identification.

3. Muon tomography detector system

In CHANCE it was chosen to produce a system based on both Resistive Plate Chambers (RPCs) and
Drift Chambers. The design is shown in figure 3.1. There is a lot of expertise on RPCs and drift chambers
at both the University of Bristol and the University of Sheffield, see for example [18, 19, 20]. Details
are given in CHANCE Deliverable 4.1.

Plastic

RPCs scintillator

Drift
chambers

Figure 3.1: The design of CHANCE MST detector with an example of a muon showing the angle between
the incoming and outgoing direction.

The system consists of 30 Resistive Plate Chambers (RPCs), see section 3.2 for details, 18 Drift
Chambers, see section 3.3 for details and trigger panels, see section 3.1 for details. The panels are located
in two perpendicular orientations, namely X and Y: each orientation detects hits in the (X, Z) and (Y,2)
planes, respectively, together forming a 3D track. It was chosen to operate the detector in a non-
laboratory environment. The detector is hosted at the Fenswood Farm, 5 miles south-west of Bristol,
UK.
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During the project, there were 2 different experimental configurations used. Configuration A
corresponds to trigger panels, drift chambers and 4 layers of RPCs, and Configuration B consists of
trigger panels, drift chambers and 5 layers of RPCs. Figure 3.2 (left) shows the Configuration A of the
system, while Configuration B is presented in Figure 3.2 (right). Figure 3.2 (right) also shows a mock-
up drum during the experimental program. The 300 L drum has a diameter of approximately 66 cm and
a length of 88 cm, and it was positioned in the center of CHANCE muon tomograph system.

3.1 Trigger system

Both of the tracking subsystems of the CHANCE detector require an external trigger to know when the
muon crossed through the detector and initiate a readout cycle. This is especially important for the drift
chamber subsystem as it is used in time of arrival calculations.

s . _\}1 ., e

Figure 3.2: THe CHANCE dete_ct_or at Fenswood Farm in the first barn (configuration A) and the second
barn (configuration B).

To provide an external trigger to the CHANCE subsystems, two scintillator trigger paddles are used. As
shown in figure 3.3, they comprise of 300 20 cmx20 cm injection moulded plastic scintillator tiles
arranged to form a 200x200 cm scintillating trigger paddle. To provide a reliable trigger for muons that
have passed through the muon tracking subsystems, and reject background noise, a coincidence
discriminator unit is used to ensure that both scintillator paddles are triggered within a short timing
window. This coincidence discriminator is provided by a unit developed by the University of Bristol.
The trigger signal is issued to each of the separate tracking subsystems. In addition to this basic
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coincidence logic, busy signals are provided by the RPC and drift subsystems so that no trigger signals
are issued whilst either subsystem is busy, helping to synchronise the trigger event indices between the
two subsystems. The coincidence detection rate for the system is approximately 40 Hz during normal
operation.

Figure 3.3: Single scintillator trigger paddle consisting of layers of scintillating tiles readout with wave-
length shifting fibres.

3.1 RPC system

An RPC essentially consists of a chamber filled with gas under a high voltage (HV). When a charged
particle traverses the gap chamber, ionisation takes place. Under the influence of the high voltage, a
current pulse is produced. This induces a signal on pick up strips on the outside of the sensor. These
signals are read out to detect the particle and reconstruct where it traversed the detector. An image of a
single RPC is shown in figure 3.4. Figure 3.5 shows an RPC layer inside the CHANCE system.

Figure 3.4: Exploded view of an RPC (left) and an assembled RPC (right).
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The large chambers were manufactured by an external glass company and tested in our laboratories to
ensure that they all passed minimum quality criteria. The top and bottom surfaces of the RPCs are coated
with conductive paint, Statguard Conductive Acrylic Paint, to create a thin film with surface resistivity
of 105Q/m2. The film is used to create a uniform electric field within the gas cavity by applying HV to
it. Two sheets of 1 mm thick PETG are glued to the RPCs to insulate the HV planes. Each RPC is
mounted on an aluminium tray to increase its mechanical rigidity. The trays are designed to be slid in
position on a larger mechanical support and to host the front-end electronic boards.

A single PCB with 1.68 mm pitch readout strips is glued on the top of each RPC. 320 strips run along
the length of the PCB and are read out by a single board [21], designed in Bristol, which digitizes their
signal and transmits them to the DAQ. Each board hosts five MAROC readout chips [22], each one
connected to 64 strips. When a trigger signal is received, see chapter 3.1, the inputs are digitized using
the 12-bit Wilkinsons converters built in each MAROC and the samples are stored in a buffer to be read
by the DAQ system. The trigger signals are distributed via HDMI. The communication between DAQ
and front-end boards is based on the IPBus protocol [23] and is performed using a standard giga-Ethernet
connection. The RPC data acquisition software is written in Labview[24]. It reads the data from each
RPC and stores it in a binary format. The RPC panels are powered by a high voltage power supply,
applying a maximum of £5kV to each side. Each readout board is powered by a dedicated low voltage
power supply. For each trigger the RPCs are read out, the signals of all strips stored and the data is
analysed off-line.

JRAALN .

a'ﬂn_

Figure 3.5: An RPC layer inside the CHANCE system.
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3.1.1 RPCdrift gas

These systems have achieved spatial resolutions better than 500mm and efficiency above 95% when
flushed at a rate of 25 ml/min with a mixture of Tetrafluoroethane R-134a (95%) and Iso-butane (5%)
at a pressure of about 500 Pa (2 inches of water) above the atmospheric pressure [18]. R-134a is a very
good gas for RPCs. In R-134a on average 81.6 electron-ion pairs are produced per mm as primary
ionisation [25]. The primary electrons then undergo multiplication processes to generate the signal.
Unfortunately, R-134a is very bad for global warming. Due to stricter environmental regulations coming
into force during the CHANCE project, we were forbidden from using R-134a. It became impossible to
buy R-134a in the UK without a special permit, which we did not get. To keep using R-134a would
required the installation of an abatement system. We requested an informal quote for such a system,
which was around £200,000. We did not have the budget to buy such a system. In addition, it would
have required significant works on site and it was not clear we would be able/allowed to install such a
system.

As we could no longer use R-134a, it was decided to switch to CO- instead. CO; only has an average of
35.5 electron-ion pairs are produced per mm as primary ionisation and 91 electron-ion pairs are produced
per mm in total [26]. There are many RPC systems that successfully operate with CO,. As such the
signal in the CO; filled RPCs is much lower (around 5-10 times) than expected when designing the
system, which lowers the hit efficiency dramatically. To get a good efficiency with CO; requires a
combination of either a thicker gap, so more total ionisation takes place, and/or a larger electric field
and thus a much higher high voltage. This problem is not unique to us. Many groups and systems
operated around the world have encountered the same problems. There is a lot of work being done trying
to find environmentally friendly and affordable alternatives, see for example [25, 27, 28, 29], but they
are not (yet) available at a price and bottle size that made using it viable. As a result, we had to decide
to increase the RPC voltage as much as we could and accept the lower efficiency in the hope that a better
alternative became available soon.

Meanwhile a new environmentally friendly alternative has been discovered. The paper [30] appeared in
December 2021 on ArXiv. In order to use this gas, we would still need to apply for a permit to use it,
which takes about three months. In addition, BOC (our gas supplier) cannot deliver these gasses at the
moment as they temporarily only fulfil existing contracts due to staff shortages.

3.1.2 RPCdata

When a coincidence trigger arrives, RPC events are written to disk. The data are subsequently processed.

Events are selected based on timestamps: all timestamps occurring in a data file are scanned and
corrected, see section 3.2.2. The occurrences of each timestamp are counted, and only events with a
minimum of 3 hits detected by different boards are processed.
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The process is composed of different steps, including consecutive and more accurate estimation for the
average signal (pedestal) and the background noise:
e Average signal and standard deviation, representing a first estimation of pedestal and noise, are
calculated using all the events recorded by each board.
e Using the first estimation of noise and pedestal, hits are found as signal exceeding pedestal +
4 x noise
o Since the presence of a hit causes pedestal over estimation and poor noise calculation, hits found
in the previous step are excluded, and a second estimation for noise and pedestal is evaluated.
o Hitfinder is run again using the second estimation, and hits are excluded. Pedestal is subtracted
from the signal, and “common mode” is calculated as the average signal in each MAROC, and
corrected in the pedestal-subtracted signal; the resulting signal baseline should at this point be
around 0. The last estimation of the noise is performed
e After pedestal and common mode subtraction, hits are found as signal exceeding 4 * noise. For
each hit, maximum position, start and stop coordinates are stored.
The pipeline can be summarised as follows:
1. first estimation of pedestal and noise item hit exclusion and second pedestal and noise
estimation
2. hit detection, pedestal subtraction, common mode correction
final noise calculation
4. final hit detection

w

—— raw signal
after pedestal subtraction

—— common mode correction

3500
3000
2500
2000

1500

7 \

0 0 100 150 200 %0 300
strip no.

Figure 3.6: An event at different stages in the data processing pipeline.

Figure 3.6 shows an example of a detected hit, during three different stages of the pipeline. Some
corrections are needed before applying the hit finding pipeline, and are described in the following
sections.
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Timestamp corrections
Timestamps are encoded in the int-32 format, starting from a random small non-zero value. A few
consecutive corrections are applied to obtain compatible timestamps from all the readout boards.

First event correction

Sometimes, the first event recorded by each readout board is a random value, incompatible with what
recorded by the other readout boards. When this happens, the event ID is also different from the expected
value (usually O or 1). In this case, the first event in the board is skipped, and all event IDs are shifted
back to 0. Figure 3.7 shows a zoomed plot of timestamps as a function of the event ID, to draw the
attention on the first events, where the issue occurs. While the raw timestamps saved in the files are not
exactly the same for all the readout boards, the time difference between each recorded event is the same.
To compare timestamps occurring in each readout board, all remaining events, after skipping the first
one, are brought to a common start by subtracting the first timestamp. Resulting “corrected timestamps”
are now comparable, and differ by +1 or £2 at most.

1e8 Corrected imestamps 129 Raw timestamps

0 1 0 1 2
event id event id

(a) raw timestamps (b) corrected timestamps
Figure 3.7: Timestamps before first event correction (left) and after skipping the first event (right),
showing only the first events, where the issue occurs. Before applying the correction, some boards
present a first event with a random high ID, while events from event ID=1 on are correct. After the
correction, all events have a common start (event ID=0), and are compatible until the end.

Timestamp overflow correction

It often occurs that during data acquisition the timestamp value reaches 2%, that is the maximum value
that can be stored in that numerical representation. When this occurs, the following timestamps in the
same data file roll over. After the restart, timestamps are not comparable anymore, as the starting point
is different in each board. A second correction is applied, after converting the data to int-64, by adding
multiples of the overflow 232,
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Figure 3.8: Timestamp overflow correction.

Signal overflow correction

The ADC signal is capped at 4096. When in an event the signal in ADC counts exceed that value, the
signal for those strips is saved as 0. As this usually happens when a big hit occurs, a correction is needed
to recover a hit that would otherwise be missed by the pipeline. A simple workaround is joining the top
part of the peak, resulting in a square hit. This can be detected by the hit finder.

—— raw data
3500 — fixed overflow

3000 | |
2500 |

2000 |

ADC counts

1500 l

1000 |

500 N [ [———— -

0 50 100 150 200 250 300
strip no.

Figure 3.9: Signal overflow correction resulting in a square hit.

MAROC reordering
Some issues in the way MAROC chips are connected to the 64-strip blocks were found, which
sometimes resulted in split and misplaced hits between two MAROCs. To solve this, the order in which

data is processed from each MAROC is changed in the following way

0,1,2,3,4)—(0,3,4,2, 1)
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Resulting shift of signal hits can be seen in fig. 3.10. This improves the hits alignment in consecutive
boards, as well as recovering split hits occurring at the edge of consecutive MAROCS.

3.1.3 Muon track reconstruction

Muon tracks are found by combining hits on consecutive layers. Hits that are found by the hit finding
pipeline are then processed to search for muon tracks. Strip positions are converted to global coordinates
(X, Z) and (Y, Z), using the size of each RPC, and their position in the detector. The tracking pipeline

is:
e hits are collected in each event;
e global coordinates and layer id are calculated

for every hit;

e if more than a given number of layers contain hits (usually 3), a global fit is calculated using all

hits;

e if more hits occur on the same layers, all possible combinations of 1 hit in each layer are
calculated; of all the global fits, the best, defined as the fit with the minimum chi-square is

chosen as the final fit. The slope of the best fi

tis saved;

o if more than 4 layers contain hits, two local fits, namely top and bottom are calculated.

Figure 3.11 shows an example of a reconstructed track.

raw data

ADC count
=
3

ADC count

o s0 100 150

Strip na.

200 250 300

|
A / St Lo
b e,

ey

e
gt VA e

reordered MAROCS

1

Ao
LR T A
P r'\_»'y.-*.\-"w'r\-‘-".IJ‘-\.

o s0 100 150

Strip na.

200

250 300

Figure 3.10: An event before and after the MAROC reordering. The reordering recovers a split hit.
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Figure 3.11: Example of a reconstructed track, for y layers (left) and x (layer), respectively. The blue
lines are the global fits, calculated using all hits belonging to the "best track™ (least 42), and the top

and bottom tracks are shown in red.
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3.1.4 RPC performance

Tracks obtained by the analysis pipeline are used to evaluate the detector tracking performance, and the
efficiency of each panel by itself. For the results presented here, data collected in 8 months between
June 2021 and February 2022 are used. Performance variables like the number of hits per track, the
residual distribution

Number of hit layers per track

The muon track search starts if at least three different layers have hits. Ideally, good track contains a
minimum of five hits, i.e. one per available layer. Around 10 thousand tracks were obtained in the
analysed sample. Figure 3.12 shows the distribution of the number of hits per track. The graph shows
that the system works well for the detectors in the y-direction, but there is an inefficient layer amongst
the detectors in the x-direction. To perform tomography with RPCs only requires at least 4 hits in the
xz and in the yz plane.

No. hits per track
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so0 | 1 y-layers
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Figure 3.12: Distribution of the number of hits per reconstructed track. There are a few tracks with 5
hits, but most tracks have 4. Y-layers have the highest number of tracks.
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Figure 3.13: Distribution of the global fit residuals.

Residuals distribution

Residuals distributions are calculated to evaluate the how good the hit position reconstruction is. In the
case of multiple hits occurring in the same layers, only the hits of the best fit are selected (i.e. the fit
yielding the least x?). The results are shown in figure 3.13, confirming the better performance of the y-
layers. However, the distribution is quite wide.
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Signal-to-noise plots

In the absence of an external signal source, like cosmic muons, every strip yields an output that varies
according to a Gaussian distribution around the pedestal of a strip. The standard deviation of the
distribution is the noise of the strip. Hence, a distribution of A for all events where

output; x—ped;

A= (3.1)

noise;

where is the output; is the raw output of the strip i in event k and their respective pedestal and noise,
a Gaussian with a mean of 0 and a standard deviation of 1 is obtained. The cosmic muons will add
positive signals to several strips in each event. Plotting A for each MAROC shows whether the pedestal
and noise are calculated correctly and show an excess on the positive side due to signals. Figure 3.14
shows examples of these plots for several RPCs. The graphs for e.g. board 8 show that for all 5 MAROCs
the pedestal and noise have been calculated correctly. In addition, the large number of excess hits for
MAROC 2 show that a large number of hits will be detected with a > 5¢ signal cut. On the other hand,
board-1 and board-2 are examples of boards that did not collect many hits due to inefficiencies.

3.1.5 RPC performance summary

As shown here and will be shown in section 3.4.3, most of the RPCs are working well after solving
some minor issues and implementing appropriate corrections. Unfortunately, the hit efficiency is low
due to the use of CO; as the drift gas. CO; provides a signal 5-10 times lower than R-134a. This could
only be recovered to a small extent by an increase in high voltage. We used the highest voltages possible
below break down.

3.2 Drift Chambers

The CHANCE Drift Chamber tracking system provides a measurement of the muon trajectory below
the region of interest by reconstructing the muon crossing position across 6 layers of drift planes. Each
of these drift planes consists of three individual 60 cmx180 cm drift chambers placed next to one another
to form a 180 cmx180cm detection plane.

3.2.1 Operating Principle

The 60 cm x 180 cm enclosed drift chambers used in the CHANCE detector allow the detection of a
muon crossing position with approximately 2-3 mm resolution by measuring the time taken for
ionisation electrons produced inside the chamber to drift to a centrally located anode wire. As shown in
in figure 3.15, a cathode plane shapes the electric field in each chamber to produce a stable electric field
up to 30 cm away from the anode wire. The gas volume inside each chamber is flushed with a mixture
of 5% CO, 2.5% Methane, and 92.5% argon, which provides a stable drift velocity over a wide range
of electric field strengths.
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Figure 3.14: Signal-to-noise plots for four boards. (a-b) show cases with none or very few hits collected;
(c-d) show well-behaving panels, where collected hits are the tail to the right of the distribution.

If the original time the muon crossed the chambers is known, for example from an external trigger, then
the time difference between the crossing time and the time of arrival for the electron drift cloud, provides
a process measurement of the crossing position. Each chamber has a built-in preamplifier circuit next to
its high voltage feed throughs that converts the drift electron signal on the anode wire to a voltage output
pulse.

Because of the long drift distances only a single readout channel is needed for a 60 cm wide chamber.
This makes single wire drift chambers an economical way to instrument large area muon tracking
systems. The two drawbacks in this long drift distance design is that oxygen ingress in each chamber
needs to be kept to a minimum, and no information is available on whether the drift electrons came from
the left or right side of the wire. This creates what is referred to as “ghost” hits in the chamber. This is
corrected for by introducing a 3 cm offset between drift chamber layers on consecutive layers. This
offset can be used to distinguish individual tracks as typically for muon candidate events only a single
combination produces a valid straight line fit result. The track residual, the average distance between
each hit identified hit and a straight line fit, is used to identify the combination of drift chamber hits
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most likely to be due to a crossing muon. As shown in figure 3.16, due to the relative chamber offsets
in the middle layer, only a single combination of hits produces a straight track pointing to the right with
a low track residual. Without this offset, two tracks one pointing left and the other pointing right, would
both be equally valid straight tracks with no possible way to discriminate which was the true muon

trajectory.

Scintillator Trigger

Cathode Pads

Anode <

Muop, Tracy,

30cm

Figure 3.15: (Top) Drift chamber operating principle. Muons produce ionisation electrons inside the
drift gas volume, which drift in a constant electric field to centrally located anode wire. The time taken
to reach the anode wire, relative to an external scintillator trigger time, is used to infer the muons
crossing position. (Bottom) Equally spaced cathode pads at voltages starting at 3800 V that drop with
distance from the central anode, results in a uniform drift field with smooth drift lines leading toward

the centre of the chamber.

3.2.2 Hit Position Finding
Event samples containing the maximum ADC value on each channel within the timing window need to
be further processed to produce valid hit positions. Because the digitiser software saves the first time
the maximum 12-bit ADC value occurs, there is a natural bias for noise hits due to baseline tipple to
occur at the start of the timing window as shown in the trigger time distribution in figure 3.18. The
region of interest for the drift chamber readout shown in figure 3.18 is between samples 400 and 2000.

Additional data is taken outside of this region of interest during normal operation so that a baseline fit
can be performed to determine the natural slope in the trigger time distribution and remove it.

The natural baseline ripple is also clear in the raw data in figure 3.18. This is corrected for by placing a
cut on the minimum ADC value that constitutes a hit. This cut value is automatically placed 30 mV
above the average baseline ADC value for each channel. Finally, cuts are placed on the minimum and
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maximum time relative to the external trigger, to rejects drift evens that should not be associated with
the given trigger due to noise or back-ground pileup. As shown in figure 3.18, the addition of these cuts
produces a corrected timing distribution with a flat timing distribution corresponding to a uniform drift
velocity when moving away from the anode wire.

No Offset

|
|
|

Figure 3.16: Track reconstruction example for a drift chamber subsystem. The true (green) and ghost
(red) hit positions are shown for example MC simulation events. As shown in the top figure, without any
chamber offset, based on the hit positions alone there is no way to distinguish which is the true muon
trajectory. As shown in the bottom figure the introduction of a 3cm middle layer offset allows the
tracking residual to be used to distinguish the true muon trajectory by looking for a straight line fit.
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Figure 3.17: Example pulses from seven of the individual drift chambers. Chambers 1 and 4 (directly
above one another), have both triggered at slightly different times, likely due to a high angle track.
Given the large timing window necessary to readout each chamber, it is not feasible to save the entire

6000 sample long pulse for each event.
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Figure 3.18: Drift chamber timing distributions before and after baseline and maximum ADC value
corrections.

After these corrections, hit positions are obtained by simply multiplying the drift time (the time of each
triggered channel relative to the external trigger time), by the chamber drift velocity, 0.0126 cm/ns. This
velocity is obtained empirically from the data for each chamber, by looking at the maximum drift time
obtained during normal operation and averaging across all chambers. Example converted drift positions
obtained for one chamber are shown in figure 3.19. The final distribution is a flat distribution extending
out to +33cm away from the anode wire. It is exactly symmetric due to the lack of knowledge of whether
any hit occurred on the left or right side.
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Figure 3.19: Drift chamber timing distributions before and after baseline and maximum ADC value
corrections.

As discussed earlier, following the conversion of drift times into possible hit positions, an additional
tracking residual cut is then needed to determine the true muon trajectory. Figure 3.20 shows an example
of one of these track fits for real data, with chamber positions overlaid on top.
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Figure 3.20: Track reconstruction example for the drift chamber subsystem. The valid and ghost hit
positions are taken from an example event in the real system data. The extent of each chamber and
approximate location of its anode wire has been overlaid on top. The combination of hits highlighted in
red are the only ones that have an average track residual less than 3 mm.

3.2.3 Deployment issues

After our initial commissioning phase, a drift chamber plane in the bottom half of the system developed
a problem. It was decided to replace this layer by a new drift chamber. This new layer first needed to be
produced and then installed.

Later on, a drift chamber layer in the top part of the system developed problems. It was decided not to
replace it by another drift chamber but by another layer of RPCs. This caused delay as the RPCs needed
to be produced from the bare glass RPCs. The installation of the layer was delayed as the connectors
were not available due to Brexit. When they became available, installation was not allowed as the
country was in lock down and Covid access restrictions applied. In the final operational phase of the
system, data was taking with 5 layers of RPCs and one drift chamber. The choice was mainly motivated
by the need to get the system up and running again as soon as possible. At the time, the drift chamber
experts from the University of Sheffield were not allowed to travel to Bristol due to UK government
Covid-19 policy. As such, we had no alternative. It would have been more beneficial to replace the drift
chamber by another drift chamber if we could have been sure that the experts could visit the system to
install the new drift chamber.
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3.3 Global Tracking

Due to differences in the control software between the RPC and Drift Chamber subsystems data
acquisition is kept separate up until the global matching and track fit stage. Data is obtained
independently from both systems, with their trigger indices are kept approximately synchronised by
sharing a common global trigger from the discriminator unit. This allows an additional data processing
stage to be run offline to match up the data from both subsystems before reconstructing global tracks of
the muons trajectory above and below the imaging volume. The offline process is split into 3 stages;
trigger matching, locale track fitting, final global point-of-closest approach calculation.

3.3.1 Event Trigger Matching

The global trigger system keeps the total event count between the RPC and Drift System approximately
synchronised, however due to unexpected delays in data acquisition occasionally either system can miss
a global trigger input. Most commonly this occurs due to a reconfiguring of the RPC front end boards
after each new data file. This problem is less common for the drift subsystem, since the front ends of
the drift chambers are analogue only and the data acquisition of the drift chamber system is performed
on a single 32 channel event buffering digitiser. The trade-off between the two is that the drift chamber
system is far less portable and reconfigurable than the RPC system due to lack of integrated front end
boards.

Build up of trigger “misses” on either system due to unsynchronised dead time result in a gradual drift
in the trigger count on the drift chamber system relative to the RPC system that must be corrected for.
This is possible by recognising that aside from regions where the system is in an unsynchronised dead
time state, the time difference between two consecutive triggers inputs should be the same on both
subsystems. Therefore, if graphs of the time differences between triggers are created for small subsets
of the RPC event sample (typically 100 events), it is possible to find a matching timing graph within the
Drift Chamber event sample. These timing graphs are referred to as “timestep signatures”, and are shown
in figure 3.21.

An automated timestamp signature matching procedure has been developed that can reliably match the
trigger indices between the RPC and Drift Chamber Systems and output combined hit position data for
further processing. The trigger matching efficiency is found to be 96.4%, where the 4% drop in
efficiency comes from missed events at the start or end of the RPC data stream due to unsynchronised
system dead time.

3.3.1 Global Track Fitting

Global Track fitting is performed in a similar fashion to each subsystems individual track fitting. First
hits are divide into corresponding “locales”. These are top-X, top-Y, bot-tom-X, and bottom-Y
respectively. An individual track fit is then performed in each of these locales to obtain the 1D track
gradient and vertical offset, before these are merged to form a 3D muon trajectory above and below the

CHANCE (D4.5) - FINAL REPORT WP4
Dissemination level: PU

Date of issue of this report: 22/4/22 © CHANCE




C HAN CE D4.5 - FINAL Written:

REPORT WP4 Organisation: Version:

Issued: Page(s):

20

imaging volume. Whilst a global track fit could be performed in 3D space to try to obtain a scattering
point within the imaging volume, this split-locale approach allows us to also consider events that may
have formed a valid track in 2 of the 4 locales and attempt to use this information to improve the speed
at which a useful imaging data set could be obtained.
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Figure 3.21: (Top) Example time step signature for a small sample of RPC events showing the
correspondence obtained when the trigger indices are in sync. (Bottom) Trigger synchronisation is
achieved by scanning all possible trigger indices within a drift chamber output file and finding where
the RPC time step signature closely matches.

For the top-X, top-Y, locales, only a two RPC layers are present, therefore the track fit is a simple
straight line approximation between the obtained hit positions within each log-scale. The bottom-X and
Y locale track fit is slightly more complicated due to the inclusion of three additional drift chamber
layers. Inclusion of these layers is important as the drift chambers in the bottom-Y locale provide
additional 3-point tracking information, allowing a confirmation that the detected tracks are indeed due
to a crossing muon. Since the drift chambers provide two possible hit positions (a normal and a “ghost”
hit), the trackfit must consider all possible hit combinations for the bottom-X locale before choosing a
track with a tracking residual less than a chosen threshold.
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3.3.2 Implementation

We developed the global track fit at the beginning of the project, when we were expecting to run with
R-134a for the RPCs and thus a large amount of good tracks. After installation of the system and
suffering from the R-134a ban, see section 3.2.1, our efficiency was lower than expected. In addition,
the drift chambers developed issues and in the end one was replaced by an additional RPC layer, see
section 3.3.3.
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Figure 3.22: Heatmap showing for each board the length of the track it belongs to. Most tracks have 4
hits, and the Y layers have a higher detection efficiency than the X ones. Missing hits are also shown in
the 5-hit track and 4-hit tracks case.

Around that time, we identified the RPC timing issue, see section 3.2.2. After solving that and the fifth
RPC layer was installed, it was more practical to perform tracking with initially the RPC system only
and later on combine the drift chamber information. Figure 3.22 shows an overview of the tracking
performance for each RPC. It shows for each RPC how often it was part of a full 5 hit track, how often
it was part of a 4 hit track, how often it was missing on an otherwise good 4 hit track, how often it was
part of a 3 hit track, how often it was missing on an otherwise good a 3 hit track. Ideally, all RPCs are
only part of good 5 hits tracks, but this is clearly not the case. Some RPCs are not responding well and
are not often recording a hit, for example RPC 16 and 17, while RPC 2, 6 & 7 are showing a lot of hits
on 4 hit tracks. The results indicate that we have recorded a small but good sample of tracks, but also
that there are parts of the detector system that do not provide (many) hits.

3.4 Experimental Programme Challenges

As reported during the reporting cycle, we have experienced several major challenges severely affecting
our experimental programme. We have tried to mitigate their effects to the best of our abilities and
pushed to get the best possible results out of the system before the end of the project. Unfortunately, we
were not successful and have only managed to obtain a small sample of muon tracks.

We have reported the causes for our delays and difficulties in the CHANCE progress reports. Here is an
overview of the key challenges.
e Our foremost problem with the RPC system was the chance in environmental regulations
preventing us from using Freon, see section 3.2.1. This change in legislation only became
apparent after the start of the programme. Freon is an excellent gas for RPCs. When running
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our pre-CHANCE prototype with Freon, chamber efficiencies of well over 95% were obtained,
see chapter 3.2. Freon yields on average 81.6 electron-ion pairs are produced per mm as primary
ionisation, which then multiply while travelling through the gas gap. We needed to switch to
CO; which only has an average of 35.5 electron-ion pairs are produced per mm as primary
ionisation and 91 electron-ion pairs are produced per mm in total. This results in most probable
signal of a factor 5 — 10 lower than when using Freon and thus a major decrease in efficiency.
Other allowed gasses have similar performance to CO,. To get a permit to run with Freon would
have required the purchase of an abatement system. We requested an indicative quote and the
price was close to £200,000. We could not afford to buy this system. The lower efficiency is the
thing that harmed our experimental programme most. Ideal tracks that have recorded hits in all
12 layers (6 in the xz and 6 in the yz plane) are rare if the efficiency is small. The fraction of
tracks that has hits in all 10 RPC layers is given by £°, where ¢ is the efficiency. Clearly, unless
the efficiency of all planes is very high, very few muon tracks will be recorded, as indicated in
the tableau below.

& (%) Track fraction (%)
99 90.4

98 81.7

95 59.9

90 34.9

80 10.7

70 2.8

50 0.98

Clearly, unless the efficiency of all planes is very high, very few muon tracks will be recorded.

o Initially, we suffered delays to get Health & Safety approval for our system as installed in the
barn. There were questions about the strength of the mechanical supports and the safety of the
high voltage system. The mechanical structure was deployed for a similar system before but
came without the required paperwork. The design for our high voltage system was used before
at the University of Bristol for our pre-CHANCE prototype system. Nevertheless, it took weeks
before we got approval to turn on the system.

e After our initial commissioning phase, a drift chamber plane developed a problem. It was
decided to replace this layer by a new drift chamber. This new layer first needed to be produced
and then installed.

e The photomultiplier tubes were found to have a low efficiency and were replaced.

e The system was installed in a grain barn at Fenswood farm. During CHANCE the system needed
to be moved from the grain barn to the main barn. This meant disassembling the system and
reinstalling and recommissioning it. This took 2—-3 months.

e A high voltage power supply module for the RPC system broke. Replacing this took 10 weeks.

o Key staff left during the project, in particular the PDRAs Dr Kopp, Dr Stowell and Dr Barker.
A key responsibility of Dr Kopp’s was to keep the system running. Dr Kopp left during the first
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UK lockdown of the Covid crisis. The University of Bristol had a hiring stop. As such it took a
few months to replace Dr Kopp. Dr Stowell was the expert for the drift chamber system and
analysis. He was replaced by Dr Barker, who left later on in the project.

e During the Covid lock downs staff from the University of Bristol had permission to keep the
system running, but we were not allowed to do significant amounts of work on the system and
were not allowed in the building where the spare parts were located. The University of Sheffield
staff was not allowed to attend the system at all. This lead to significant delays as we could not
fix and optimise minor issues.

e A drift chamber layer developed problems. It was decided not to replace it by another drift
chamber but by another layer of RPCs. This caused delay as the RPCs needed to be produced
from the bare glass RPCs. The installation of the layer was delayed as the connectors were not
available due to Brexit. When they became available, installation was not allowed as the country
was in lock down and Covid access restrictions applied. The choice was mainly motivated by
the need to get the system up and running again as soon as possible. At the time, the drift
chamber experts from the University of Sheffield were not allowed to travel to Bristol due to
UK government Covid-19 policy. As such, we had no alternative. It would have been more
beneficial to replace the drift chamber by another drift chamber if we could have been sure that
the experts could visit the system to install the new drift chamber.

e We discovered a feature in the time stamping of the RPC data, see section 3.2.2, quite late on
in the project. This feature did not affect data taking with our pre-CHANCE RPC system. In
that system we relied on the trigger number, which was the same for each RPC. Hence, the RPC
events in different RPCs were always combined correctly. To merge the data with the drift
chambers required usage of the actual time stamp, which showed the feature.

Despite suffering these issues, we did build and operate a muon tomography system consisting of RPCs
and drift chambers as planned in the proposal. Our main issues: the R-134a ban, the Covid pandemic
with all travel and staff operations issues and Brexit related problems, could not have been foreseen at
the start of the projects. These have made the practical part of the project extremely challenging, but we
did manage to deliver a working system.

3.5 Experimental results

As indicated int the beginning of section 3, 2 different experimental configurations were used.
Configuration A corresponds to trigger panels, drift chambers and 4 layers of RPCs, and Configuration
B consists of trigger panels, drift chambers and 5 layers of RPCs. Figure 3.2 (left) shows the
Configuration A of the system, while Configuration B is presented in Figure 3.2 (right). Figure 3.2(right)
also shows a 300L mock-up drum during the experimental program.

To quantify the system’s performance in a size and position reconstruction and quality of the material
identification, we placed objects of known material inside the measurement area during the data-taking

CHANCE (D4.5) - FINAL REPORT WP4
Dissemination level: PU

Date of issue of this report: 22/4/22 © CHANCE




C HAN CE D4.5 - FINAL Written:

REPORT WP4 Organisation: Version:

Issued: Page(s):

oU

campaign. We used blocks of lead, tungsten, steel, and aluminium; each of them had a size of
approximately 54x5x5 cm?, and were located alongside the mock-up drum.

We analyzed experimental data separately for Configuration A and B of the CHANCE muon systems.
A more extensive report on the results can be found in Deliverable 4.3. We started with a simple POCA
method, see section 2.1.1, where the scattering points were reconstructed independently in XZ and YZ
planes. The scattering vertex is taken as an intersection of two tracks registered in the top and the bottom
parts of the system. Each of these tracks is reconstructed independently in XZ or YZ plane. We required
at least two hits in the top or bottom detector for each track, respectively. The image is then created as
a density map of the PoCA scattering vertices within the CHANCE muon system geometry. Figure 3.23
shows this map for configuration B. The density map of the POCA scattering vertices for configuration
A is shown in figure 3.24.
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Figure 3.23: Distribution of scattering vertices reconstructed using the PoCA algorithm with CHANCE
muon tomography system in the XZ (left) and the YZ (right) plane. Results for Configuration B of the
CHANCE muon detector and voxel size of 2x2 cm?. The black rectangle and circle represent the
expected location of the mock-up waste drum.
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As explained in the D4.1 report and section 3.5, we were caught by surprise by a Freon ban that came
into force at the early phase of CHANCE. This forced us to use CO; in the RPC system. CO. yields a
much lower hit efficiency. In order to reconstruct tracks, hits in all traversed layers are required. Hence,
the efficiency to detect tracks reduces by the product of the efficiency of all layers. This led to a very
small track sample. Due to limited statistics, we were not able to perform more differential experimental
studies of the performance of methods of material identification we had developed for the CHANCE
muon scattering tomography system.
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Figure 3.24: Distribution of scattering vertices reconstructed using the PoCA algorithm with CHANCE
muon tomography system in the XZ (left) and the YZ (right) plane. Results for Configuration A of the
CHANCE muon detector and voxel size of 2x2 cm? The black rectangle and circle represent the
expected location of the mock-up waste drum.
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3.6 Summary experimental programme

In the Muon Tomography work package of the CHANCE project, we set out to build and operate a
muon tomography system using RPCs and drift chambers. The system was intended to be mobile system
to be operated in a non-laboratory environment. We have built and operated this system. It was operated
in two different barns at Fenswood farm, a University of Bristol owned farm. The system was moved
between the two barns, showing that it is mobile.

The project has not been without challenges. We have reported on them in this report and continuously
during the project progress reports. An overview is given in section 3.5. Our main issue was the ban on
the use of R-134a (Freon). This could not have been foreseen at the start at the project nor mitigate
against. Our RPCs leak a small amount of this to the atmosphere, but a blanket ban on R-134a came into
force in the UK, which came into effect after CHANCE started. This made it impossible to purchase R-
134a without the appropriate permit, which we could not get. Installing an approved abatement system
would have cost ~£200,000 plus installation cost for site engineering. This was not feasible within the
restrictions of the CHANCE project. As a result, we had to decide to run with CO, which has a much
worse performance until an environmentally friendly gas was found. Such a gas was discovered and
published in November 2021 [30]. Our gas supplier still does not deliver it and we would still need to
apply for a permit, which takes ~3 months.

Despite all these issues that have made the practical part of the project extremely challenging, we did
manage to deliver a working system. Muon tracks have been found and reconstructed. The results of the
data analysis are not as clear as we had hoped. We pushed the data taking as long as we could to improve
our data sample and thus imaging capability. The key issue was the freon ban. This only became
apparent after the start of the programme. An environmentally friendly alternative is now available, but
came too late for CHANCE. We are convinced that with the new gas we would be able to achieve the
required RPC performance to perform imaging with the required precision.

4, Monte Carlo simulation studies

In order to prepare for the expected experimental data and further the development of data analysis
algorithms, many Monte Carlo studies where performed. They were also used to compare different
aspects of detector performance, such as feature and size resolution and the dependence on exposure
time and material type.

In general Monte Carlo simulations are a key tool in the development of muon tomography algorithms
for many groups around the world. Access to large scale measurement systems and actual waste drums
is rare. In addition, muon tomography is a slow imaging technique. As mentioned in section 2, the
cosmic muon flux at sea level is about 210000 m~2min~t. This means that the rate through a cm? top area
voxel, is only 1 min%. For scanning of nuclear waste, this time scale is fine. It is no problem for most
applications to measure a few weeks. However, for experimental studies it is not (always) feasible to
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obtain the high statistics data sets for many, many configurations in a reasonable time. Our work has
been cutting edge. It has led to 9 publications and 13 conference talks. Here several highlights are

presented.
As usual in the field, GEANT4 [31] was used to simulate the passage of the muons through detectors

and scanned objects. The muons were generated using the CRY library[32].

4.1 Performance studies algorithms

As mentioned in section 2.1, many algorithms exist. Of particular interest for the CHANCE project are
the POCA, the ASR and the BC algorithm. As these have been developed by different groups, no bench
marking was ever undertaken.
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Figure 4.1: Uranium feature resolution test images after 25 days of simulated cosmic ray exposure. The
true geometry is shown in (a). Reconstructed image using the POCA (b), the ASR (c) and the BC (d)
algorithm. The number of observable objects gives an indicator on the resolution of each imaging
technique. It is only possible to observe 6 separated objects using the PoCA algorithm, whilst the ASR
and BC algorithms can both make out an additional feature.
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41.1 Resolution tests

A suitable Figure Of Merit (FOM) is needed for waste characterization that can be used to compare the
performance of competing detector systems and algorithms for the detection and evaluation of
radioactive material hidden inside large waste volume containers. Such a FOM would capture how the
intrinsic detector resolution, and choice of tomography algorithm, can impact the detail in a
reconstructed density map. To do this, an application of “optical” resolution tests to understand size and
feature resolution in a muon tomography system was used. For details see [33]2.
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Figure 4.2: Uranium feature resolution test images after 25 days of simulated cosmic ray exposure. The
true geometry is shown in (a). Reconstructed image using the PoCA (b), the ASR (c) and the BC (d)
algorithm. The number of observable objects gives an indicator on the resolution of each imaging
technique. It is only possible to observe 6 separated objects using the PoCA algorithm, whilst the ASR
and BC algorithms can both make out an additional feature.

2[33] is a CHANCE output. The paper was presented at WM2019 and is included in Appendix A.2.
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To compare the imaging performance of the algorithms. A feature resolution test is developed to
understand an algorithms ability to distinguish high density objects in close proximity to one another. A
size resolution test is developed to understand the smallest object that can be observed by a given
tomography algorithm. An array of 20 cuboid uranium target objects was simulated, each with sides of
10 cm in the Y and Z dimension. Starting at a X dimension thickness of 10 cm, the thickness and
spacings in the X dimension are reduced by a factor of 75% for each successive target object. The objects
were placed inside a 88 cm high and 57 cm wide nuclear waste drum filled with concrete. Figure 4.1
shows the reconstructed images after 25 days of muon exposure. The analysis used 1 cm? voxels.

All algorithms find it difficult to easily separate features smaller than 1.6 cm. The PoCA algorithm with
its higher inherent noise can also only observe 6 clear objects. If a muon undergoes a number of
additional small scatters as it leaves the high density target material, the scattering vertex can be
reconstructed just outside of the target. This mixing effect leads to the high density objects merging in
the output density maps when they are placed in close proximity. It is also worth pointing out that as the
size of the Uranium cuboids decreases, so does the average discriminator in the ASR map, showing a
discriminator value comparable to steel for the smallest objects. The PoCA and BC algorithms however
both show regions with high discriminators despite their ability to finely separate the presence of
individual uranium sheets.

In the previous test the spacing between the objects was reduced. Due to the mixing effects in the
reconstruction and analysis, the objects start to merge. To find the thinnest object an algorithm can
detect, the same uranium objects were used but the spacing kept large. The results are shown in figure
4.2. The PoCA algorithm is only capable of clearly resolving 5 objects, corresponding to a smallest
observable object of 0.95 cm, comparable to the voxel size. In contrast, the ASR and BC algorithms
both show much cleaner, rectangular features for all 8 objects, resolving the presence of a target object
down to 4mm.

The tests developed here were used to directly compare the imaging performance of different muon
tomography techniques. It clearly showed that the ASR and BC have similar performance for these tests,
while both are performing much better than PoCA.
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4.1.2. Contrast to Noise ratio

An alternative way to compare algorithms is the contrast to noise ratio (CNR)3. The CNR method is
applied to compare two regions in the reconstructed image of the investigated drum, such as a region
containing high-Z material against another region containing a background signal. It evaluated the
capability of an algorithm to differentiate between low-contrast, medium-contrast, and high contrast
regions inside the investigated volume. CNR is defined as:

CNR = #aztsl (4.1)

2 2
O'A+O'B

A high value CNR indicates the algorithm is able to distinguish between the two regions under
comparison. A study was done with different materials in the waste drum. The true geometry and
materials list and the reconstructed images are shown in figure 4.3. From these images the CNR was
calculated for each algorithm for different materials and sizes ranging between 7 and 13 cm, see figure
4.4. The BC and ASR algorithms demonstrate very similar performance when comparing the regions
that contained a high-Z material (uranium) cube against the background regions. In the case of a 10 cm
cube the BC method produces a slightly lower CNR value of 7.1+0.34 compared to the CNR value of
7.9+0.25 produced by the ASR algorithm. The PoCA algorithm shows consistently worse performance.
The ASR algorithm is the most capable of differentiating between medium-Z and high-Z materials with
a CNR value of 5.35+0.1, which is approximately 34% better than the CNR value produced for the
comparable regions by the BC method.

3 This work is a CHANCE output. Part was presented at WM2021 [34] and can be found in Appendix A.3. A
second paper has been submitted to the Journal for Instrumentation.
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Figure 4.3: Test images after 30 days of simulated cosmic ray exposure. The true geometry and material
list is shown in (a). Reconstructed image using the PoCA (b), the ASR (c) and the BC (d) algorithm.

A study of the CNR value as a function of equivalent exposure time was undertaken as well. The results
are shown in figure 4.5. It showed that producing good tomographic images of the target materials can
be achieved with fewer cosmic muons by using the ASR algorithm. By using the ASR method, the MST
system can separate uranium and lead from background regions in only six hours of muon exposure
time with CNR values of 3.1+0.2 and 2.5+0.2 respectively.
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CNR Values

The CNR Values of PoCA algorithm

The CNR Values of the ASR algorithm
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Figure 4.4: Comparison of the CNR values of the (a) PoCA, (b) ASR and (c) BC algorithms when
differentiating between different target materials and background for target materials with side lengths
of 7, 10, and 13 cm. Results are for 30 days of muon exposure time. The vertical dashed line represents
the minimum CNR value used to distinguish the target material inside the drum.
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Figure 4.5: Comparison of the CNR values produced by the (a) ASR and (b) BC algorithms for different
materials of 10 cm side-length as a function of the muon exposure time. The vertical dashed line
represents the minimum CNR value used to distinguish the target material inside the drum.

(@) (b)
Figure 4.6: (a) top and (b) side views of the simulated V/52 CASTOR cask accommodating the 52 waste
baskets. The lid and the base removed for visualisation purposes.
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Applying CNR to a large V/52 CASTOR drum

The CASTOR V/52 cask is designed for the transport and storage of spent fuel assemblies from boiling
water reactors. A sketch is shown in figure 4.6. The cylinder-shaped V/52 cask is made of ductile-iron
(~94% iron, 0.033% carbon, 0.004% copper) with a height of 5.54 m and a total diameter of 2.44 m. A
cavity of 1.42 m diameter and 4.55 m height inside the centre of the cask is designed to accommodate
the baskets for the fuel assemblies, which are surrounded by nearly 1 m of ductile-iron shielding. The
cavity is designed to store 52 baskets that accommodate UO2 (~88.2% uranium and 11.8 oxygen) fuel
assemblies that originate from Boiling Water Reactors (BWR). The simulated box-shaped baskets have
a length of 4.48 m and are arranged across a grid of eight columns and eight rows. A pair of trunnions
is also simulated at the top and the end bottom of the CASTOR. These trunnions are bolted and only be
used for the attachment of handling equipment.

The CNR test was used to detect anomalies in the contents of the CASTOR. This is of particular interest
to state nuclear waste repository operators who are required to consider nefarious material diversion
scenarios. All CASTOR baskets were filled with UO2, except four, see figure 4.7. An empty basket, a
half-loaded basket, a basket filled with copper and a basket filled with lead were introduced. Comparing
the empty basket with the eight surrounding fully loaded baskets produces CNR value of 5.0+0.3 when
considering the 25% quantile of each voxel distribution. The CNR values for half-unloaded baskets are
just above the minimum distinguishable CNR level of 1.9+0.2. The regions of the basket filled with lead
pellets and the surrounding baskets are not distinguishable due to the similarity of lead and UO;
densities.
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Figure 4.7: (a) top-view of the V/52 CASTOR showing four baskets contain irregularity in their contents.
Image produced by the ASR algorithm when considering 25% of the ASR discriminator in each voxel
(b). The solid and dashed green boxes indicate the half-loaded baskets, while the solid and dashed black
boxes indicate the baskets that contain no pellets and copper pellets, respectively. The exposure time
was 30 days equivalent.
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4.1.3 A Robust Method to Find Gas Bubbles

In waste drums the waste is enclosed in concrete and/or bitumen. The radioactive decays can lead to the
build up of gas bubbles, in particular H.. The presence of H, gas bubbles inside nuclear waste containers
can present a serious safety issue during interim storage. The issue is the most prominent for bitumen
matrices, and we studied such cases. We have previously shown that it was possible to reconstruct
bubbles of a total gas volume of 2 L or more with a resolution of 15+0.77% in 16 days of data taking
using muon tomography [35]. For this study we used standard concrete with a density of 2.3 g/cm?. Here
we compared the performance with different types of bitumen: Eurobitum and STE3. Eurobitum
consists of ~60 wt% of pure bitumen Mexphalt R85/40 and ~40 wt% of radioactive salts and metal
(hydro)oxides, of which NaNOs (20 - 30 wt%) and CaSOs (4 - 6 wt%) are the most important ones.
STES3 consists of a pure bitumen Viatotal 70/100 mixed with NaNOs (28 wt%), Na>SO4 (5 wt%), CoS
(10 wt%), BaSOs (46 wt%) and PPFeNi (9 wt%).
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Figure 4.8: The H, volume values against the corresponding discriminator value « with linear
regression fits for a Concrete filled drum (a) and a Eurobitum filled drum (b) and a STE3 bitumen filled

drum (c).
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The method exploits the BC algorithm. Varying amounts of hydrogen are included into the matrix and
the discriminator for the entire drum is calculated, see section 2.1.3. Figure 4.8 shows the discriminator
as a function of the total H2 volume. The graphs show that the discriminator depends linearly on the
amount of hydrogen in the drum. The slope is proportional to the density of the bitumen.

Using the slopes the volume of H in a drum can be determined. Figure 4.9 shows the relative uncertainty
in the total H> volume for the three types of concrete. For bubbles larger than 2L the relative uncertainty
on the H, volume was below 10%. This increases rapidly for smaller bubbles. The accuracy of volume
reconstruction for the smallest bubbles considered in our studies is better for higher density matrices.
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Figure 4.9: The relative uncertainty on the reconstructed H2 bubble volumes against the true H; gas
volume for a concrete filled drum (a) and Eurobitum filled drum (b) and a STE3 bitumen filled drum(c).

Improving bubble detection limit

To further reduce the minimum detection level for bubbles, a new algorithm is being developed*. The
drum is divided into 3x3x3 cm?® voxels. For each voxel the BC discriminator is determined. Figure
4.10(a) shows the distribution of the discriminator for voxels filled with hydrogen and filled with

4 This work is a CHANCE output. A paper is in preparation.
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concrete. Next a threshold value is determined to decide whether a voxel contains hydrogen or concrete.
Figure 4.10(b) shows the efficiency and purity of the decision as a function of the threshold value. The
efficiency of hydrogen detection is better than 90% for each of these regions, with false-positive rate
lower than 10%.

Figure 4.11(a) shows a 3D image of two reconstructed hydrogen bubbles, which were simulated within
the bituminized waste drum. Their location matches well the simulated objects. To evaluate the precision
of the method and its detection limits, we simulated different hydrogen volumes within waste container
filled with bitumen. Figure 4.11(b) shows the obtained reconstructed volume vs the simulated (true) one.
The data points show the results calculations, the line represent a linear function fit together with its
uncertainties (one- and two-standard-deviation contours). The relative uncertainty on hydrogen volume
measurement using this approach is below 10% for bubbles larger than 0.85 L. The detection limit of
this method is 0.55 litre at a 95% confidence level.
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Figure 4.10: Distribution of Median Metric for matrix material (bitumen, in black) and hydrogen (in
red) for 3 cm voxels (a) and the efficiency and purity of hydrogen detection in the bituminized waste
container as a function of decision threshold of Median Metric (b).
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Figure 4.11: 3D image of two 4-L hydrogen bubbles, extracted for a case where a bitumen-filled drum
with two bubbles was simulated (a) and the reconstructed hydrogen volume vs simulated amount of gas

for a bituminized waste container (b).

4.2 Material identification

Previously, we have shown that it is possible to identify materials that are encased in the concrete [3].
To improve the performance, a new approach utilizing machine learning was developed®. First, the BC
algorithm is run on the data. This produces for each voxel, a set of m;; metric values. A normalised
histogram of the log m;, ;. values are passed to Multi Variate Analysis (MVA) classifiers. Those were
trained to recognize four different materials: concrete, iron, lead and uranium. The training sets were
simulated drums containing 20 cm cubes of each material, centred in the drum. A 10-day exposure of
each was simulated, then the BC algorithm was applied to the results which provides a best material
match for each voxel. Next the voxels are clustered and filtered. Figure 4.12 shows the results for a 10-
day simulation of a drum containing 15 cm cubes of iron, lead and uranium.

5 This work is a CHANCE output. The initial paper was presented at WM2021 [37] and improved results were
published in [4]. Both papers can be found in Appendix A.5.
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Figure 4.12: Result of applying filtering and clustering algorithms to a simulated drum containing three
cubes. Clockwise from top left: the simulated drum geometry, a 3D view of the filtered image, .1z slice
of the filtered image showing clustering solution, .y slice of the filtered image.

The voxels in the BC algorithm output image corresponding to the stored cubes have been successfully
isolated and clustered. Two further MVA classifiers are now applied to these identified objects to obtain
material information. These are a non-binary classifier with iron as the ‘signal’ case and lead and
uranium as ‘background’ cases, and a binary lead-uranium classifier (with uranium as ‘signal’). The
results are shown in figure 4.13. For objects of similar volume to the 20 cm cubes used for training the
classifiers, the largest value corresponds to the correct material, and objects of different materials are
clearly distinguished by the three material values. Test on different geometries were run as well and the
results are not affected by the geometry of the object.

Smaller volumes were investigated. With smaller volumes, the performance is still very good. With a
sample set of randomly generated drum geometries, we were able to correctly identify uranium objects
on a scale of ~10 cm with an efficiency of 0.90%97 , and a corresponding false positive rate of 0.123-32,
indicating that this approach is effective at identifying uranium objects stored inside waste drums. The
identified vulnerabilities include objects of materials with very different Z values, such as iron and

uranium, that are close together; uranium objects can be misidentified in such cases.

CHANCE (D4.5) - FINAL REPORT WP4
Dissemination level: PU

Date of issue of this report: 22/4/22 © CHANCE




C HAN CE D4.5 - FINAL Written:

REPORT WP4 Organisation: Version:

Issued: Page(s):

40

Ob 1: vol 2936.0 cm®

Fe: 0.169 +- 0.008, Fe: 0.041 +/-0.004, Fe: 0.880 +/- 0.038,
Pb: 0.744 +/- 0.029, Pb: 0.374 +/-0.017, Pb: 0,020 +/- 0.004,
U: 0.099 +- 0.006 U: (.596 +/- 0.025 U: 0.000 +/- 0.000

Figure 4.13: Calculated material values for successfully identified clusters corresponding to three
stored 15 cm cubes of uranium, lead and iron. In each case, the largest value corresponds to the true
material.

4.3 Summary

In order to prepare for the expected experimental data and further the development of data analysis
algorithms, many Monte Carlo studies where performed using a simulation tuned to the expected
performance of our system. Using the simulations, we have furthered the field significantly. We have
developed new algorithms which have improved material identification, lowered the detection threshold
for the detection of hydrogen bubbles in waste drums with a bitumen matrix and used our techniques
not only on standard waste drums but also to detect anomalies in the contents of CASTOR V/52 drums.
This work was scientifically a great success. It has led to 9 publications, 1 more was submitted recently
and 1 more is in preparation, and 13 talks and three PhD theses are in preparation.

5. Hot test plans

The initial programme foresaw a hot test at the end of the project. We planned to move the MST system
to one or more nuclear waste storage facilities outside of the UK to characterize some real, large waste
containers and spent fuel casks. At the start of the project, we did not have a WMO partner lined up. We
approached several potential partners for this. The most advanced discussions were held with BGZ and
Zwilag. However, due to restrictions on international travel from February 2020 onward and strict rules
on working arrangements which minimised the number of people on site, it was not possible to complete
the intended overseas work for the so-called hot test programme of work as originally was planned after
characterisation of the dummy drums.

5.1 BGZ

In June 2019, the team visited the Bundesgezellschaft Gesellschaft fiir Zwischenlagerung mbH in Essen
(Germany). BGZ were interested in using muon tomography to investigate the structural integrity of
fuel rods stored in CASTOR drums. We proposed a prior simulation study before deployment to study
the expected precision and sensitivity of our measurements. We requested more details to be able to
undertake the study. BGZ decided that they did not want to go ahead at that particular moment.
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5.2 Zwilag

In September 2019, the team visited Zwilag (Switzerland) to discuss a potential deployment of the muon
system to image a special set of waste drums. Zwilag has a set of large drums that were filled when
cleaning up the Lucens reactor accident. The current contents and state of the contents is not well known.
Muon tomography is an excellent technology to image the contents of the drums. A potential deployment
was discussed and a first Monte Carlo simulation study was undertaken. The slides of the results can be
found in Appendix A.6.

The results of the simulation study were very positively received by Zwilag. We had a follow up meeting
in January 2020. Our presentations on the first simulation study were very well received. A key issue
was that more simulation studies were needed to have a more detailed view of the potential results of a
deployment. We requested resources to do this, but ran into an issue that there were potential funds for
a deployment available but not for a feasibility study. During the discussions Covid hit and we could
not proceed with a potential deployment.

6. Awareness and future of muon tomography

The WP4 consortium has worked hard to engage with external partners, specifically end users such as
national European bodies which are responsible for the disposal of nuclear waste. The aim of these
interactions has been to heighten awareness of the muon tomography technique and its suitability to a
wide range of applications in the nuclear waste disposal community, including material characterisation
as well as nuclear waste safety and safeguards.

6.1 IAEA workshop on muon tomography

In September 2019 CHANCE WP4 was represented by Anna Kopp and Lee Thompson at the IAEA at
small focussed by-invitation only workshop entitled “IAEA Technical Meeting on Non-destructive
Testing Using Muon Radiography”. The conclusions of this workshop have been written up as a so-
called IAEA TECDOC which will soon be published on the IAEA website and will be used to educate
member state engagement with muon tomography in the future.

6.2 BGE & FZJ

Following on from the IAEA meeting in Vienna in 2019, there was significant interest in the muon
tomography technique from BGE (the German state-funded organisation for nuclear waste disposal) and
FZJ (the German nuclear physics laboratory) which has resulted in regular fortnightly/monthly meetings
throughout the COVID pandemic. This collaboration resulted first in Thompson being invited to deliver
an in-person presentation on muon tomography at the “Interdisciplinary research symposium on the
safety of nuclear disposal practices, organised by BASE” in Berlin in November 2021.
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6.3 Nagra & NWS

Following the talk from BASE there has been significant interest in the muon tomography technique
from the Swiss (NAGRA) and UK (RWM, now NWS) state companies. Throughout late 2021 and early
2022 Thompson has worked with these companies to draw up a proposal for an ambitious programme
of muon tomography proof of principle experiments at the Grimsel Test Site (GTS) in Switzerland. The
proposal shown in Appendix A.7 was recently formally submitted to the GTS for consideration for
financial support in the summer of 2022.

6.4 Euratom

Furthermore, Thompson has been invited by Euratom inspectors to present the muon tomography
technique at the ESARDA conference in May 2022.

6.5 Geoptic

In addition to the above, a University of Sheffield spin-out company, specialising in muon tomography,
has been formed during the course of the CHANCE project, the company, Geoptic (www.geoptic.co.uk)
specialises in the use of muon radiography in searching for hidden voids in railway infrastructure.

6.6 IAEA expert mission

As a result of the CHANCE work, Velthuis was invited on an IAEA expert mission (Slater EVT6310
RER9146 Expert Mission on Methods for Localization of Radioactive Sources in a Large Concrete
Structure). The mission took place in January 2020. Velthuis advised on the potential role muon
tomography could play in the decommission of a particular nuclear site. This work is covered by an
NDA.

6.7 IRSN

Also as a result of CHANCE we have been discussing a potential muon tomography project for IRSN
Institut de Radioprotection et de Surete Nucleaire (France) in the fall of 2021. They were very interested
in monitoring the escape of hydrogen bubbles from waste drums with a bitumen matrix.

This was one of the things we studied and published within CHANCE. The IRSN group we were in
touch with was mostly interested in measuring the speed at which the hydrogen moves in case of fire.
We performed some feasibility studies for the experimental programme they wanted to undertake. IRSN
planned to have very small bitumen filled containers (paint tin size) and heat them up. After our
feasibility study, we found that we could measure the hydrogen distribution inside the waste drums, but
not within the time frame required for degassing in the case of fire in the small size drums they are
planning to use. They are now considering alternative technologies or will decide to redesign their
experiments and use large waste drums.
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6.8 Cavendish Nuclear Ltd

Inspired by CHANCE, the Bristol team was approached by Cavendish Nuclear Ltd, a daughter of
Babcock, about the potential of muon tomography to image rebars inside concrete walls and floors,
mainly with an eye on decommissioning of civil nuclear installations. This project also started with a
Monte Carlo simulation feasibility study. The results have been published in several publications, see
e.g. [10, 38]. Using muon tomography, it is possible to detect the location of the thinnest commercially
in use rebars in 50cm thick walls. This project is continuing and a deployment is on the horizon.

6.9 Summary

As a result of the CHANCE project, a lot of interest in muon tomography was generated. Many new
projects were started as a result of the CHANCE work. The future of muon tomography is looking very
positive.

7. Conclusion

Muon Scattering Tomography (MST) has been shown to be a powerful technigue for the non-invasive
imaging of objects from a safe distance without the introduction of radiation. It exploits the natural
background radiation. By measuring the incoming and outgoing radiation, the contents of the object
under inspection can be determined. The technique can be used to address many challenges including
imaging the contents of nuclear waste drums.

Within CHANCE we built and operated a mobile muon tomography system based on drift chambers
and RPCs. To prepare for data and to further develop imaging algorithms, a large Monte Carlo study
effort was undertaken. We delivered a working system. Muon tracks have been found and reconstructed.
However, the experimental part of the project was extremely challenging. Brexit and Covid made any
maintenance and any purchase extremely complicated. The largest problem we encountered was a ban
on R-134a. R-134a is the gas of choice for operation of our type of RPCs. Just before the project started,
it became impossible to purchase this gas and illegal to use it. We decided to run with CO; instead until
an alternative for R-134a became available. CO- provides a signal 5-10 times lower than R-134a. This
led to a low hit efficiency. This was a major issue because to reconstruct the path of a scattered muon,
we needed to record a hit of that muon in each of the layers. This led to a very low track efficiency and
thus to a very small track sample, too small to perform detailed imaging. An alternative for R-134a was
published in November 2021, which was too late in the project to switch. Our gas supplier still does not
deliver it and we would still need to apply for a permit, which takes ~3 months. Nevertheless, despite
all these issues that have made the practical part of the project extremely challenging, we did manage to
deliver a working system.
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To prepare for the expected experimental data and further the development of data analysis algorithms,
many Monte Carlo studies were performed using a simulation tuned to the expected performance of our
system. Using the simulations, we have furthered the field significantly. We have developed new
algorithms which have improved material identification, lowered the detection threshold for the
detection of hydrogen bubbles in waste drums with a bitumen matrix and used our techniques not only
on standard waste drums but also to detect anomalies in the contents of CASTOR V/52 drums. This
work was scientifically a great success. It has led to 9 publications, 1 more was submitted recently and
1 more is in preparation, and 13 talks and three PhD theses are in preparation.

As a result of the CHANCE project, a lot of interest in muon tomography was generated. Many new
projects were started as a result of the CHANCE work. The future of muon tomography is looking
bright.
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Abstract—Methods for the destructive assay of nuclear
waste drums are of great importance to the nuclear waste
ity, ially where loss in continuity of
knowledge about the content of drums happened or chemical
processes altering the contents of the drums may occur. Muon
scattering tomography has been shown to be a promising tech-
nique for the non-destructive assay of nuclear waste drums in a
safe way. By measuring tracks of muons entering and leaving the
probed sample and extracting scattering angles from the tracks, it
is possible to draw conclusions about the contents of the sample
and its spatial arrangement. Within the CHANCE project, a
newly built large-scale mobile detector system for scanning and
imaging the contents of nuclear waste drums using atmospheric
muons is currently undergoing commissioning.

1. INTRODUCTION

Non-destructive methods to assay nuclear waste drums are
of great interest to the nuclear waste management community.
It has been observed that chemical processes like oxidation of
metals may occur within drums, possibly leading to the forma-
tion of gas bubbles or cracks. Furthermore, knowledge about
the contents of legacy waste drums is not always preserved.
Muon scattering tomography (MST) is a promising technique
to address these problems. It allows to scan and image nuclear
waste drums in a safe, non-destructive way using natural
background radiation. Compared to other methods like X-
ray or gamma-ray scanning it does not introduce additional
artificial radiation or any additional hazards to personnel or
equipment. Fitting the tracks of muons entering and leaving the
probed sample allows to reconstruct approximated scattering
vertices and to e.g. differentiate between various materials.

II. MUON SCATTERING TOMOGRAPHY

Muon scattering tomography uses secondary cosmic radia-
tion to probe volumes from a safe distance. Compared to other
scanning methods using e.g. X-rays or gamma rays it does
not rely on a radiation source but uses atmospheric muons,
particles resulting from primary cosmic radiation. These are
ubiquitous and abundant at a rate of about 10 000 /(m”minute)
at sea level, spread over a wide range of momenta and

incidence angles. Muons are highly penetrating particles; it
is almost impossible to stop them and they are thus ideally
suited for scanning nuclear waste drums, where the nuclear
waste is often embedded in concrete.

As charged particles, they undergo multiple Coulomb scatter-
ing processes when traversing matter. The projected scattering
angle distribution depends on the atomic number Z of the
traversed material and can be approximated as a Gaussian
distribution [1] with mean zero and a standard deviation o,
of

13.6 MeV
oy

VX/Xo(1+0.038In(X/Xp)), (1)
where p is the muon’s momentum, Jc its velocity, X the
thickness of the scattering material and X, the material-
specific radiation [2] length given by

pefs

A-716.4 g/em?*
Z(Z +1)n(287/VZ)

Here, A is the atomic weight given in g/mol. As can be seen
from equations 1 and 2, the width of the projected scattering
angle distribution varies approimately with Z, making the
technique particularly sensitive to materials with high atomic
numbers.

Thus scattering angles from muons scattering off materials
with large atomic numbers Z are more likely to be large than
those from scatters in low-Z materials.

By placing multiple detector planes above and below the
probed sample and measuring where the muons hit these, the
trajectories of the incoming and outgoing muons are recon-
structed and fitted. A scattering vertex is then reconstructed
where these two trajectories meet. The assumption here that
for each muon all scattering processes happen in the same
location, the vertex, is not strictly correct but has been shown
to be a good approximation. Scattering angles for all muons
are derived from their fitted tracks.

Then, the volume under investigation is divided into voxels
as described in ref. [4]. In each voxel with at least N

0~

2)
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IV. MUON SCATTERING TOMOGRAPHY WITHIN THE
CHANCE PROXECT

Thiee universities mainly contribute to the MST program
within CHANCE: Universty of Sheffield, University of Bris-
tol, both in the UK and Warsaw University of Technology,
Pdand A lage, mobile muon scatering tomography detector
shown i figure 2 has been recently buit in a non-abordory
ervironmant outside of Bridtol, UK. It is placed n a building,
so it is ranprotected but the bulding Is neither temperdure-
nor lumidity-controlled. Thus the ewirormenta  conditions
are the same as they are likdy to be in an actual fidd deploy-
mert. The active afea measures approximady 1.8 1.8m7.
As the detedor system is modular, it s easy to dis awd
reassamble and even to change the configuration to adapt it to
the requiraments in a potertid deployment.
The defedor sydem combines two different kinds of gas
detectors, namely diift chambers and resdive plde chanbers
{RPCs). A concidence between two layers of plagtic scintil-
ldors is used as trigger to stat the read-out process.
The RFCs were designed and built & Univenisty of Bristol_ A
smdler pratotype of these chambers has been operated on a

Outgoing munn\

Fg 1. ligrdion of the min Gatay ad the remsdnctal salaing
verkex [3.

reconsiructed vertices, ametnc discnminaor /;; is caloulated
for each par of tracks i ad § of the N most scaltered tracks,

I
™ GEAa )

Here, v; is the location of the vaertex pertaining to muon track
i with momentum p; and & is the associded scaltering angle.
The median of this weighted metric distribution per voxd is
an indicator of the predominant maerid n that voxd: lage
vaues ae more likedy to result from malerids with high 7
than from malerids with low 7.

In the pad, this has bean exploited for vanous disciminag-
tion and identificdion studies n smuldior: to differentide
beween different high-7 mderids [3], [5] or to locde gas
bubbles in bitumen-filled dnums [6].

3

I1l. THE CHANCE PROUECT

The CHANCE projed {"Characterization of conditioned
nuclear wade for its safe disposd n Europe”™, hitpJ/iwww.
chance-h2020.ed), is funded by the EWFs Honzon2020 re-
seaich progranme. It staited on Ame 1s 2017, nns over 4
years and has 11 patners in 7 countries. Collaborators include
universities and esearch nstitutes & well & govemment
agencies and industrid pariners. Within the projedt, thiee
different techniques to assay nudear waste dnums N non-
desinudive ways ae invedtigded: cdorimelry, muon scatering
tomography and cavity ring-down spectroscopy.

of freon (R134-d@) ad isobutane in the pad. Due to
recent legidion restriding the usage of freon, the chanbers
are curently nn on 05 Other, awiommentdly friendly gas
mixtures will be tested n the fulure. The dnit chambers ae
operated on a mix of methane, agon and CO,. They were
buit a University of Sheffiddd.

During the comstiudiion of the detector systemn the dda andy-
sis effort had been focussed on simuldion studies. The detector
layout was oplimized and a figure of merit was devdoped
for compaing the sndlest observable separdions beween
fealures or the smalles observable fedures in concrete-filled
wade dums using diffefent recondtnuction dgonthms [7]. The
ldter is especidly ®levant considering the heterogeneity of
red nudear wade drums Commissioning of the full detector
systen has started in early June and is ongoing, with fird
test data having been taken Full dda taking is expected to
start soon while further smulation studies ae continuing in
padid.
The Deiector Sydem

Both RPCs and diift chambers provide information in 3D
space about where a muon hit the detector. As the muon
traverses a delector chamber, the gas inside it ges onized
With a high voltage applied between the top and battom side
for the RPCs or the anode wire and cahode for the drilt
chambers, respectivdy, this aredes asignd, which is read out
and digitized. The spatid resolution of the RPCs is in the aub-
millimeter range [8], while that of the dnft chambers is n the
order of mm. The time resolution for RPCs with a 2mm gap
as the ones used here 1s on the order of nanoseconds.
In both the detector stack above and below the sample space,
two pace points from the RPCs and thiee from the drift
chambers are meaased and read out. Hence it is possble to
fit tracks and extract scaltering angles with high precision.
The ddectors ae fast, with dda acquisition per event taking
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sh:l(aiiiu'ﬂly contarns two layers of pladic s:lrillan'smaim;;ns
The dedertars cover an aren of grodmdely 1.8x 13m2.

on the order of a few 10us and have alow cod per unit aea,
making them ided for large- scde detectors. For both the RFCs
and drift chambers, three indvidud detectors with widhs of
58 and 60 an, respectively, are placed next to each other to
cover the whole active area The suppoit dructure holding the
individud chambers can be seen a5 anpty space n the data as
shown for one layer of RPCs in figure 3. Since the foolprint of
the active area is larger than the drums that will be scamned,
it is nonethdess possible to scan whole diums and avoid dead
aress by moving the dium to different locdions within the
sanple pace.
V. CONCLUSIONS AND OUTLOOK

M uon scdtering tomography is a non-destructive techinol-
ogy wdl suited to invedigale the conterts of nudear waste
drums in a safe way, without ntroducing any additiond madia-
tion to the samples or persornd - A large, mobile M ST detector
has been built in anorHabordony ewironment doseto Bristdl,
UK, within the CHANCE project and fird test data have been
taken. Once the detector system is fully commissioned, full
dda taking will commence
As the scaltering behavior of almospheric muons N many
maderds is well known from smulation studies, dda with
blocks of high-Z maerids lke lead or bungden will be
taken in a fird dep. Subsequently, “blind teds” with dnums
mimicking nudear waste dnums will be camied out. Our
cdlabordion patners & SCK-CEN, Bdgum, filled drums

y [cm]

. L

n— | -I 1 L 1 Il
% 20 40 60 B0 100 120 140 160 180
X [cm]
Fig 3 Hisi

mﬁglmmiuﬂn mmncmmmmmmmhnm
showirg the x and y coondingies.

o cAtem is dueto th PP,

z [cm)

fo’?)/ b -~ 1\\@(\'\-\

Fig 4. Mlmmmmﬂmglalmlqﬂsdmunmms
plaal bewemn the upper ing is expecied ar
seEn.

with non-radioactive materids otherwise sinilar to what could
be found in mudear waste drums but did not reved the
contents. Scamning the diums and applying the reconstnuction
dgorithin described sbove will then show their contents. The
access and gpplication to red waste dnums is cumently being
invedigated.
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Figures of Merit for the Application of Muon Tanography tothe Characterizalion of Nudear
Waste Drums-19253
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4+ Forschumgszentrnm Julich GmbH
*+4+ Warsaw University of Tedmology
#++++ SCKCEN, Belgian Nuclear Research Centre

ABSTRACT

Muon Tamography (MT) has been shown to be a viable candidate for the assay of mdear storage
containers. In this paper we present the development of methods to calcnlate Fignres Of Merit for
different MT systems and algorithms based on their ability to image and separate small objects inside
legacy muclear waste dmms. These testing methods are then applied to three different tomography
algorithms to understand how different cosmic ray mmon exposure times and farget materials can
affect perfamance.

INTRODUCTION

Significant potential of MT has been discussed recently in combination with the mmerical forecast of
Spent Nuclear Fnel (SNF) properties propagation depending on the reactor operational history
parameters [1]. Namely for the medium to long-term dry-cask storage of SNF, the possibility of non-
destrnctive assay of very large volume and heterogeneons waste containers has been identified of
considerable relevance. By reconstructing the trajectories of muons both entering and exiting a
volume of interest, a 3D density map can be built from the reconstrncted scattering angle
distributions. This techmique is therefore particularly nseful when imaging shielded containers where
discontinmity of knowledge or loss of pointer cammot be mled out, capable of non-destructively
confirming the contents of a container whilst avoiding the cost and safety concerns involved with
explidtly opening it. The Furopean Commissicn has recently granted R&D fimds to the CHANCE
Harizon-2020 project [2, 3] to develop a mobile muon tomography system for nuclear waste
characterization of (Jarge volume) heterogenons rad-waste and storage containers.

It has already been demonstrated that this techmique is capable of discriminating mclear materials
inside a concrete snpport matrix [4]. However, work is still needed to nnderstand the different
experimental factors that can affect material discriminaticn. In particular, a snitable Figure Of Merit
(FOM) is needed For waste characterization that can be nsed to compare the performance of

competing detector sy and algorithms for the detection and evalmation of radioactive material
hidden msuk large waste volme containers. In the past, Receiver Operating Characteristic (ROC)
curves have been nsed to understand the performance of antomated binary classifiers that search for
uraninm in cargo crates withont Imman. Whilst these antomated decisions conld be nsed to flag
storage containers with higher than expected density “holspots®, the interpretation of the
reconstructed 3D density map also provides important information. For example, a low density
irregularity in the concrete matyix, or a warping of a cask suppart structure, may mean the container
needs to be flagged for additional study, despite passing a simple mnclear material binary
classification. It is therefore necessary to develop additional FOMs that encapsulate how the intrinsic
detector resoluticm, and choice of tomography algorithm, impact the detail in a reconstmcted
density map. We present onr work om the application of “optical” resolution tests (see [S]) to
mnderstand size and feature resolution in a nmon tomography system.
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By imaging test objects with decreasing features sizes, the number of easily distinguishable objects is
an indicator of the resolution of a given tomography technique when interpreting the output density
matrix. This method allows comparisons to be made between significantly different algorithms by
converting their qualitative outputs into discrete figures of merit.

First a number of different muon tomography algorithms are reviewed, before a detailed Monte-Carlo
(MC) simulation of muons scattering inside nuclear waste drums is described. A method to quantify
the resolution of tomography algorithm is then developed, before being used to understand the feature
and size resolution of available imaging techniques as a function of exposure time and target
materials.

MUON TOMOGRAPHY ALGORITHMS

Three commonly used muon tomography algorithms, the simple Point-of-Closest Approach, the
Angle Statistics Reconstruction, and the Binned Clustering Algorithm, are considered in this work.
Each of these algorithms divide the volume of interest up into a 3D grid of cubic voxels with a side
length of 1cm. A discriminator score is then derived from all muon trajectories that pass through a
given voxel so that regions of high and low density can be mapped inside a waste drum.

The Point-of-Closest Approach (PoCA) algorithm [6] simply assumes that any muon must have
undergone a single scattering inside the volume of interest. Since large scattering angles indicate the
presence of high density materials, each voxel is weighted by the median angle of all muon
trajectories whose point of closest approach is inside the given voxel. This is one of the simplest
muon tomography algorithms available but benefits from being the least computationally intensive.

The Binned Clustering (BC) algorithm [4] assumes that in low density material, scattering vertices
inside a single voxel will be more distributed than in high density materials such as uranium. A high
momentum muon is also more likely to undergo large scatters only when passing through a dense
material. A discriminator is calculated based on these two assumptions by calculating the metric
distance between pairwise combinations of different muon points of closest approach, r, inside a
voxel.
[I7: = 71
" = G pibip;

Lt jrey
Where 7 is the point-of-closest approach for muon 7, and §; and p; is the muon scattering angle and
momentum respectively. The median of all calculated metric distances in each voxel can be used to
discriminate different materials. Since the metric distances are calculated from pairwise combinations
of vertices, the median varies as a function of the number of tracks in a voxel. To ensure voxels are
comparable to one another only the first N most scattered tracks are included in the median
calculation. The choice of N7 is derived from the maximum value in which a block of steel is easily
resolvable after 8 days of cosmic ray exposure in a given detector. The choice of N for all other
exposures is chosen so that the discriminator value of steel is constant as a function of exposure. This
corresponds to N = 6 for 4 days exposure, Ny =12 for 8 days exposure, Nr =24 for 16 days exposure,
and N =38 for 25 days exposure. Since the BC algorithm considers the spatial distribution of vertices
within a voxel it can be sensitive to high density features that are smaller than the chosen voxel size.

In reality, as a muon traverses a waste drum, it is more likely to undergo a number of small scatters
instead of a single large, localized scatter as assumed in the POCA algorithm. The PoCA algorithm is
therefore prone to additional noise if a muon trajectory is mis-reconstructed so that it appears as an
extreme scattering vertex inside a single voxel. The Angle Statistics Reconstruction (ASR) algorithm
[7] tries to account for this by considering all voxels that lie within a chosen minimum range of the
muon trajectories reconstructed before and after the volume of interest. This removes the assumption
that a muon scatters inside only a single voxel, leading to reduced noise in the output density map.
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A setof scares 3; = 6, p and §; = 6, p are calculated from the scattering angles in the X and Y
dimension and added to a distribution of scores inside each voxel within 10 mm of the incoming and
outgaing muon trajectories. The 75% quantile of each voxel distribution is then assigned asa
discriminator scare 1o identify voxels where high density features may be present.

_I Scintillater Tuggers

— Dmnft Chambers

"L— Resistive Plate Chambers

Figure 1. Diagram of the muon tracking system simmlated in this stndy. The gecmetry
Temesents a system curently being commissioned at the University of Bristol for the
CHANCE H2020 project. The scntillator trigger panels provide an indicator of a
mmon passing throngh the system, whilst the drift chambers and resistive plate
chambers recard the hit positions of the muon as it traverses the system.

MONTE-CARLO SIMULATIONS

The performance of each nmaon tomography algorithm discassed in the previons section was
evaluated by applying them to MC simulations data of cosmic ray mmons passing through a typical 88
cm high and 57 cm wide mdear waste dmm Glled with concrete. The detector was built in the
GEANTA high energy partide physics simulation package as a representation of a system cumently
being commissioned at the University of Bristol for the CHANCE Harizon-2020 project. The system
consists of two identical detector systems placed 105 am apart, above and below the volumme of
interest. Each individnal detector system consists of 6 layers of drift chambers (~2 mm resoltion) and
4 layers of resistive plate chambers (0.3 mm resolution), providing 10 muon trajectary hit points in
total, 5 in the X plane, and 5 in the Y plane. These hit points are nsed to reconstruct the mmon
trajectary above and below the volume to be scanned.

To compare the cutputs of each of the algarithms discussed in the previons section, a wasle drm
containing a 10 an cobe of wraninm swrounded in concrete was simmlated for an extreme case of 25
days of cosmic ray muon exposure. Muons were generated nsing the CRY cosmic ray generator
library. This resnlted in over 40 millicn muon tracks reconstructed in the detector at sea level. The
reconstmcted muon tracks were passed into each of the algorithms discussed in the previons section
1o prodnce reconstmcted density maps. The ontpat density maps for each algorithm are shown in
Figure 3 for 25 days exposure. After 25 days, each algorithm provides a dear identification of the
central Uraninm feature, althongh the PoCA algorithm has significantly rednced contrast compared to
the other algarithms. The ASR algorithm images the dmm with the greatest darity, as assigning
weights to multiple voxels avoids ountlier events with exireme scattering angles introdncng noise into
the plots. However, this same weighting procednre leads to a stretching of the ontside of the dmm as
regions on the edge of the defectar acceptance prefer highly scattered tracks where mmltiple voxels
wauld be filled.
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‘Whilst these comparisons demonstrate the feasibility of each muon tomography imaging techniqnes,
they offer limited quantifable information on the performance of each individnal algorithm. Since the
cutputs of each algorithm are so different it is not possible to compare the disciminator walnes from
each one directly. Therefore, in the following sections, a method to quantify the feature and size
resohition for each imaging technique is presented to aid detector and algorithm optimization.

Point-of-Closest Approach

(et =
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Figure 2. Comparison of the different aigarithm ontpuis when imaging a 10 an long
Uranium cube for 25 days of nman exposare. The indusion of momentum infoamation
and metric distances in the BC algarithm leads to an image with higher contrast and
darity than a simple PoCA approach.

FEATURE AND SZE RESOLUTION

In this section two fignre of merit tests are developed so that the imaging perfamance of the
algorithms considered so far can be compared to ane another. A featnre resolution test is developed to
mnderstand an algorithms ability to separate distingnish high density objects in close proximity to cne
another. A size resolution test is developed to nnderstand the smallest object that can be observed by a
given tomography algorithm.

To understand featnre resohution, an armay of 20 cuboid nraninm target objects was simmlated, each
with sides of 10 an in the Y and Z dimension. Starting at a X dimension thickness of 10 an, the
thickness and spacings in the X dimension are rednced by a factor of 75% for each snccessive target
object as shown in Fignre 3. Scamning fram left to right, the immber of observable fealnres gives a
metric for the smallest observable feature and separation combination achievable when the given
analysis technique is applied to the mmon trajectories recanstructed in the detector nnder
consideration. If N, is the mmber of objects clearly observable, the minimmm featnre size is

=10cm X 0.75%~!

Xinin
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Figure 3 shows the cutput density maps for each algorithm after 25 days of cosmic ray mman
exposure when taking a slice throngh the 3D density map along the centre of the dmm. To remove
Imman bias when reading the cutputs from each algorithm, the quantity Np can be infermed by
calculating the average disaiminator values in the signal and backgronnd slices for each object. In.
this study the backgromnd slice is taken as the slice of concrete innmediately to the right of each target

object.
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Figure 3. Uraninm feature resolution test images after 25 days of simulated cosmic ray
exposure. The mmber of observable objects gives an indicator on the resolntion of
each imaging technique. It is only possible to observe 6 separated objects nsing the

PoCA algorithm, whilst the ASR and BC algorithms can both make out an additional
feature.

As shown in Figure 4, as the feature size becomes smaller, it becomes more difficalt to clearly
separate the signal and background slices based on their discriminator values. The point of
convergence of these two histograms can be nsed to infer the maximmm mumber of dearly observable
features in each density map.
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Figure 4. Comparison of the average discriminator in signal and background slices for
the PoCA and BC algorithms. The smallest “observable” feature is inferred from the
point where the signal discriminator becames comparable to the backgromnd. Thisis
2.4 cm and 1.8 an for the PoCA and BC algarithms respectively.

All algorithms considered find it difficalt to easily separate featnres smaller than 1.6 cm. Whilst they
identify there is a region of higher density at high X they cannot distingnish individnal sheets of
wraninm. The PoCA algorithm with itshigher inherent noise also caly observe 6 dear objects,
comespanding to a feature resohution of x,,,;,, = 1.8 cm, almost donble the vozel size. If a mmon
mndergoes a mmber of additional small scatters as it leaves the high density target material, the
scattering vertex can be reconstructed just outside of the target. This mixing effectleads to the high
density objects merging in the ontput density maps when they are placed in close proximity. It is also
warth pointing ont that as the size of the Uraninm cuboids decreases, so does the average
discriminator in the ASR map, showing a discriminator value comparable to steel for the amallest
objects. The PoCA and BC algorithms however both show regions with high discriminators despite
their ability to finely separate the presence of individnal wraninm sheets.
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Figure 5. Uraninm size resolution test images after 25 days of simmlated cosmic ray

exposure. The mumber of cbservable objeds gives an indicator cn the resolution of

each imaging technique. Naise in the PoCA algorithm ontputs means it is difficult to
dearly identify the four smallest target objects. 6
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To understand size resohition, an array of 8 cuboid nraninm target objects was simmlated, each with
sides of 10 cm in the Y and Z dimension. Starting at a X dimension of 3 am,, the thickness in the X
dimension is then scaled by a factor of 75% for each snccessive target object, as shown in Figure 5,
whilst the object spacing is kept fixed. Scanning from left to right, the mnmber of observable features
gives a metric for the smallest observable feature when objects are not in dose proximity to cne
another. If N is the mumber of objects dearly observable, the smallest observable object is given by

Smin =3 €m X 0.75%1

As shown in Figure 5, the PoCA algorithm is only capable of dearly resolving 5 objects,
comespanding to a amallest observable object of 0.95cm, comparable to the vozel size. In contrast, the
ASR and BC algorithms both show mmch cleaner, rectangnlar featares for all 8 objects, resolving the
resence of a target object down to 4mm.

EXPOSURE/MATERIAL DEPENDENCE

Using a standardized fignre of merit procedure like that defined in the previons sectiom it is possible
1o quickly evaluate how detector performance may change different operating conditions. Figure 6
shows a comparison of the BC ontput density maps for the feature and size resoluticn tests after
shorter cosmic ray exposures. After 4 days of exposure, noise in the density maps means only 5
objects are clearly distingnishable, whilst litle difference is found between 16 and 25 days of
exposure. This highlights that eventually a statistical limit is reached in which the ontput image is
constrained only by the angnlar resolution of the detector itself.
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Figure 6. Uranium featnre (top) and size (bottom) resolition test images afler 4 days
(left) and 16 days (right) of simulated cosmic ray exposnre. The featnre and size
resolution improves with longer exposnre times, eventually reaching a limit where the
detector angular resoluticn defines the mininmm observable feature.
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Since the mmber of highly scattered vertices is material dependent, so is the detector resoluticn, with
small chjects of lower density matenials having fewer reconstructed scattering vertices that can be
used to build a discriminator. This is evident in Figure 7, where the BC algonthm is applied to the
tests derived in the previous section but with lead and steel replacing the target object material. As the
density increases so does the ability to distinguish close proximity features from one another, with
only 5 objects (Xpm~ 3.2 cm) and 4 objects (X~ 4.2 cm) being observable in lead and steel
respectively. Similarly, even when the spacing between objects is large, the size resolution is strongly
dependent on the tarpet matenal, with only 6 lead objects being distinguishable from the backgroumnd
(Smn ~ 0.7 cm), and no steel objects being distinguishable from backpround.
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Figure 7. Uranium feature (top) and size (boitom) resolution test images for lead and
steel targets. The resolution has a strong comrelation with the tarpet material density as
the presence of higher density materials results in more scattering vertices in the
velume of interest.

CONCLUSIONS

The figure of merit tests developed here make it possible to directly compare the imaging
performance of different muon tomography techniques. This can be used to opiimize algorithms and
detector designs, but also provides a standardized figure of merit that can be used to quantitively
assess the benefits of different analysis techniques. Fuihure work will focus on using these tests to
understand the comrelation between material dependence and algorithm performance, whilst
simultanecusly working towards an experimental application of these figure of merit tests to a real
muon tomography detector prototype cumrently being commissioned for the CHANCE Hornizon-2020

project.
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ABSTRACT

Muon Scattering Tomography (MST) has been reported as a powerful technique for imaging well-
shielded or hidden objects. In this paper, we present the application of the MST technique to investigate a
large nuclear waste cask, namely, a CASTOR V/52. Furthermore, we develop and evaluate the use of the
projected scattering angle method for imaging a large nuclear waste cask. Contrast-to-Noise Ratio values
are calculated to examine the ability of the algorithmic methods used to monitor and image the fuel
assemblies inside the CASTOR cask These values are compared at different regions inside the cask, such
as the region that contains a fully loaded basket and the region that contains an empty basket, to evaluate
the method quantitatively.

INTRODUCTION

Muon Tomography (MT) in both scattering and transmission modes has been shown to be a valuable
method for nuclear waste characterisation. The efficacy of using MT as an imaging method for well-
shielded objects is ascribed to the higher penetrating level of cosmic muons compared with that of
conventional methods, such as X-rays. The non-artificial source of cosmic muons and the great
availability of 10,000 muons m2min™' at sea level constitute some of the benefits of MT technology.
Moreover, in the nuclear waste industry, MT makes possible the non-invasive assay of nuclear waste
packages, reduces the costs involved in opening them and mitigates concerns of exposure to radiation. As
the MT technique relies on a shower of cosmic muons, the muons’ tracks are reconstructed as they enter
and exit the investigation area by placing muon detectors above and below them. This study is part of the
EU H2020-funded CHANCE project that aims to develop several non-destructive techniques, including
MT detector systems, to investigate the interior of heterogenous conditioned radioactive waste inside
nuclear waste packages [1,2].

In recent years, many studies have demonstrated good performance of the MT method in distinguishing
materials that have high atomic numbers (Z) from shielding materials, such as uranium cubes, inside a
cemented nuclear waste drum [3]. Nonetheless, extended studies need to be done to understand the
different factors that might affect MT performance, e.g., a thicker and higher-density shielding matrix.
Studying the reconstructed images of the materials of interest quantitatively enables us to understand the
limitations of each algorithmic method. For instance, simple regional classification can be done in the
results to group the different regions, that is, which region contains a high-Z material and which only
contains background signal. In particular, the Contrast-to-Noise Ratio (CNR) is a statistical method could
be used to evaluate the ability of several algorithmic methods to differentiate between two different
regions inside the investigated objects.
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Several conventicnal statistical methods are commonly used to evaluate the methods that are used in
classifying hazardous matenials like uranium inside an investigated cbject. For example, the automated
Receiver Operating Characterisation Curve (ROC) has been used to analyse the performance of the
atomated binary classifier in detecting the hazard comectly. However, these binary classifications might
be falsely misinterpreted, leading tothe delivery of information that reports a potential hazard This
atomated method can be easily affected by imepularities in the shielding matvix or the body support of
the cask Valuable information can be extracted from a reconstnucted three-dimensional (3D) density map
of the investigated object. Therefore, a mumenical test that can convey important information on how the
detector resolutions and choices of several algorithmic methods affect the reconstructed 3D density map
should be developed.

To apply the CNR test on the 3D density map ocutputs, we consider six different regions based on several
factors. The factors considered in this study are: 1) presence of a radicactive matenial, 2) replacing the
hazardous material with a non-hazardous material that has almost the same atomic mmber, 3) fully or
partially missing hazardous material, and 4) the location of these matenals inside the investigated cask.
This method helps convert the qualitative cutputs to Immenical values that can be used to compare the
different algorithms used to produce the 31D output.

First, different muon tomography algornthms will be explained. Then, a Monte Carlo simulation study of
the muoen scattering methed inside a well-shielded V/52 CASTOR cask (see Figure 1) is desaibed A
single high-7 material inside a small cemented miclear wasie drum is imaged to understand the
resolutions of the algorithmic methods. A quantitative methed is then developed to compare the results
obtained from imaging the six regions of interest inside the CASTOR cask in terms of feature resolution
and exposure time.

Protection cover

Secondary
Double-lid system

Primary

Fuel baskets

Moderator rods

Cask body

Trunnion

Figure 1. A cutaway view of the V/52 cask accommodating 52 baskets is illustrated on the right hand side. On
the left hand side, a schamatic illustration of the special quiver designed by GNS to be accommodated inside
the baskets [4].
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IMAGE RECONSTRUCTION ALGORITHM

The simplicity of the Point of Closest Approach (PoCA) algorithm is the reason that it is commonly used
in muon tomography as an algorithmic reconstruction imaging method [5]. Therefore, we use PoCA as
the first algorithm in our work. The Alternative Angle Statistics Reconstruction (ASR) algorithm has also
been considered, especially for large nuclear waste packages [6]. Both methods divide the investigated
volume into 3D cubic voxels. The discriminator score is extracted from the muon trajectories that travel
through the voxels, in which the density for each voxel is calculated to indicate the final discriminator
score. From this score, we can locate the regions that contain dense materials.

The PoCA algorithm assumes that every muon that enters the 3D voxel map (the volume of interest)
undergoes a single scattering angle. In theory, the large scattering angle of the muons inside the volume
of interest indicates that a high-Z material is present inside the volume. For each voxel, a voxel value is
weighted by the average angle for all the muon tracks whose PoCA point is located inside the voxel. The
PoCA algorithm is a straightforward method and is considered to be the least complex in terms of
computational analysis.

However, the PoCA assumption of a single large scatter is not realistic and leads to the addition of more
noise because the muon tracks within the volume of interest might be mistakenly extrapolated. Logically,
while muons traverse the investigated area, they are expected to go through many small scatterings that
are sometimes interpreted as extreme scattering density inside one voxel.

The ASR algorithm is developed to remove the effects of the PoCA single-scatter approximation. This is
achieved by only considering the muon trajectories that enter and exit the volume of interest in the voxels
that lie within a chosen minimum distance of these trajectories. Consequently, a noise reduction in the
reconstructed density map becomes apparent after cancelling the PoCA assumption.

For each voxel on the map, the projected scattering angles on the X-axis and Y-axis are calculated to
obtain a set of scores (S1, S2) ,see Equations 1 and 2. Then, the final score is assigned to each voxel. We
consider several quantiles ( ASR [0.50] and ASR [0.25]) of the distributions inside each voxel to
determine the final discriminator values that convey information about the object inside the volume of
interest.

S1=(6xp) (Eq.1)
S;=(6yp) (Eq.2)

where 0, is the projected scattering angle on the X-axis, 0, is the projected scattering angle on the Y-axis
and p is the muon momentum.
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Figure 2. Diagram of one of the identical detector tracking systems placed above and below the volume of
interest. The light blue sheets indicate the scintillator panels as they are triggered when muons (the yellow
lines) pass through the system. The detectors (RPCs in green and DCs in blue) provide information about the
positions where the muon hit the detectors.

BENCHMARKING METHOD
Monte Carlo Simulation Analysis

The algorithmic methods explained in the previous section are applied in the Monte Carlo simulation to
investigate the fuel assemblies stored inside the large V/52 CASTOR (see Figure 4). For validation
purposes, the 5.5 m-high V/52 CASTOR is simulated by the GEANT4 high-energy particle physics
package. It stores 52 baskets accommodating the UO; fuel assemblies that come from the Boiling Water
Reactors. Its body is made of ductile iron, with an outer diameter of 2.44 m. The box-shaped basket has
length, width and height of 13 cm, 13 cm and 448 cm, respectively [4].

The detector system is simulated using GEANT4 and consists of two identical detector systems designed
for the CHANCE MT experiment, which is now fully operational at the University of Bristol in a non
laboratory environment. The detectors are made from a combination of Drift Chambers (DC) and
Resistive Plate Chambers (RPC) with spatial resolutions of ~2 mm and ~ 0.3 mm, respectively (see
Figure 2). The tracking systems are positioned above and below the volume of interest, with a gap
between the two systems of 105 cm for scanning the small drum and of 580 cm for scanning the large
CASTOR, if needed. In order to reconstruct the muons’ path precisely, each tracking system’s 10-layer
composites (4 layers of RPC and 6 layers of DC) are arranged in five layers to provide the muon hit
positions on the X-Z plane and five layers to give the muon hit positions on the Y-Z plane. The muon
passing through the investigated drums are generated by the CRY cosmic ray shower generator library

[71.

Before imaging the large CASTOR, the algorithmic methods explained are tested by reconstructing an
image of a 10 cm? single cube of tungsten embedded in the centre of a small concrete-matrix drum with
diameter and length of 57 cm and 88 cm, respectively. The muon tracks are summed using the PoCA and
the ASR algorithms discussed in the previous section to reconstruct a 3D density map of the tungsten
cube inside the nuclear waste drum and finally projected to the 2D projection plot (see Figure 3).
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Both methods achieve a good discrimination level of the tungsten cube from the background in 25 days’
exposure time. Furthermore, the ASR output shows much less noise than the PoCA result due to the fact
that ASR avoids accounting for the outlier events with extreme scattering by assigning the weight to
multiple voxels. The next two sections will present the feasibility of using these methods to image the
fuel assemblies inside the higher-shielding cask (V/52 CASTOR) in terms of target type and exposure
timing.

Figure 3. A 10 cm? tungsten cube positioned in the centre of a simulated cement matrix nuclear waste drum
(top). The 2D projection output of the tungsten cube inside the small drum in PoCA (bottom left). The output
of ASR for the same tungsten cube (bottom right).

Feature and Size Resolutions

In order to compare the performance of the algorithmic methods in imaging the fuel assemblies inside the
CASTOR cask, simple tests are used to compare the different regions inside the CASTOR quantitatively.
The feature resolution test is used to examine the ability of the algorithms to distinguish the contents of
each basket individually and separate these from those of the neighbouring baskets. A chosen number of
baskets have been filled up to 50% of their normal capacity and located randomly throughout the
CASTOR to test the size resolution. A CNR method is developed and applied to the regions containing
different baskets accommodating the fuel assemblies:

A fully loaded basket.

A half-loaded basket (the central UO; pellets inside the basket are removed on purpose).
A half-loaded basket (the UO: pellets to the side of the basket are removed on purpose).
A lead basket (the UO; pellets are replaced with Pb pellets for testing purposes).

An empty basket.

The CNR method is used to assess the ability of each algorithm to differentiate between the two regions
of interest, e.g., the region containing the fully loaded basket and the region containing the empty basket.
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This method reveals which algorithm can locate either fully missed or partially missed of the fuel
assemblies stored inside the CASTOR. The method that produces a higher value of CNR is more capable
of detecting the irregularity of the fuel assembly situations.

The CNR is defined as the difference in the signal contributions between different regions inside the
reconstructed image divided by the standard deviations of the two signals:

_ Iy — ol

[ 42 2
0'1+0'2

where y, is the mean of region 1’s signal and p, is the mean of region 2’s signal. Meanwhile, o, and o2
are the standard deviations of the signal in region 1 and region 2, respectively.

CNR (Eq.3)

Figure 4. The top and the side views of the simulated V/52 CASTOR accommodating 52 baskets. The yellow-
dashed lines represents the half-loaded baskets and the green-dashed line represents the baskets that
accommodate Pb pellets and the yellow-solid line represents the empty basket.
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Figure 5. The left is the ASR output of the fuel assembly feature resolution when 50% of the ASR distribution
in each voxel is considered. The right figure shows the result of accounting for only 25% of the ASR
distribution in each voxel.

Figure 5 indicates a reconstructed X-Z slice through the 3D density map of the fuel assemblies using the
ASR algorithm with 50% and 25% quantiles of the ASR distributions in each voxel. The output of the
ASR algorithm in general can distinguish and locate the empty basket with CNR values of 19 and 15 for
ASR [0.50] and ASR [0.25], respectively, if we compare the empty basket region with the fully loaded
one.

This ASR method achieves clarity in the image reconstructed as it prevents outsider events with large
scattering angles from being integrated into the voxel’s weighting. Notably, the negative consequence of
using this method is that it affects the shape of the object that was reconstructed. Specifically, the edges of
the cask will be stretched abnormally because the detector acceptance on the edges of the detector prefers
high-scatter tracks, resulting in the voxels being filled and stretching at the cask’s edges.

The PoCA algorithm fails to locate the empty basket with a CNR value of 1.03 due to a smearing caused
by the scattering vertices that are reconstructed outside the target. This smearing occurs because the muon
experiences additional scatters when it leaves the target. Therefore, the fuel assemblies extend and merge
with their neighbours’ baskets. Both methods could not differentiate between the two regions of the fully
loaded UO; basket and the basket with Pb pellets, which, in theory, is expected as they have almost the
same density. i.e., 10.97 g/em® and 11.34 g/cm? for UO, and Pb, respectively.

In terms of size resolution, the ability of the ASR [0.25] method to locate and distinguish the missing half
of the fuel assemblies inside the two baskets located in the centre and the sides of the cask is clearly
shown in Figure 4. Comparing a half-loaded basket (centre fuel assemblies removed) with a fully loaded
basket, the CNR values are decreased to 4.0 and 3.0 when ASR [0.50] and ASR[0.25] are used to
reconstruct the two regions, respectively. Meanwhile, comparing the half-loaded basket (side fuel
assemblies removed) with a fully loaded UO, basket shows a 12.5% increase in CNR value at 4.5 when
ASR [0.50] is used to reconstruct the two regions. While, the CNR value remains the same when
ASR[0.25] is used.
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Exposure Time Reliance

The CNR method used in the previous section helps in understanding the performance of the detector
system and the algorithmic method on imaging the fuel assemblies inside the V/52 cask shielded by
ductile iron. However, other factors might have influenced the feature resolution of the 3D density map of
the cask content, for instance, the exposure time or the number of muons that passed through the cask. A
number of cosmic muon simulations are considered to understand the effects of the exposure time on the
quality of the reconstructed images of the fuel assemblies. Figure 5 shows the output density maps
produced by the ASR [0.25] discriminator for an exposure time that started from 45 days and was reduced
to 30 days, 15 days, and then to only 6 days. There is no significant difference between the outputs of 45,
30 and 15 days in terms of the feature and size resolutions. However, the feature resolutions decline when
the time is shortened to 6 days, at which time the reconstructed assemblies start to smear to the
surrounding ones, making it difficult to see the half-loaded baskets. There are no noticeable changes in
the ability of the system to locate the empty baskets even when the exposure time is as short as 6 days.
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Figure 6. The X-Z slices of the reconstructed image of the V/52 CASTOR using ASR[0.25] in 45 days’
exposure time (top left), 30 days’ exposure time (bottom left), 15 days’ exposure time (top right) and 6 days’
exposure time (bottom right).
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CONCLUSION

A method has been developed to understand the performance of the MT detector system and the
algorithmic methods used to differentiate between two specific regions inside the reconstructed density
map of the investigated CASTOR cask. Comparing the regions within the reconstructed image can
provide information about the limitation of the system and the method that reconstructs the image.

The CNR test is used to examine the capability of the system in detecting any irregularities within the fuel
assemblies, such as fully missing or partially missing UO; pellets. The results in terms of feature and size
resolution of the reconstructed density map indicate that the commonly used PoCA algorithm has failed to
detect the missing fuel assemblies inside the empty basket, as the CNR value is almost equal to the CNR
value of the fully loaded basket. Notably, the ASR method can impressively locate both the empty basket
and the half-loaded basket and distinguish them from the fully loaded baskets with CNR values of 19 and
4.5 when considering 50% of the ASR discriminator distributions inside each voxel. This method is
capable of detecting the fully missing basket within a short time of six days’ exposure.
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* Warsaw University of Technology, Poland
** School of Physics, University of Bristol, UK
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ABSTRACT

Radioactive waste has been stored for many years in drums with both concrete and bitumen matrices. The
continuous radiation leads to production of radiolysis gases, mostly Hydrogen. The presence of Hydrogen
gas inside the bituminized containers can present serious safety issues. Muon Tomography has been
shown to have a huge potential to play an essential role in the characterization of nuclear waste. In this
paper we present a robust method to successfully detect and localize hydrogen bubbles as small as 4.42L
starting from 6 days muon exposure in different shapes and different matrices. We also show that the
volume reconstruction for the smallest bubbles considered in our studies is better for concrete matrix with
a density of 2.3 g/cm’.

INTRODUCTION

Radioactive waste generated from nuclear power plants is later solidified in concrete or bitumen. For
many years, the bitumen containers have been extensively used for storage of nuclear waste. In several
countries, nuclear waste was stored either in pure bitumen or a mixture of pure bitumen and radioactive
salts. In homogeneous bituminized waste such as the Belgian Eurobitum, the mixture consists of ~ 60
wt\% of pure bitumen Mexphalt R85/40 and ~ 40 wt% of radioactive salts and metal (hydro)oxides, of
which NaNO; (20 - 30 wt%) and CaSOs4 (4 - 6 wt%) are the most important ones [1, 2]. However, in the
other hand, the solidified radioactive liquid concentrates like the one from COGEMA La Hague plant in
France (called STE3) consist of a pure bitumen Viatotal 70/100 mixed with NaNOs (28 wt%), Na,SOs (5
wt%), CoS (10 wt%), BaSO4 (46 wt%) and PPFeNi (9 w t%) [3].

In presence of continuous o,  and vy irradiation, the high Z materials such as Uranium and other metals
present in nuclear waste can oxidize, producing bubbles of mostly hydrogen gas. The produced hydrogen
can dissolve in the bitumen matrix or form small gas bubbles that tend with time to accumulate into large
bubbles and move upwards because of the lower density. It has already been observed in experiments [6,
7] that when oxidized bitumen Mexphalt R85/40 is gamma irradiated, the radiolytic gases cause
mechanical tension resulting in pore formation or cracks and easier gas release.

Similar experiments [5, 8, 9, 10] confirm higher swelling of pure bitumen and bituminized waste products
(BWP) with increasing v irradiation dose.

The swelling caused by this process of hydrogen generation can present important safety issues during
interim storage. Since small H, bubbles can dissolve in the bituminized waste drum and agglomerate to
large bubbles, it is important to detect bubbles as small as possible. For this reason, it is of high
importance to have a better knowledge of the volume and size of hydrogen gas bubbles, as well as their
position and migration in the nuclear waste drum. In this paper we present a robust method to find the gas
bubbles in the nuclear waste containers. The method uses Muon Tomography to measure the volume of
the gas bubbles as well as the shape and location. We have previously shown that it was possible to
reconstruct bubbles of a total gas volume of 2 L or more with a resolution of 1.55 + 0.77% in 16 days of
data taking [11]. In this work apply our improved method was applied to bituminized waste and we
demonstrated that it is capable to detect and localize hydrogen bubbles as small as 4.42 L starting from 6
days muon exposure in different shapes and different bituminized waste drums. The results of our method
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of bubble detection in nuclear waste drums demonstrated that Muon Tomography is a very suitable
technique to address the problem of hydrogen accumulation in a variety of waste drums.

Muon tomography

Muon tomography (MT) is a technique that uses secondary cosmic radiation to scan volumes from a safe
distance [12]. MT has been successfully applied in many fields, such as archaeology, geosciences, civil
engineering, security, and nuclear safety [13]. In comparison with other scanning techniques e.g. gamma
rays or X-rays, MT uses highly penetrating particles, does not rely on any radiation source, and has a flux
of around 10000/(77Z minute). As muons are charged particles, they undergo multiple Coulomb scattering
while traversing matter.

As can be seen from Eqs. 1 and 2 the width of the projected scattering angle distribution varies with Z;
This is the mean idea behind M T, which has been exploited since 2003 [12] for applications where a
difference between a high-Zmaterial and a lower-Z background can be seen (e.g., special nuclear
materials (SNM) hidden in shipping containers, or high-Z materials within bitumen or concrete matrices).

The distribution of the scattering angle can be estimated as a Gaussian distribution with a mean of zero
[14] and standard deviation g, as:

au= 1;6:";"([1+0038 In—

where g is the muon momentum, /£ is muon’s speed divided by the speed of light c, .vis the path length
from entry to exit and Xy is the radiation length. X, can be approximated with good precision as [15]

Sl (Bqu)

1 Z(Z+1) 287
ek R E 8 (Eq.2)

where A is mass number, and Z is the atomic number.

To perform MT it is enough to place multiple detectors above and below the volume to be scanned and
reconstruct the incoming and outgoing muons trajectories. When these two trajectories meet, a scattering
vertex can be reconstructed. This vertex is not a physical location, but it is a very useful assumption.

Incoming muon
Detector layers

S\ Multiple Coulomi
a9

Outgaing munrk
Figure 1. Illustration of muon’s trajectory measured before and after traversing the volume of interest and
the reconstructed scattering vertex [11].
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Since the exact trajectories of the muons inside the scanned volume are unknown, many estimation
algorithms have been applied to measurements, which include the most likely path (MLP) [18], Straight
line path (SLP) and point of closet approach (PoCA) [17].

After the trajectory estimation, M T results are usually presented in a three dimensional voxelized map
where each voxel contains information about the scanned material properties.

The materials properties are estimated from the variance of the scattering angles in each voxel. To
calculate the scattering densities in each voxel, various algorithms have been proposed [17, 19].

In this paper, the binned clustering (BC) algorithm is used [20], and it has been used already for multiple
studies to discriminate between high-Z [21, 22] and low-Z materials [11].

Binned clustering algorithm

In this study, the binned clustering (BC) algorithm is used to discriminate low-Z materials from the high-
Z materials and the matrix background. The main idea behind the algorithm is to divide the scanned
volume into many voxels with 10 mm sides and select only the most scattered tracks in each voxel. The
default minimum value of scattered tracks in each voxel was chosen to be 5. The algorithm is based on
the fact that there is a large density of high angle scatters in high-Z materials, thus the distance between
two reconstructed vertices, divided by their scatter angle, will be smaller. For each voxel with at least N
reconstructed vertices, a weighted metric distance 77 is calculated as

_lwi=v)l

my = (ei)( 91') 5 (Eq 3)

Where 7; is the reconstructed vertex position of the muon i and its scatter angle & In low-Z materials,
there are less high angle scattering events than in high-Z materials. As a result, for the lowest Z materials
inside the scanned volume, the highest median of metric (discriminator) values are found.

It has been shown already that the mean value of the discriminator distribution has a monotonic
dependence on the volume of the low-Z materials inside a nuclear waste drum [11].

In this study, we will use the mean value of the discriminator distribution 4, to find the total /4 gas
volume in different backgrounds. Then the discriminator difference between a voxel with gas inside and
one filled with bitumen can be used to localize the gas bubbles.

METHODS

The study presented here is based on simulation. Simulations of the MT detector system of the CHANCE
project [24] were performed using Geant4 [25], which is a toolkit developed to simulate the particle
passage through matter. The Geant4 version used was 10.5, including physics process like ionization,
Bremsstrahlung, muon process of multiple scattering and pair production. The cosmic muons were
generated using the CRY library [26], by simulating primary protons with energies between 1 GeV and
100 TeV, and creating showers of secondary particles.

The particle distributions depend on the altitude. Sea level was chosen from the three available altitudes
in CRY. The particle distributions also depend on the effect of the magnetic at different latitudes, so the
latitude of 52.22° was chosen, corresponding to the coordinate of the Physics department at Warsaw
University of Technology. In the analysis presented here, all simulations were 28 days’ worth of muon
exposure. It was chosen to simulate three types of filled drums, a concrete filled drum with a density of
2.3 g/cm?, a Eurobitum bitumen filled drum with a density of 1.35 g/cm?, and finally a STE3 bitumen
filled drum with a density of 1.41 g/cm’. Different sizes and shapes of H, bubbles were simulated, with a
density of 1.2 1073 g/cm?.
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A large, mobile MT detector shown in Fig. 2 (a) has been recently built in a non-laboratory environment
in Bristol, UK [27]. It is rain protected but neither humidity nor temperature controlled; hence the
environmental conditions are likely similar to the ones in the real field deployment.

Plastic
scintdator

Tm— Wastedum

(a) (b)
Figure 2. (a) The muon scattering tomography detector system of the CHANCE project. Shown are the
detector systems above and below the empty sample space consisting of three layers of drift chambers and
two RPC layers. The top stack additionally contains two layers of plastic scintillators used as triggers. The
detectors cover an area of approximately 1.8 x 1.8 m?. (b) Visualization of the CHANCE detector system
using a GEANT4 simulation framework. (Online version in color.)

MT requires the reconstruction of the incoming and the outgoing muon trajectories; hence the detectors
need to be placed below and above the scanned volume.

The MT system is a combination of both Resistive Plate Chambers (RPC) and drift chambers, connected
to a set of scintillator trigger paddles. The scintillator paddles are used as a trigger to start the readout
process. The RPCs were designed and built at the University of Bristol [28], and currently are run on CO»
gas. Each RPC layer is a combination of three large 60 x 180 cm area detector providing a hit position in
one dimension with a resolution of approximately 350 um. The next layer is 90° rotated around the Z-axis
to reconstruct three-dimensional hit positions at the upper and lower part of the detector as shown in

Fig. 2 (b). In a similar way, three layers of drift chambers are arranged in along the X-axis while another
three are arranged along the Y-axis. The total six layers provide muon hit positions with resolution of
approximately 2 mm. The combination of the information about the muon hits from both the drift
chambers and RPCs provide an excellent tracking and measurement of the scattering angles with high
precision. The full MT detector is now operational, the first test data have been taken, and mystery drums
provided by SCK+CEN are being scanned.

RESULTS

To evaluate the MT system ability to find the position of H> bubbles, as well as their volume, a robust
algorithm was developed. In the next sections, a set of tests were developed that will show the
effectiveness of the proposed method to reconstruct the total amount of gas inside different types and
sizes of nuclear waste drum.
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Reconstruction of the H, gas volume in large nuclear waste drums

To evaluate the effectiveness of method to measure the H, gas volume inside a nuclear waste drum, many
simulations were performed, introducing several H; bubbles sizes inside different container types. In each
simulation, the bubbles were cylindrical with a length varying from 5 cm to 36 cm, a radius varying from
2 cm to 12 cm and they were aligned with the drum central axis. The simulated drums have a 2.5 cm thick
steel wall, an external diameter of 61.5 cm and a height of 88 cm. For each drum type, the mean of the BC
discriminator () for each bubble size was extracted and then plotted against the correspondent H; gas
volume. As shown in Fig. 3, for all three set of simulated drums, the #, displays a monotonic dependence
on the H> gas volume. Our additional studies show that this linear behaviour holdsfor other shapes and
location of the bubbles. This monotonic dependence was fitted with a straight line. The results are

4z (Concrete) = (3.277 + 0.090) x 1073V + (8.587 + 0.759 x 10°7). (Eq.4)

4z (Eurobitum) = (1.639 + 0.080) x 107V + (8.827 + 1.041 x107Y). (Eq.5)

42 (STE3) = (1.654 + 0.089) x 107V + (8.816 + 0.970 x 107). (Eq.6)

Mean of BC discriminator distribution against gas volume in concrete drum Mean of BC di " distribution against gas volume in Eurabitum drum

p_diseriminator
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Figure 3. The H, volume values against the corresponding 4 value with linear regression fits for a
Concrete filled drum (top left) and a Eurobitum filled drum (top right) and a STE3 bitumen filled drum
(bottom). The simulated bubbles are cylindrical and aligned with the central axis of the drum.
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To evaluate the accuracy of the method, for each of the drums new simulations were made with new
bubbles volumes. The # was extracted and then using the fit results from Fig. 3, the total volumes were
reconstructed. The reconstructed H, volumes are plotted as a function of the true volumes, see in Fig. 4.

Reconstructed bubble volume against true volume for the concrete drum d bubble volume against true volume for the Eurobitum drum
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Reconstructed bubble velume against true volume for the STE3 bitumen drum

-
T

=

Reco. Gas valume (L)
=)

- -

T S A
True Gas volume (L]

Figure 4. The true H, volume values against the reconstructed H, volume for a Concrete filled drum (top
left) and a Eurobitum filled drum (top right) and a STE3 bitumen filled drum (bottom). The simulated
bubbles are cylindrical and aligned with the central axis of the drum.

Fig. 5 shows the relative uncertainty on the reconstructed H» volume as a function of the true volumes for
concrete filled drum, Eurobitum filled drum and STE3 bitumen filled drum respectively.
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It can be seen that for bubbles larger than 2L the relative uncertainty on the H> volume was below 10%.
This increases rapidly for smaller bubbles. This shows that it is possible to successfully reconstruct even a
small gas volume and with a good resolution, and for small bubbles the accuracy for volume reconstruction
of the smallest gas bubble (about 1 L) is better for matrix with higher density.

Relative uncertainty agains! gas volume for concrete drum Relative uncertainty against gas volume for Eurobitum drum
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Figure 5. The relative uncertainty on the reconstructed H, bubble volumes against the true H, gas volume
for a concrete filled drum (top left) and Eurobitum filled drum (top right) and a STE3 bitumen filled
drum(bottom). The simulated bubbles are cylindrical and aligned with the central axis of the drum.

In the three sets of simulations, the measurement of the total H, gas volume was performed for cylindrical
bubbles only. However, it is crucial to check if the results are dependent on the shape of the bubbles and
their location inside the nuclear waste drum. To study this, simulations using varying numbers of
spherical bubbles randomly distributed inside an Eurobitum drum were performed.
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Table | shows the geometries used and the results of the study. In each simulation the #, was extracted
and then using the fit for the Eurobitum bitumen filled drums, the total gas volumes were successfully
reconstructed within their uncertainties. This study provides a strong evidence that the method does not
depend on the shape of the bubbles or their locations inside the nuclear waste drum.

Eurobitum drum filled with
H, Bubbles

Real gas
volume

Reconstructed
gas volume

4427

4.19+0.522

cde.

12.392

12.20+0.35Z2

-

3.132

3.90+0.482

37

3.40+0.362

1.52

1.23+0.382

0.662

0.91+0.352

Table 1. Real and reconstructed gas volume for Eurobitum drum filled with H> bubbles. (Online version

in color.)

Since the slope of #-as function of H, gas volume changes between concrete and bitumen waste drums,
we performed an additional study to see how the slope parameter varies with density of the matrix. Fig. 6
shows the slope of fitted line plotted as a function of density of bitumen drum. Each set of simulated
bitumen drums was filled with cylindrical H, bubbles and aligned with the central axis of the drums.

Slope of the fitted line against density of bitumen drum

35

Slope of fitted e o

25

Figure 6. Slope of fitted line plotted against density of a bitumen drum. Each point corresponds to 8
simulations of 28 days muon exposure of a bitumen drum filled with hydrogen bubbles inside.
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The H, bubbles have a length varying from 5 cm to 36 cm, a radius varying from 2 cm to 12 cm.

It can be seen that the slop value of the fit equation has a monotonic dependence on the density of the
matrix. This result has two important implications. Firstly, the volume reconstruction method can be in
principle used for other matrix densities without time-consuming calibration studies as the slope can be
obtained from the fit in Fig. 6. Second, the accuracy of our method increases with increasing matrix
density since the relative accuracy of reconstruction of small Hz bubbles is better for higher slope values.

All the simulations in the three sets of drums were performed using one size of nuclear waste drum. In
order to determine if the size of the drum would influence the method, two other sets of simulated drums
were used. Each time the size of the drum was reduced by around 20% of the previous one. The volume
of the included gas bubbles was reconstructed using the fit result for the original size drum. Fig. 7 shows
that the relative uncertainty in the reconstructed gas volume does not depend on the drum size. The
relative uncertainty on the reconstructed bubbles is less than 10% for the three sizes. This shows the
robustness of the method and its applicability to real nuclear waste drums of different sizes.

Folative unconainty en tha reconstructod voluma against tho GasDrum voluma fraction

Small size drum
Medium size drum
rge size drum

o
w
RN RRRRNRRERS|

-0.

Relative uncertainty on the reconstructed gas volume

Gas/Drum volume (L)
Figure 7. The relative uncertainty on the reconstructed bubble volumes as a function of the gas/drum
volume for a medium, small and large size drum. (Online version in color.)

Localization of the /- gas bubbles using the difference of «,

In the previous sections, it was shown that the total H, gas volume in a nuclear waste container can be
measured with high precision, independently of the shape and location of the bubbles, and in different
sizes and types of nuclear waste containers. For the risk assessment of each nuclear waste container, it is
useful to have a good knowledge of the location of the H> bubble and its migration inside the container.
To reveal the location of the H, bubbles, we compare a drum of interest with a reference one, filled with
matrix only (the background container). Then the mean of the BC discriminator in the containers with
bubbles subtracted from the mean of the discriminator in background containers only (A ), was plotted
against the H> volume and then fitted with a straight line. The simulations performed for this study used
cylindrical bubbles.
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Fig. 8 shows that A «y is linearly dependent on the H, gas volume, hence it is sensitive to a presence of
bubbles inside the nuclear waste drums.

Difference of p against gas volume for Eurcbitumen drum
discriminator

difference

—

sve b b s abaa bl ead ool el Lo laaal
0 2 4 8 8 10 12 14 18

18 ' 20 e 22
Hydrogen Gas volume (L)

Figure 8. The H, volume values against the corresponding A # value with a linear regression fit for
Eurobitum filled drum.

To localize gas bubbles, we first divide the drum into slices along the x direction. For each slice we
calculated #, for drum of interest and the background drum. Then we obtained A  for each of the slice
and divide it by its uncertainty to show discrimination power of this method.

The Fig. 9 shows a scanned Eurobitum bitumen filled drum with 4.42 L H, bubbles inside, divided into
slices along the X axis. Each slice was 2 cm wide. Since the A £z /emor is around 1 outside the H, bubble
region, which is consistent with statistical fluctuations. The A £z eror shows a signal at a level of A uz~ 2-
4 in the range where the gas bubble is expected.
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Figure 9. (a) Sketch of a simulated Eurobitum drum filled with 4.42L cylindrical H,bubble. (b) A xs
divided by the error in each slice, between 4.42L H, bubble and a Eurobitum filled drum along the X axis.
The dashed lines indicate the true bubble position. (Online version in color.)
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This it provides an evidence that the method is sensitive to the bubble location. For further studies of the
minimal time needed to detect a bubble a threshold value of A x> 3 was chosen.

The shown results allow to determine the total volume of H» gas bubbles inside nuclear waste containers,
by calculating the A #in drum slices and find where the H, bubbles are localized.

Time needed to detect /7> gas bubbles

To determine the amount of time needed to find H» gas bubbles inside a scanned nuclear waste container,
the A s /emor Was calculated in the simulated STE3 bitumen filled drum with a 4.42 L cylindrical bubble
inside, and then plotted against the scanning time.

A STE3 bitumen filled drum with 4.42L bubble and two STE3 bitumen filled drums were simulated for 3
to 30 days. In each set of simulations, a cut on the minimum number of tracks in each voxel was chosen,
from a default cut equal 5 to high cut equal 40. With a default minimum number of tracks equal 5, most of
the scattering tracks in each voxel are included.

In the Fig.10, the A 4z /Ewor as a function of scanning time is shown. The STE3 bitumen only (background)
is fluctuating at level of A /7 /ror ~ 1.
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Figure 10. A #4/kxor for Eurobitum filled drum with a 4.42L H» gas bubble and a STE3 bitumen filled
drum for different exposure times and different cuts on the minimum number of tracks (Ntracks) in each
voxel. (Online version in color.)

If a threshold value to detect a H» gas bubbles of 3 is chosen, then for a low minimum number of tracks
equal to 5, it takes around 6 days to detect a 4.42L H,bubble. For longer scanning times the ratio of the A
Ha fEror Will remain approximately constant, as the difference measurement itself does not improve
anymore. Scanning times less than 6 days do not give enough data to detect the H, bubble. However, we
are investigating techniques to exclude the presence of bubbles with less data taking time.

CONCLUSIONS

The presence of H, gas bubbles inside nuclear waste containers can present a serious safety issues during
interim storage. MT is a non-destructive technology which can scan the contents of nuclear waste drums
from a safe distance and without introducing any additional radiation. In this paper it has been shown,
through the CHANCE MT simulations, that it is possible to reconstruct precisely H, bubbles volume in
different shapes and location inside different size bitumen and concrete filled nuclear waste drums and
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determine H; bubbles location using our analysis method. For bubbles larger than 2L the relative
uncertainty on the H volume was below 10%. This increases rapidly for smaller bubbles.

In general, the method works well for both bituminized and concrete drums, but we found that the
accuracy of volume reconstruction for the smallest bubbles considered in our studies is better for higher
density matrices. The muon exposure time needed to detect a 4.42 L bubble was found to be about 6 days.

The CHANCE MT detector has been already built in a non-laboratory environment in Bristol, UK, the
first data has been taken, and a blind test with drums from SCK*CEN filled with voids and non-
radioactive materials similar to what could be found in real nuclear waste drums is ongoing.
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ABSTRACT

Muon Scattering Tomography (MST) is a non-destructive assay technique for the characterization of
sealed heterogeneous nuclear waste packages. Using MST in combination with machine learning
techniques allows for a greater understanding of a waste drum’s contents. Here we describe a method that
uses multivariate analysis classifiers in combination with MST data to identify objects stored in a waste
drum and determine their most likely material composition. We test our method through simulation
studies using a generic MST detector system and establish that a wide range of objects can be correctly
identified after a 10-day exposure. We also determine the system’s efficiency at detecting small uranium
objects as 0.90%5:97.

INTRODUCTION

Developing techniques to investigate the contents of nuclear waste drums without opening them is vital
for proper waste management and safeguarding. Legacy waste drums may be lacking extant
documentation of their contents, and even well documented drums may need their contents verified. Such
techniques are known as Non-Destructive Assay (NDA), and include calorimetry and cavity ring-down
spectroscopy as well as MST. The advantage of NDA techniques is that there is very little risk of the
release of hazardous material; ‘passive’ NDA methods such as MST that do not introduce additional
radiation (unlike e.g. X-ray radiography) are even safer, and in general more cost-effective. MST makes
use of a flux of muons incident on the Earth’s surface that originate from cosmic rays, and so no particles
need to be artificially introduced into the system.

BACKGROUND

Muon scattering tomography

Interactions between cosmic rays and the Earth’s atmosphere produces a flux of muons. At sea level the
muon flux is around 1 cm? min™ [1] and approximately follows a cos? 8 angular distribution, where 8 is
zenith angle. Due to their high mass and lack of strong interactions, muons can penetrate a significant
distance through matter. Their attenuation interactions can be exploited for muon radiography, allowing
the imaging of large structures; this technique has been used to great effect in recent years to image the
interiors of volcanoes [2] and ancient pyramids [3]. Muons also undergo scattering interactions in matter,
with the strength of the scatterings being highly dependent on the atomic number Z and the density of the
medium. This relationship between muon scatterings in a medium and its material characteristics is the
underlying principle of MST.

Within dense matter, muons undergo multiple elastic Coulomb scatterings. The distribution of the
projected scattering angles is approximately Gaussian, with a width o given by [4]

_ 13.6 MeV

VXX (Eq. 1)

where / is the ratio of muon speed to the speed of light in a vacuum, c; p is the muon momentum, X is the
material thickness and Xj is the radiation length of the material.
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This is defined as the width of material for the energy of a beam of elecirons to be reduced by a factor of
/e, and is given by

B 5 7644 »
Xo = elo = o i ogzs7yz) |& om ] (Eq-2}

where Lo is the path length (defined by radiation length divided by material density ) and A is atomic
mass. The dependence of the scattering angle distritattion on Z allows high-Z material to be distinguished
from lower-Z material, making MST a suitable technique for detecting high-Z special nuclear materials
such as wranium. With exposure times of several days, full high-resclution images of a waste drum can be
produced if required

To exploit this scattering to assay some volume of interest, such as a waste drum, MST systems generally
consist of two sets of particle detectors, with the volume in between (see fig. 1). Each set must consist of
multiple layers of detectors, enabling a particle’s trajectory to be calculated from the detector hits. This
allows the incoming and cutgoing trajectories of each muon to be calculated and hence details of the
muon’s scatrerings within the volume, such as scattering angle, to be obtained.

Inconing muon
o
K
K4
Fa
Detectors ;"-“ Volume of interest

Fig 1: Schematic demonstrating the principle of MST. Particle detectors above and below a waste drum reconstruct
the incoming and outgoing muon trajectories, allowing the scattering angle & (here greatly exaggerated) to be
calculated. The muon scatterings are stronger in high-Z material (here green).

METHODS

Sim ulation setup

Our simulations were performed using CRESTA, a muon tomography simulation platform built on the
Geant4 particle transport toolkit [5] and the CRY cosmic ray shower generator [6].
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Fig 2: Simulated MST detector system in CRESTA. The detector modules reconstruct
muon tracks before and after encountering the central waste drum.

Within CRESTA, we simulated a “zeneric’ MST detector system consisting of two detector modules,
each with an active area of approximately 2 m by 2 m, and a space between them suitable for a ~1 m long
waste drum (see fig 2).

Each detector medule consists of layers of Resistive Plaic Chambers (RPCs), polystyrene scintillator
trigger plancs, and drift chambers. The RPCs have a spatial resolution of ~ 350 pm, and the drift
chambers ~ 2 mm. The detectors are amanged in alternating X and y layers which allows a set of mmon hits
to be recorded and hence the mmon trajectory reconstructed. The waste drom is made of steel and
approximately 25 mm thick, ~960 mm long and has a radius of ~300 mm. The drom is filled with
homogeneous concrete with density 2.3 g cm®; the user can place ojects of other materials into the
concrete at any position of rotation. In CRESTA, cosmic ray muons are generated fiom a 2 X 2 m plane
above the upper detection module, with appropriately distributed incident angles and energies sampled for
muons at ~sea level. They are then propagated through the system, undergoing the appropnate degree of
attermati on and scattering for the material they are in, with hits recorded whenever they encomnter the
detectors. From these hits the incoming and outgoing tracks (for muons that encomnter both detector
modules) are reconsinicted. To account for the experimental difficulty in measuring the muon momentum
precisely, the simulated mmon momentum is obtained by adding a smearing factor to the Monte Carlo
tnuth momentum. Following the method of [7], the smearning factor is drawn from a Ganssian with a mean
of 0 and a width of 50% the true momentum.

Binned chustering algarithm
There are multiple MST algorithms in use for pencrating images from scattering angle data. The simplest
is the Point of Closest Approach (PoCA) algorithm [8]. The volume of inferest is initially divided into a
matnix of cubic voxels. PoCA models each muon’s multiple seatterings as if they oceurred at a single
point, designated the ‘scattering vertex’. This point is found by extrapolating the incoming and cutgoing
muon tracks imto the volume, and calculating the point which minimizes the distance to each. The image
is produced by assipning a weight to the voxel containing the point such that higher angle scatterings are
weighted more strongly. The assumption of each muoen scattering only once is greatly simplifying and in
general PoCA produces poot resolution images.
A more advanced MST algorithm is the binned clustering algorithm [9], which builds on PoCA by
exploiting the spatial density of the scattering vertices. A higher density of scattering vertices in a voxel
corresponds to the presence of high-Z material, as large-angle mmon scatterings occur at a higher rate in
these materials. In cur analysis, we use the binned clustering algerithm in the following form:

1. The vohmne is divided into cubic voxels of side length 1 cm.
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2. The incoming and outgoing trajectories of each muon are calculated from the detector hits, from
which the comesponding scattering angles are obtained.

3. The positions of each muen’s scattering vertex are calculated by finding the point at which the
distance between the extrapolated tracks is minimal (as in the PoCA algonithm).

4. All the scattering vertices inside each 1 cm® voxel are sorted into descending order by the
scattering angle of the comesponding muocn_ The first f7entries in the list are kept and the rest
discarded Voxels that contain less than 77 scattering vertices are discarded.

5. For each pair of vertices I, f in each voxel, a metric value my is calculated as

_ |VL_VJ'|
LT e (Eq-3)
where V,, 6 and 5 are, respectively, the scattering vertex position, scattering angle, and (smeared)
momentum of muon J. The momentum information is necessary to exchude high-angle scattering
of low-momenium muons mimicking high-angle scattering by high-Z material. Smaller metric
values comrespond to a higher density of scattering vertices, and larger scattering angles,
indicating high-7 material
6. Foreach voxel, the distnbution of log(f1;) values is obtained and the median calculated. This
median is the disciminator value for that voxel; the final image is a map of these discriminators.
Images from simulation studies of concrete-filled waste drums made with this algorithm (see fig. 3) show
that high-Z objects are clearly visible when viewing slices of the final 3D image.

Binned clustering discriminator, =0 0 mm Binned dustering discnminator. y=4.0 mm

12 - discriminator
12 « discriminator
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Fig 3: xy (left) and Xz (right) slices from a binned clustering output image of a concrete-

filled 1 m long waste drum containing a 10 cm uranium cube, centred. The exposure

lime was 10 days and the algorithm’s parameter 1 was set to 5.
M ulfivariate analysis
Machine leamning techniques can be used in conjugation with MST to allow deeper analysis of a waste
drum’s contents. One approach is to design Mulii-Variate Analysis (MVA) classifiers: machines trained
to recopnize from some set of variables whether the set is more likely to belong to a previously defined

‘signal’ class or one or more ‘background’ classes. Previously MVA classifiers have been used to

discriminate, on a global level, drums containing blocks of lead or uranium [10]. To allow for a ‘local’
approach, i.e_ to obtain material information down to the scale of the 1 cm voxzels, we passed a set of
variables calculated from the binmed clustering algonithm to the MVA classifiers. These had the
advantage that a set of vaniables could be calculated for every voxel individually.
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As explained in the previcus section, the binned clustering algorithm produces, for each vozel, a set of m;
metric values. By defanlt the median only of the distribution of log(m;) values was determined and used
to produce an image. In our approach, we instead bin the log(m;) values, and use the (nommalized) bin
counts (see fig. 4) as a set of variables that are then passed to MV A classifiers.
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Fig 4: Comparison of log(metric) distributions for voxels corresponding to uranium (left) and concrete
(right). The median of each distribution is used as the discriminator in the binned clustering algorithm.
The normalized bin counts (as well as the median) are used as the MVA classifier input variables.

Owr MVA classifiers were created and applied using TMVA [11], a ROOT-integrated [12] machine
leamning platform. TMVA allows the user to create classifiers that use mmltiple machine leaming methods,
such as Fishers linear discriminant or a mulii-layer percepiron, simultaneously. One can then determine
from the results which classifier is best snited to the problem. In our case, we found that a gradient-
bocsted decision tree method gave the best results whilst also being among the least computati onally
intensive. A trained decision tree-based classifier uses a linked series of cuts on the set of variables to
atlempl Lo correctly classily the sel. ‘Gradient-boosted’ refers (0 a method of combining many rees 1o
improve the acauracy of the overall classifier.

MVA training

Owr MVA classifiers were trained to recogmze four different materials: concrete, iron, lead and uwraniom.
The training sets were simulated drms containing 20 cm cubes of each matenial, centred in the drom. A
10-day exposure of each was simulated, then the birmed clustering algorithm (with its 77 parameter set to
20) was applied to the results. From the algorithm cutput the M VA variables for the voxels inside the
cubes were obfained and passedto the classifiers. Initially, we used a single non-binary classifier and
designaied the concrete set as ‘signal’, and the iron, lead and uranium sets as ‘backgrounds’. Trained in
this way, this classifier will produce an output value when applied to other voxels, and designate them as
being ‘signal-like’ or ‘background-like’ based on whether the cutput value is above or below the
classifier’s calculated optimum cut (see fig. 5). The effectiveness of this classifier can be quantified
through a Receiver Operating Characteristic (ROC) curve. This is a plot of the achieved true positive rate
against false positive rate for different cuts on the classifier cutput; the point of maximum curvaiure on
the ROC curve comresponds to the optimum cut. The Area Under the Curve (AUC)of aROC curve is a
measure ol the classilier's discriminating power, with an AUC of 1 indicating a perfect classifier, and an
AUC of 0.5 indicating that the classifier performs no better than random classification.
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The non-binary concrete vs iron, lead and uramum classifier has an AUC ~ 0.996, indicating it is highly
effective at distinguishing concrete from the other materials.
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Fig 5: Responses to training sets from non-binary MVA classifier trained with concrete as signal and iron, lead
and uraniwm as backgrounds. Voxels that renurn a response value above the marked cut are considered ‘signal
(i.e. concrete)-like .

Thns the classifier is able to approximately identify the voxels comesponding to objects of iron, lead or
uranium stored in the concrete-filled dnum. We are then able to remove all vozels except these fiom the
bimned clustering algorithm cutpatt image and show the stored objects only.

Cludering

With these ‘object vaxels’ identified and separated, we used a clustering algorithm to group them into
clusters, with each cluster approximately comesponding to a body stored in the waste dnm. This was
achieved through the widely used kmeansH- chusiering algorithm [13]. In summary, one selects a set of
random data points to be the imtial cluster centroids, assigns each data point to the cluster with the closest
centroid, then calculates new cluster centroids as the centers of these new clusters. This is repeated umniil
the cluster centyoids locations converpe.

A complication of this algonithm is that it requires the mmber of clusters K as an input. This is best
resclved by simply nmning the algorithm with a mnge of kK values, then using some fipure of merit to
assess which clustering solution is the most natural. In our case, we calculate the Dunn index [14] for the
Kk-meansH- output for a range of K values. The Dumn index can be defined as the matio between some
measure of the minimum infer-dluster distance and some measure of the maximnm inira-cluster

distance. A high Dumn index therefore comesponds to compact and well-separated clusters. We found that
chocsing K s0 as to maximize the Dunn index was effective at obtaining the most natural value for K, 1.e.
the actual mmber of stored bodies in the drum.

Finally, we apply some simple filtering to remove first image noise (i.e. voxzels that comrespond to
concrete in the drum bat are incomrectly passed by the classifier, which will occur to approximately 0.1%
of the concrete voxels due to the classifier’s AUC) and subsequently to remove the “outer layer’ of voxels
from each object cluster. This latter step is necessary as there will be a degree of smearing between a
stored object and the concrete backgromnd, due to scattering vertices from muons that did not pass
through the object being reconstructed within it Fig. 6 shows the resulis of successively applying the
concrete non-binary classifier, the kmeans i clustering algorithm, and the described filtering to MST
data from a 10-day simulation of a drum containing 15 cm cubes of iren, lead and wranium.
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The vozels in the binned clustering algorithm cutput image comesponding to the stored cubes have been
successfully isolated and clustered.
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Fig 6: Result of applying filtering and clustering algorithms to a simulated drum containing three cubes.
Clockwise from top left: the simulated drum geometry, a 3D view of the filtered image, XZslice of the
filtered image showing clustering solution, xy slice of the filtered image.

Calauatingmaterial values
Two firther MVA classifiers are now applied to these identified objects to obtain material information.
These are a non-binary classifier with iren as the “signal’ case and lead and uranium as ‘background’
cases, and finally a binary lead-uraninim classifier (with uranium as ‘signal’). The former has ROC AUC
of ~0.993, and the latter ~0.811 (AUCs reduce as the maierials become more similar in Z and thus harder
to distinguish).
These classifiers will retum a response value for each voxel passed to them. To obtain a single result for
each identified cluster, all of the vozels in a cluster are passed to the classifier, and the proportion of
response vahoes that fall above the cut is calculated. For the iren vs. lead and uranium nen-binary
classifier, this value will reflect how ‘iron-like the cluster appears. The uranium-lead binary classifier
value will reflect how “uranivin-like’ the object appears, and 1 — this value how ‘lead-like’ it appears (the
lead and uranium values are also normalized by multiptying by 1 the iron value from the non-binary
classifier). For chjects of similar volume tothe 20 cm cubes used for training the classifiers, the largest
value comesponds to the comrect matenial, and objects of different materials are clearly distinguished by
the three material values (see fig. 7).
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Samulated paometTy, 15 cm cubes
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Ob 1: vol 2936.0 em’ vol
Fe: 0,168 »/- 0,008, Fe: 0.041 +- 0.004, Fe: 0.880 +/- 0.038,

Ph: IL744 +- 0.029, Pb: 0.374 &/- 0.7, Pb: 0.020 +/- 0.004,
U 0.099 +i- 0.006 U: 0.596 +/- 0.025 U: 0.000 +- 0,000

Fig. 7: Calculated material values for successfully identified clusters corresponding to three
stored 15 cm cubes of uranium, lead and iron. In each case, the largest value corresponds to
the true material.

However, this does not necessarily hold for objects significantly larger or smaller than the 20 cm training
cubes. This is becanse passing through a greater thickness of high-Z material will undergo more
scatterings, and so the final scattering angle will be, in general, larger. This will propagate through to the
birmed clustering algorithm metric values, and hence to the MVA classifiers. Therefore, larger objects
appear ‘shifted’ to higher-Z material and vice versa. This can lead to e.g. a large lead object appearing
similar to a small wranium object, or a small wranium cbject being interpreted as lead Fortumately this
effect can be corrected for by calibrating an object’s material values to its volume. We achieved this by
applying the system to a series of spheres of increasing volume and different materials, producing a set of
calibration curves (fig_ 8).

Thus to obtain a final material decision for an object, its material valoes are calculated using the method
described above, and its volume simply from the mmber of 1 an?® voxels in the cluster. This volume is
input to the calibration curves, producing sets ol ‘expecied’ material values il the object was made ol
iron, lead or uranium. The actual material values are compared to each set (intemms of Euclidean
distance), and the material with the best match (minimal distance) identified
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Matetial breakdown values vs object size: uranium spheres Matsnal breakdown values vs object size. lead sphares
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Fig. 8: Calibration curves used to make a material decision for an object from its MVA-calculated
material values and volume. Plots show the three material values for a series of spheres of increasing
volume, made of uranium (top left). lead (top right) or iron (bottom).

RESULTS

Here are shown some example results of applying this system to a series of more complicated simulated
geometries: a set of three 10 cm cubes (fig- 9), a set of three imegular shaped and positioned objects (fig.
10), and a set of five varied objects (fig- 11). The system performs well in all cases, comectly identifying
the mmmber and position of all the stored objects. All the uranium objects present are comectly identified.
Even the smaller uranium oljects, which have smaller uranium values than larger objects, are comectly
identified when properly calibrated by their volumes. In total from these examples, 10 cut of 11 objects
are comectly identified One lead object in the five object case is misclassified as being iron. The object is

Simulated geometry Identified clusters, z=0.0 mm Material decisions
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Fig. 9: Material results for a simple geometry of three 10 em cubes of lead, uranium and iron, centred in the
drum and aligned with the voxel grid. All three objects are correctly identified. Left to right: simulated
geometry, XZslice of final image showing clustering solution, object volumes and material decisions.
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a small lead tube, and likely indicates a vulnerability of the system to less-spherical objects.
Simulated geometry Identified clusters, z=0.0 mm Material decisions
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Fig. 10: Material results for a more complex geometry of three cuboids, rotated away from the voxel grid. Again
all three objects are correctly identified. Left to right: simulated geometry, XZslice of final im age showing
clustering solution, object volumes and material decisions.
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Fig. 11: Material results for a complex geometry of five variously-shaped objects. The uranium bodies are

correctly identified. One lead object, a small tube, has been misclassified as iron. Left to right: simulated

geometry, side-on view of final clustered image, object volumes and material decisions.
Effidency at uranium object detection
Finally, the system's efficiency at detecting mall uranium objects (the true positive raie) was calculated.
This was doing using a set of randomly generated waste drum gecmetries, each containing three spheres
with 6 cm madii. The spheres were constrained to not intersect each other it ctherwise randomly
dispersed in the drum. 100 simulations were rum in total; half contained one uraniom, one lead and one
iron sphere, and half contained two lead spheres and one iron sphere. Defining a true positive
identification of a uranium object as an object close to the uranium sphere’s true location being identified
and classified as uranium, we calculated a true positive rate of 0.9039]. On inspection, most failed cases
comresponded to drom geometries in which the iron and uranmium spheres were very close together,
causing them to be interpreted as a single object, and usually classified as lead With a false positive
defined as any object ina drum not containing uranium being assigned uranium, we found a false positive
rate of 0.12:332_ Similarly, most false positives were cases where the two lead spheres were very close
together.
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CONCLUSIONS

Machine learning techniques in combination with MST allow for more information about a waste drum’s
contents to be extracted than MST alone. MVA classifiers trained on variables obtained from the binned
clustering algorithm are effective at identifying the materials of objects stored in waste drums. One such
classifier, trained on concrete, iron, lead and uranium samples, has been used to successfully isolate the
voxels corresponding to stored objects in a binned clustering output image of a waste drum. These
remaining voxels can be sorted into clusters, each approximately corresponding to a stored body in the
drum, using simple clustering algorithms.

Additional MVA classifiers can be used to give further material information about each identified object.
When combined with calibration curves calculated from a set of test cases, the outputs of these classifiers
can be used to successfully identify objects composed of iron, lead or uranium for a wide range of object
shapes, locations and sizes.

With a sample set of randomly generated drum geometries, we were able to correctly identify uranium
objects on a scale of ~10 cm with an efficiency of 0.90%5:27, and a corresponding false positive rate of
0.12*342, indicating that this approach is effective at identifying uranium objects stored inside waste
drums. The identified vulnerabilities include objects of materials with very different Z values, such as iron
and uranium, that are close together; uranium objects can be misidentified in such cases.
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ABsTrACT: The use of muon scattering tomography for the non-invasive characterisation of nuclear
waste is well established. We report here on the application of a combination of feature discrimi-
nators and multivariate analysis techniques to locate and identify materials in nuclear waste drums.
After successful training and optimisation of the algorithms they are then tested on a range of
material configurations to assess the system’s performance and limitations. The system is able to
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1 Introduction

It is important to develop non-destructive methods to determine the contents of sealed nuclear waste
packages, in order to minimise the risks of environmental contamination and personnel radiation
exposure and to allow for more effective safeguarding. Non-Destructive Assay (NDA) techniques
in current use include calorimetry and Muon Scattering Tomography (MST).

NDA techniques can analyse drum contents in a variety of ways. For example, calorimetry
can be used to measure the mass of nuclear material inside a container by its heat emission [1].
In contrast, MST (with exposure times of several days to weeks) can produce full 3D images of
a volume of interest, allowing individual objects inside the drum to be viewed as well as giving
information on their atomic number Z and density [2].

Simulation studies are useful tools to assess MST techniques and algorithms; the technique
described in this paper was developed and tested via Monte Carlo simulations. It uses MST data
in combination with Multi-Variate Analysis (MVA) classifiers and clustering algorithms to approx-
imately identify the locations and shapes of objects stored in a concrete-filled waste drum. Subse-
quently, additional trained classifiers are applied to each identified object to classify them as ‘iron’,
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‘lead’, or ‘uranium’, representing low-threat medium-Z material, low-threat high-Z material, and
high-threat high-Z material respectively. The use of these four materials allows three classification
problems of interest to be investigated: separation of stored objects from the concrete background,
separating medium- and high-Z materials, and distinguishing between two high-Z materials.

Previous applications of machine learning techniques to MST imaging have demonstrated
methods for distinguishing between drums containing uranium and lead blocks [3] and for recon-
structing the size of uranium blocks [4]. Our system builds on these through the ability to isolate
and identify multiple distinct bodies of different materials and sizes in a waste drum. Other previous
research into combining machine learning and MST include applications in cargo scanning [5, 6],
a related problem for which short exposure times are required.

2 Muon scattering tomography

Cosmic rays interact with the Earth’s atmosphere to produce showers of particles, some of which
subsequently decay to muons, resulting in a muon flux at sea level of around 1 cm™2 min~' [7]. These
cosmic ray muons are highly penetrating due to their large mass and lack of strong interactions.
They have an angular distribution that varies approximately as cos® §, where 6 is the zenith angle.
Muons are also highly sensitive to the atomic number Z of the material they are passing through,
making them suitable candidates for tomographic imaging of nuclear waste drums.

Muons undergo multiple elastic Coulomb scatterings in matter, with the projected scattering
angles following an approximately Gaussian distribution with width o~ given by

o~ 13‘6ﬂ\/x/xo 2.1
Bep

where £ is the muon speed divided by the speed of light in a vacuum, c; p is the muon momentum,
X is the thickness of the material and X)) is the radiation length of the material [8]. The latter is
given by
716.4A
Xo=
Z(Z +1)In(287/VZ)
where p is the material density and A is atomic mass [9].

[g-em™?] 22)

A general MST experiment consists of two sets of particle detectors, one above and one below
some volume of interest such as a waste drum (see figure 1). Multiple layers of detector are
necessary in order to construct a three dimensional trajectory for each muon from the detector hits.
This allows the incoming and outgoing trajectories of each muon to be measured and hence the
muon scattering angles to be calculated.

Several algorithms have been developed to enable imaging of a volume of interest from MST
data. The simplest is the Point of Closest Approach (PoCA) algorithm [10], which models a
muon’s multiple scatterings as a single scattering at a single point (‘scattering vertex’), found
by extrapolating the incoming and outgoing tracks into the volume and finding the point which
minimises the distance to each. This assumption allows for fast computation at the expense of
image quality. A more advanced MST algorithm has been used in this study (see section 2.1) which
builds on PoCA by exploiting the spatial density of scattering vertices; a high density of scattering
vertices corresponds to the presence of high-Z material as large-angle muon scatterings occur more
often in such materials.
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Figure 1. Schemdlic showing the principle of muon scatering tomography applied to a nuclear waste
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tracks are extrapolaed through the volume, and the point a which the distance between thetracks
isminimd (the PoCA) is designated as the scattering vertex for the muon. Thisis repeated for dl
of the detected muons that encounter the vaume of interest Nexdt, the scatering vertices indde
each 1cm® vaxd are sorted by the scatering angle of the corresponding muon, and the vertices
corresponding tothe = largest scattering angles are kept (voxds which contain lessthan = vertices
arediscarded). This factor of =is an important tunable parameter of the algorithm. High vaues of
=improve the contrast between high and low-/ maeriads, as a gredler sample of muons are kept,
but reduce image ‘quality’ (i-e the number of non-empty voxdsin theimage) as more voxds fdl
bdow the cut and are removed from theimage
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Figure 2. Comparison of distributions of the binned clustering algorithm discriminator, for 20 cm cubes of
uranium and concrete. Lower discriminator values correspond to higher Z material.

For each of the (3) pairs of vertices i, j in each voxel, a metric value m;; is calculated

according to
Vi -Vl

mij= ——o
Y 0ipi) - (0;5))
where V;, 6; and p; are respectively the position, scattering angle and normalised (by a factor of

23)

3 GeV/c) momentum of muon i. Weighting by muon momentum is necessary as large scattering
angles could indicate low-momentum muons being scattered in low-Z materials instead of strong
scattering in high-Z materials. In an experimental system, the muon momentum can be estimated
using the muon scatterings between the detector planes, as the planes are of known material and
thickness. Following the method of [12], for our simulations the momentum was obtained by adding
a smearing factor to the Monte Carlo truth momentum. The smearing factor was drawn from a
Gaussian with width 50% of the Monte Carlo truth momentum.

Finally, the median of the distribution of log(; ;) in a voxel is determined; this is the algorithm’s
discriminator value for that voxel. Comparing the distributions of this discriminator for high- and
low-Z materials shows that the discriminator is sensitive to Z (see figure 2).

For imaging purposes, each voxel is filled with its discriminator value as described above,
creating a tomogram of the volume of interest. Viewing slices of discriminator values through the
image (see figure 3) allows regions of high-Z material to be identified visually. This gives a degree
of information about the locations and morphologies of objects stored in the drum. However, it is
vulnerable to a vertical smearing effect inherent in the POCA reconstruction, and without an object
of known material for comparison, it is difficult to determine the specific materials of objects ‘by
eye’. Additionally, without any way to automatically remove background materials such as the steel
drum and concrete matrix, the 3D image must be viewed in slices to determine the locations of
stored objects.

By default, the binned clustering algorithm only takes into account the median of the log(m;;)
distribution in each voxel. To test the possibility that additional material information is encoded in
the shape of the log(m;;) value distribution, variables capturing the shape were used to train MVA
classifiers. These classifiers are then used to separate the regions of the image corresponding to
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Figure 3. xy (left) and xz (right) slices from binned clustering output images of waste drums containing
10 cm side length cubes of uranium (top) and lead (bottom). Exposure time = 10 days, n = 5. The smearing
effect along the z axis is due to uncertainty in the scattering vertex z coordinate for tracks with small scattering
angles. Note that the plotted discriminator values have been subtracted from 12 for visual clarity.

objects stored in the drum from the concrete matrix. Subsequently the classifiers are used to assign
a material to each identified object.

2.2 System configuration

All simulations were performed using CRESTA [13], a cosmic ray simulation platform built on
the Geant4 [14] particle physics toolkit and the CRY [15] cosmic ray library. Within CRESTA a
MST detector system comprising two particle detector modules above and below a waste drum was
simulated (see figure 4). This represents a ‘generic’ MST detector system, designed for imaging
a 1 m waste drum. The detector modules are 2 m by 2 m and each consists of two layers of resistive
plate chambers (RPCs), polystyrene scintillator triggers and three layers of drift chambers. The
RPCs and drift chambers have spatial resolutions of ~ 350 um and ~ 2 mm respectively. The
detectors are arranged in alternating x and y layers, allowing 3D muon hits to be recorded and the
incoming and outgoing tracks reconstructed.
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3 Multivariate analysis
31 MVAsand muon tamography
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Figure 7. Example distributions of some of the input variables used to train the MVA classifiers, here
specifically a binary uranium-lead classifier. The variables are the normalised bin counts (see figure 6) of
the log(m;;) values calculated by the binned clustering MST algorithm. The signal set (blue) are voxels in a
20 cm cube of uranium, and the background set (red) an equivalent cube of lead.
Background rejection versus Signal efficienc
J : < 4 TMVA
IE 15\ T I——H_‘\—O—h._ﬁ—:\_:t‘::_l-_\-_lrl TTTT TTTT TTTT TTTT TTTT TTT IE
° ool NN = ]
&2 T h e~ B
e F L E
= TSSO 3
'E 0.8 I~ \ N \ -
=1 F J
3 orl N \ AN ]
D 'L MVAMethod: \ \\ B
o E BDTG \e \ % ]
9 0.6 %
=5 N\
0.5 C SVM \ |
r ——— Fisher \ ‘\ ]
0.4 - Buu iudr;a 1er N \ \ -
E Likelihood \ \ \\ 3
03 o PR GA A \ ]
0.2:\I\I | 1111 | L1l | I\I\I\II\I\\\I:
0 01 02 03 04 05 06 07 08 09 1
Signal efficiency
Figure 8. ROC curves showing discriminating power for several TMVA methods when applied to the
described binned clustering algorithm variables, for distinguishing voxels in 20 cm cubes of uranium and lead.
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3.2 Training MVA classifiers

The MVAs were trained on a number of simulated MST muon track data corresponding to a 10 day
exposure of four different waste drums: an ‘empty’ drum containing only concrete, and three drums
containing 20 cm side length cubes (see figure 9) of iron, lead and uranium, in the centre of the
drum and aligned with its central axis. Only the voxels in the cube (or the equivalent volume for the
homogeneous empty drum) were passed to the classifier. The binned cluster algorithm’s n parameter
(see section 2.1) was set to 20. The dataset is split into equally sized ‘training’ and ‘testing’ sets;
the MVA is trained on the former then applied to the latter as an overtraining check. For a binary
classifier, one dataset of voxel variables is designated as ‘signal’ and the other ‘background’, whereas
a non-binary classifier is passed a single signal dataset and several background datasets. In each
case, the classifier attempts to distinguish signal voxels from background(s) voxels, such that when
applied to a new voxel it will be classified correctly as often as is possible from the provided variables
and the classifier’s discriminating power. The non-binary classifiers are trained to distinguish the
signal set from all the provided backgrounds (i.e. one-vs-all classification). TMVA calculates an
optimum cut value on the classifier response, with a response above the cut being considered ‘signal-
like’ and below ‘background-like’. The optimum cut corresponds to the point at which the signal
efficiency is equal to the background rejection. On the ROC curve, this corresponds to the point
with the maximum Youden index [18], defined as signal efficiency + background rejection — 1; i.e.
the length of the vertical line between the ROC curve and the 45° line connecting the curve’s ends.

20 cm
.
Figure 9. Example simulated geometry used for MVA training: 20 cm side length uranium cube, in the
centre of the waste drum.

To check for overtraining, TMVA’s standard check was used: the training signal and background
datasets of voxels are both randomly split into two equal groups, with one being used to train the
classifier and the other reserved for testing. The trained classifier is then applied to the test set. The
classifier output distributions for the training and test sets are then directly compared (see figure 10),
with a close match between the distributions indicating a low degree of overtraining. A Kolmogorov-
Smirnov test is also performed to quantify the similarity of the distributions. In our case, the
distributions of the test and training MVA outputs are a close match visually. The Kolmogorov-
Smirnov test value is low however, indicating some degree of overtraining has taken place.

3.3 Momentum information

To determine the importance of momentum information for material classification, two alternative
approaches to the muon momentum were investigated in addition to the 50% Gaussian smeared
truth momentum described in 2.1. These were using the Monte Carlo truth momentum itself,
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Figure 10. TMVA overtraining check plot for the uranium-Head binary MVA dassifier. The MVA output []_,l
distributions for the signal and background training sets are overlaid with the output distributions for the test ;J
sets for comparison and a Kolmogorov-Smirnow test is performed. :ﬂ
N
with no smearing, and fixing the measured muon momentum & a constant vaue of 3GeV/ic, i.e l‘%
removing momentum information entirdy. A comparison of binned dustering agorithm output
images of adrum containing 15 cm cubes of uranium, lead and iron for the different approaches is =
shown in figure 11. Using the Monte Carl o truth momentum resultsin adightly sharper imagewith SN

less varidion in the concrete background, whereas using fixed momentum significantly reduces
the qudity of the image with the iron cube in particuar difficult to distinguish from the concrete
background.
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Figure 11. GHdices from binned clustering dgorithm output images (with the algorithm’s discriminator
vaue subtracted from 12) of a waste drum containing 15am side length cubes of uranium, lead and iron,
with three different muon momentum approaches using the Monte Calo truth momentum {(<ft), applying
a 50% Gaussian amear to the truth momentum (centre), and ranoving momentum information entirdy by
fixing it & aconstant value (right). Exposure time = 10days, ==
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To quantify the effect on material discrimination, binary uranium-lead MVA classifiers trained
as described in section 3.2 but with samples obtained using the three different momentum approaches
were used to create ROC curves for each scenario (figure 12). Comparing the AUC for each case
shows that smearing the momentum slightly reduces the discriminating power of the classifier,
with AUC = 0.852 for the truth momentum and AUC = 0.811 for the 50% smeared momentum.
The fixed momentum classifier has significantly worse performance with AUC = 0.631. The
implication is that momentum information is important for this ‘local’ i.e. voxel-scale approach to
material discrimination, but that a smeared momentum approach gives comparable performance to
the idealised Monte Carlo truth.

ROC curve, uranium-lead discrimination

Background rejection

0.2 MG truth mom., AUC = 0.852

50% smeared mom., AUG = 0.811
Fixed mom., AUC = 0.631

| 1
0 02 0.4 06 08 1
Signal efficiency

Figure 12. Comparison of ROC curves and their AUCs for the three momentum approaches (Monte Carlo
truth momentum, 50% Gaussian smeared truth momentum, and fixed momentum). The MVA classifier
trained to discriminate uranium and lead voxels from samples taken from drums containing 20 cm cubes,
with exposure time 10 days. Smearing the momentum reduces the discriminating power by a small degree,
removing momentum information greatly reduces discriminating power.

4 Identifying stored bodies

4.1 Removal of concrete background

It is necessary to attempt to remove the voxels corresponding to the concrete background and steel
shell from the binned clustering algorithm output image. The remaining voxels, corresponding to
stored objects, can then be sorted into distinct clusters using the algorithm described in section 4.2.
The non-binary concrete classifier’s training outputs and ROC curves are shown in figure 13.
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MVA outputs for concrete-U/Pb/Fe classifier
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Figure 13. MVA training outputs (top) and ROC curves (bottom} for concrete vs iron/lead/uranium non-
binary dassifier. The optimum cut (blue} corresponds to the point a which signd dficiency is equd o
background regection. D_Tjj
-’
Asthe dimensions of thedrum are known, the ted outer shell vaxels can be removed trividlly 1
thorough acylindrical spaid cut on theimage. Subsequently an MVVA dassifier trained asdescribed D
in saction 3, desgnaling the dalaset of concrete voxds as ‘signd’ and the other maerids as -
*backgrounds, is applied to the remaning vaxdsto filter out the concree vaxds Asthe dasdfier o]
is not perfect, some voxds tha correspond to concretein the origind simulaed geometry remain k
in the filtered image The problem is partidly mitigatled by applying a simple filtering dgorithm
to remove “isolaed’ voxds from the image. Each remaning voxd has its 6 nearest neighbour
vaxes checked; if they are dl empty, the voxd isremoved from the image. figure 14 illustraesthe
result of applying this process to a smulaied geometry of three 15cm cubes. The removed voxels
are coloured white in the images, the remaning voxes are black. To test the performance of the
nearest neighbour filtering method, the fase positive and fd se negdive rates were caculaed for
thisexample Defining afase positive as vaxel tha does not correspond to concrete being filtered
out, and a fdse negdive as a voxd tha does correspond to concrete passing the filter, the fdse
pos'tiverdewmo.m{%ﬁ’g ad the fdse negdive rale was 0497 + 0.008. Thelow fdse postive
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rdeindicaes tha very faw non-concrete voxds are being incorrectly filtered out. The high fdse
negative rate however indicates tha a large number of concrete voxds remain in the find image;
this corresponds tothe smearing in the / direction of objectsin thedrum visiblein figure 3.
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Figure 14. lllustrative example of MVA-filtering dgorithm applied to a smulaed geometry of a drum
containing 15cm cubes of uranium, lead and iron. Voxdspassing the MVA filtering process described above
are coloured black.

42 Clustering

Subsequently these identified and separaled ‘object’ vaxds need to be grouped into individud
cdusters, each corresponding to a body dored in the drum. This will dlow materid information
to be cd culaed by applying MVA dassifiers to each identified body. The clustering is achieved

—13—

CHANCE (D4.5) - FINAL REPORT WP4
Dissemination level: PU
Date of issue of this report: 22/4/22

© CHANCE



C HAN CE D4.5 - FINAL Written:

REPORT WP4 Organisation: Version:
Issued: Page(s):
114

through the widely used k-means clustering algorithm, which in its simplest form operates as
follows:

¢ Choose a value for the number of clusters, k.
 Pick k randomly selected data points to be the initial cluster centroids.

» For each data point, calculate the Euclidean distance (in geometric space) to each of the
centroids and assign the point to the cluster with the closest centroid.

¢ Calculate new centroids as the new centres of the clusters.
* Repeat until the centroid locations converge.

Though this algorithm is fast and easy to implement, it requires the number of clusters k to be
known in advance and used as an input. One solution is to run the algorithm multiple times with
range of k values as input, and calculate some figure of merit of the clustering output for each.
A commonly used figure of merit for clustering algorithms is the Dunn index [19], defined as the
ratio between the minimum inter-cluster distance and the maximum intra-cluster distance. A high
Dunn index therefore indicates well-separated and compact clusters. The inter- and intra-cluster
distances can be defined to suit the problem; in our case the inter-cluster distance metric is the
distance between the closest two data points in the two clusters, and the intra-cluster distance metric
is the distance between the two furthest-apart points in a cluster. Defined in this way, the k value
that corresponds to the maximum Dunn index will represent the most natural choice for k. In most
cases this will correspond to the number of bodies stored in the waste drum. In some cases the
algorithm can under-estimate & if e.g. two objects are in contact or very close together.

In practise, the simple k-means algorithm often produces poor clustering solutions if the
randomly chosen initial centroids are too close together. This problem is avoided by choosing the
first centroid only from a uniform distribution and the subsequent k — 1 centroids from a distribution
weighted by the squared distances of the data points from the already chosen centroid(s). This form
of the algorithm is often referred to as ‘k-means++’ [20]. Figure 15 shows the result of applying
the k-means++ algorithm to a drum containing 15 cm cubes of iron, lead and uranium.

This algorithm occasionally fails when applied to MVA-filtered binned clustering images such
as figure 14, as the ‘noise’ voxels that do not correspond to a stored object can be treated as a
new superfluous cluster. These ‘fake’ clusters are much more sparse than clusters corresponding to
stored objects. This allows the problem to be mitigated by defining a cluster density and removing
clusters with densities below some cut. We define cluster density as the ratio of the number of voxels
in the cluster to the cube of the mean inter-voxel distance. A density cut of 5 x 1072 voxel cm™ is
effective at removing the sparse clusters.

A small percentage of voxels that correspond to concrete in the drum will be incorrectly passed
by the classifier and included in the filtered image. These will be incorporated into one of the
clusters, which could cause an incorrect material decision. These voxels will be outliers in the
cluster as the majority of the cluster voxels will be close to the cluster centroid; thus they can be
filtered out by placing a cut on the distribution of voxel-centroid distances for each cluster. Choosing
the cut so as to remove voxels for which the voxel-centroid distance is greater than one standard
deviation from the mean of this distribution is effective at removing outlier voxels.
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Figure 15. GH(ldit) and G (right) dices of the dustering solution for a smulated waste drum containing =
three 15cm cubes of different malerials. The voxd s separated by the method described in saction 4.1 have
been grouped into three dusters using the k-means++ dustering dgorithm. C
.
(!
Findly, afilter is applied to remove appraximatdy the outermost vaxd layer (see figure 16) Z]
from the surface of each duster. This is necessary asin genera therewill be a degree of smearing @(’j}
between a dored body and the concrete background, dueto scattering vertices from muons passing DZII
dosetothe object contributing totheagorithm's melric va ues (seesection 2.1) and hence affecting ‘
the variables tha are passed to the MVA dassifiers  The filtering is achieved by cdculaling the _
mean of the centroid-voxel disiances for each duder, and removing vaxds for which the distance is =
gredter than the mean. O
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Figure 16. GH(left) and G (right) dices of the dustering solution of figure 15 after filtering the outermost
voxed s from each object Here black indicates voxd s removed from the duster.
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5 Resultsand analysis

51 Applying MVAstodustered objects

Further MVA dassifiers are now applied to the voxds in each identified cluster to obtain materid
information for the bodies stored in the drum. Two additional MVA dassifiers are trained: a
non-binary dass fier thal separates iron signd from lead and uranium backgrounds (see figure 17),
and afind binary dassifier to discriminate lead and uranium (figure 18). The training ROC AUCs
for these: dassifiers show thal thelead and uranium cases ae easily didinguished from iron (asthe

AUC vdues are dose to 1), whereas the lead/uranium dassifier does not perform as well, dueto My
the similarity of the materids / values ey
By
MVA outputs for Fe-U/Pb classifier LN\)
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Figure 17. MVA training output and ROC curves for ironflead/uranium non-binary dassifier. The optimum
cut corresponds to the point a which signa efficiency is equa to background rgection.
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MVA outputs for U-Pb classifier
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Figure 18. MVA training output and ROC curves for lead/uranium binary dassifier. The optimum cut ]
corresponds to the point at which signa efficiency is equa to background rejection.
Each MVA dassifier will produce a single response vadue for each voxd it is applied to. If
the vdue fdls above the cut (see section 32), the vaxd will be considered signdike, and if it
fdls bdow, backgroundHike. Each identified object is a s&t of vaxds we apply the dassifiers to
each voxd to obtain the object’s distri butions of response vaues, then cd culae the proportions of
response va uestha fal abovethe cuts (i e the proportion of the objed’ svard sthat are signal-like)
toarrive a asingle value from each dassifier for each object. Figure 19 showsthe MVA dassifier
response distributi onsfor the threeidentified objectsin the 15cm cubeexample smulaed geometry.
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Figure 19. Distributions of responses of MVA dassifiers applied to found clusters from a smulded waste
drum containing 15cm cubes of uranium (object 2), lead (object 1) and iron (object 3). The optimum cuts
for the classifiers correspond to the points a which the signd eficiency isequd to background rgjection.

5.2 Obtaining material decsions

Applying the integrd method described above to these distributions results in uranium, lead and
iron ‘materid scores for each object sored in the drum. The uranium and lead materid scores ae
subsequently multiplied by 1- iron score, i.e the nal-iron’ score Thesescores arevery effectiveat
digtinguishing objects of different malerids oncethesizes of the objects aetaken into account. The
materid scoresareintuitively viewed as apie chart (scefigure 20). For the simul aed drum contain-
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Simulated gecmetry, 15 cm cubes
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Figure 20. Maeria scores for smple geometry of three 15am cubes, uranium, lead and iron, digned with
voxd grid. W
(-
ing three 13cm sidelength cubes of uranium, lead and iron, each object hastheM VA-calcul aed ma- I
terid score tha correspondstothetruematerid asthelagest score. The scores for the uranium and -
lead blocks are aso dearly didinguished from each other. However, thissimuldion isan idedised Y
case dueto the large size of the objects and their similarity to the 20 cm cubetraining geometries ]
Applying the MVA dassifiers to a smilar but more chalenging geometry of three 10cm side h
length cubes (see figure 21), two effects become apparent. Firdly, the classifiers do nat perform as
wdl ie the score corresponding to the true materid is not necessarily the largest. For example,
the ‘uranium’ score has reduced from 0.996 + 0.025 for the 15cm cube case to 0.221 + 0.025.
However, the uranium score for the lead cube has d so reduced, by a comparable factor. This effect
can beexplaned by considering the repedled scatterings of muonsin alage high-/ object: alarger
object will lead to lager detected muon scattering angles, and hence a smdler binned dustering
metric vaue (see 2.1). Hence alarge lead object can appear more ' uraniumHike than a smdler
lead object. Theimplicaion istha thesize of stored objects mus: betaken into account to rdiably
determinetheir maerid compostion.
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Simulated geometry, 1U cm cubes
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Figure 21. Mderid estimale results for smple geometry of three 10am cubes, uranium, lead and iron, Frle
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To quanti fy the reaions betlween the object Szeand the materid scores, we applied our sysem r;‘,‘;\
to a series of smulaed drums cortaining spheres of different materids and increasing radii. The -
results are shown in figure 22. It is apparent tha whilg there is no simple rdaion between the =]
materid scores and the object volume, objects of different materid are dearly distinguished for a
widerange of volumes.
However, these plots can be used empiricdly to arrive a a single decision maerid for each
identified stored body in the drum. As the volumes of the dusters (equivdent to the number of
congtituent vaxes) are known, theplatsin figure 22 givethe ‘expected’ materiad scoresfor aduster
of tha sizeif the object was composed of one of the three materids Findly, amaerid decision is
arrived a by comparing the object’s actud malerid scores with each set of expected vdues The
materid with the best malch, i .e. theminima 3D Eudidean norm between the actud and expected
malerid soores, is sdected asthefind maerid decision.
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Material scores vs object size: uranium spheras
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Figure22 Rdaionship between the MVA-cdculated materid scores and the size of the stored object. Each
simulaled geometry contains a single sphere of increasing radii, composed of uranium (top), lead (midde)
or iron (bottom).
This approach was tested on more complex simulaed geometries Figure 23 shows results for
a drum similar to the three-cube example of figure 20, but with objects of irregular size, locaion
and rotaion. In this case the sydem has accurady identified the correct materid for each object.
Despite the uranium block’s low urani um score compared to the equivalent 15 cm cube (figure 20),
thecdibraion by volume has correcly identified it as uranium.
—_21—
CHANCE (D4.5) - FINAL REPORT WP4
Dissemination level: PU
© CHANCE

Date of issue of this report: 22/4/22



C HAN CE D4.5 - FINAL Written:

REPORT WP4 Organisation: Version:
Issued: Page(s):
122

Simulated geometry

®p &

Identified clusters, z=0.0 mm Identified clusters, y=0.0 mm Found clusters, 3D map

(-
Object 1: Object 3 =
Fe
-
(|
Pb %f
€N
Ob 1: vol 1889.0 cm’ Ob 3: vol 820.0 ¢ D’ZJI]
Fe: 0.248 +/- 0.028, Fe: 0.516 +/-0.023, Fe: 0.994 +/- 0.005,
Pb: 0.599 +/- 0.030, Pb: 0.463 +/-0.022, Pb: 0.006 +/- 0.005, =
U: 0.166 +/- 0.021, U: 0.028 +/- 0.005, U: 0.000 +/- 0.000, (j\w
Decision: U Decision: Pb Decision: Fe )
iguwe23. Maerid esimate results for more complex geometry of three objects, uranium, lead and iron, not iy
digned with the voxd grid or centred. By cdibrating the three malerid scores againgt the volume cdibralion (D]
curves, (figure 22), the correct materid has been assigned in each case. {_j: 1
(-
A further example with alarger number of objects is shown in figure 24. This drum contains Y
fiveobjects (two uranium, twolead, and oneiron) of awider rangeof shapes, dispersed moreevenly ]
through thedrum. However, the system lill perfomswel. Theidentified custersareadosemaich
to the true locdions of the stored objects Bath uranium objects are correctly assigned, as isthe
iron sphere and one of the lead objects Onelead object, atube, has been incorrectly identified
asiron. Thisindicaes alimitaion of the sydem when atempting to determine the materids of
non-sphericd objects
53 Sensitivity
To establish the system’ s sensitivity and fdse positive rate, wethen applied it to aset of randomly
generaled waste drum smulaions  Each smulaion contained three spheres of radius 6cm, ran-
domly dispersed throughout the drum but constrained to not intersect each other. 100 smuldions
_22_
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Simulated geometry
™™ ('
lw
2 &
Found clusters (birds eye view) Found clusters (side on view) Found clusters 3D map
Lo :
Z:: 2 4
u: . L 3
zuoE: 5 2 3 u‘\\\r\'
be' - . -
EBgCC' 400-300-200-100 0 100 200 JEU;?%_;EZ 500: 0-400-300-230-100 0 100 200 JOD):G‘U";?O \\\N\r)\'
Object 5: Object 1: [u&
(-
L
—
Ob 5: vol 1054.0 cm® 3: vol 1088 Ob 1: vol 720.0 cm’ .
Fe: 0.169 +/-0.023, Fe: 0.916+-0.020, Fe: 0.2434/-0.024, Fe: 0.981+/-0.010,  Fe: 0.744 +/- 0,043, {f
Pb: 0.614 +/- 0.028, Pb: 0.085 +/- 0.020, Pb: 0.635 +/- 0.026, Pb: 0.021 +/- 0.010, Pb: 0.246 +/- 0.041, D:II
U: 0230 +-0.023,  U: 0.002+-0.001,  U: 0.134+/-0.017,  U: 0.000+-0.000,  U: 0.013 +/- 0.006,
Decision: U Decision: Fe Decision: U Decision: Fe Decision: Pb =
O
Figure 24. Mderid estimate results for more complex geometry of five objects of various materids and B
shapes, dispersed throughout the drum. Note that the 2D duster plots are viewed as side-on and bird’s eye
views of the 3D map; this is necessary to view al the dusters as they do not dl intersect the centrd GHand g
IGplanes. Four of the objects have been assigned the correct material; one lead object has been incorrectly -

classified asiron.

wererun in told. 50 smuldions contained one uranium, one lead and one iron sphere, and the
remaning 50 contained two lead spheres and one iron sphere. A true positive identification of a
uranium object was defined to be an object identified dose to the truelocaion of a uranium sphere
tha was designated asuranium by the sysem. Conversdy afdsepositive comprised any assignment
of auranium decison to an object in adrum nat containing uranium. With these criteria, we found
a sensitivity of 0.90°0 %, and a false positive rete of 0.12 17 (95% Clopper-Pearson confidence
intervas).

6 Condusions

We have demonsiraed tha machine leaming techniques ae a powerful tool for enhancing the
information about a waste drum'’s contents that can be obtained in a muon scatering tomography
experiment. MVA dassifierstrained on variables obtained from the digribution of binned dustering
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algorithm metric values are effective at discriminating materials in waste drums. The concrete
matrix can be distinguished from stored objects of mid- and high-Z material, allowing the voxels
corresponding to the matrix to be removed, and the remaining object voxels sorted into clusters.
Additional material information can be obtained with further MVA classifiers, to discriminate
first mid-Z (e.g. iron) from high-Z (lead, uranium) objects, and then between materials with
similar Z. The effectiveness of the material discrimination is highly dependent on object size. By
establishing the empirical relation between object size and the MVA classifiers’ material output
scores, a final material decision can be made for each identified stored body in the simulated waste
drum. This has shown to be accurate for a wide range of object sizes, shapes and drum locations.
When tested against a set of simulated drums containing 6 cm radius spheres of different
materials in randomly determined positions, the system performed with a true positive rate of
0.90’:?)"(1)72, and a false positive rate of 0.124:%12)%, indicating this approach is effective at identifying
uranium objects inside waste drums. The main identified vulnerabilities are objects with large
differences in Z (e.g. iron and uranium) being very close too each other, and more spatially
extended objects being misidentified, although the latter problem could be mitigated by extending
the object size-based decision method (see figure 22) to account for a wider range of object shapes.
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9.6 Initial study for Zwilag

% University of

BRISTOL

Zwilag project

Dr. Jaap Velthuis

Outline

@ Highlights of our brief Monte Carlo study
@ Current and recent work

# Proposed project

@ Thoughts on first phase
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Highlights simulation study

# Simulated container 5a

* placed 5m x 5m detectors
above and below cask

» ~3 months worth of muon

* no optimization done yet
for actual deployment

 used large U blocks, steel
pipes and rods

steel 316,

density = 8.0 g/cm?®
steel pipes
steel rods

concrete
blocks

uranium blocks
10 x 20 x 10 cm?®

Vé University of

BRISTOL

Highlights simulation study

@ Have our own metric variable.

@ Slice through uranium blocks shows
uranium blocks clearly.

Vé University of
BRISTOL
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Highlights simulation study

@ Very first studies, not fully optimized for this case
* Can distinguish uranium blocks from other content by eye
# No quantitative analysis done yet, also depends on what the goal is:
* locate uranium?
* measure amount of uranium?
* exclude uranium?

Vé University of

BRISTOL

Current and recent work
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Current and recent work

@ Have focused so far on Al
smaller drums (400L) . .

@ Can detect gas bubbles in
concrete and Eurobitum.

@ Developed techniques to
measure sizes of gas
bubbles even when
located next to lumps of
Uranium.

XY Projection

Y (mm)

400

200

Discriminator Difference

&

—200

~400|

o
e e
T I I T T

g
:
;
:
:

Vé University of

BRISTOL

Current and recent work

@ Have focused so far on
smaller drums (400L)

@ Can detect gas bubbles in
concrete and Eurobitum.

@ Developed techniques to
measure sizes of gas
bubbles even when
located next to lumps of
Uranium.

@ Measured the size of
cubes of uranium F
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Current and recent work

¥ Have focused so far on

1oU

smaller drums (400L)

@ Can detect gas bubbles in
concrete and Eurobitum.

@ Developed techniques to
measure sizes of gas
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Current and recent work

@ Have focused so far on
smaller drums (500L)

@ Can detect gas bubbles in
concrete and Eurobitum.

@ Developed techniques to E
measure sizes of gas
bubbles even when
located next to lumps of
Uranium.

#® Measured the size of
cubes of uranium
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Lucens project

€ \We have good analysis techniques and a detector system for
tomography with S00L drums.

€ We know that the techniques work for the large Lucens containers in
principle.

€ We do not yet know how the small drum results translate to the large
Lucens containers.

* larger distance between detector planes (located above and below
the containers) reduces the angular resolution

« can we (afford to) build a 5x5m? detector system or a smaller
system that is moved around
* required measurement time is not linear

€ \We do not yet know the relevant questions in a way that we can
evaluate.

wé University of

BRISTOL

Project outline

# Phase 1:
* Monte Carlo study to better address the experimental
questions and run some realistic deployment scenarios.
# Phase 2a - pre-deployment
* Ordering and further MC
* Manufacture and qualification tests
# Phase 2b - deployment on site

« Installation and qualification
# Phase 3 - data taking and analysis

wé University of
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Phase |

@ In order to study what we can achieve we need to do Monte Carlo
simulations. Quality of the information depends on

* data taking time
* detector size
* deployment scenario, i.e. detector placement and spacing

@ For simulation study two options
* hiring a currently employed person. Have a somebody available
from Oct 15t 2020. Depending on details takes 6-8 months.
* hiring a new person. Earliest estimated start date May 1st.
Depending on details takes 12 months.
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9.7 A proposal for muon tomography proof-of-principle projects at the Grimsel Test Site

A proposal for muon tomography proof-of-principle
projects at the Grimsel Test Site

L.F. Thompson'2, K. Aymanns3, D. Garbutt4, E. Holme#, A. Liebscher®, A. Martin5,
I. Niemeyer3, C. Viehs, M. Weekes'.

1 Department of Physics and Astronomy, University of Sheffield, Sheffield, S3 7RH, UK.

2 Geoptic Infrastructure Investigations, Pickaxe Lane, South Warnborough, RG29 1SD, UK.

3 Forschungszentrum Jilich GmbH, IEK-6: Nuclear Waste Management, Wilhelm-Johnen Strasse, 52425
Julich, Germany.

4 Nuclear Waste Services, Nuclear Decommissioning Authority, Building 329, Thomson Avenue, Harwell
Campus, Didcot, Oxfordshire, OX11 0GD, UK.

5 Nationale Genossenschaft fir die Lagerung radioaktiver Abfalle (NAGRA), Hardstrasse 73, 5430
Wettingen, Switzerland.

6 Bundesgesellschaft fir Endlagerung mbH (BGE), EschenstraBe 55, 31224 Peine, Germany.

Abstract

This document describes the muon tomography technique and discusses the
potential for the technique to address issues around safety and safeguards during
the process of the disposal of nuclear waste in geological disposal facilities (GDFs).
A number of potential proof-of-principle projects are proposed for deployment at the
Grimsel Test Site in Switzerland.

Introduction

Muon radiography (also known as “muography”) is a powerful technique that employs
naturally occurring radiation, specifically cosmic ray muons. Muons are fundamental
particles that are benefit from being both abundant (1 per cm2 per minute at sea level) and
highly penetrating. These properties make them ideal for exploitation, via a technique
analogous to a medical X-ray, to locate, identify and measure density irregularities in
geological overburdens. Muon radiography benefits from being non-invasive, non-
destructive and leaves no residual activation of any nuclear materials. First applied in the
1950s [1], muography is currently undergoing something of a renaissance with a broad
and diverse range of applications including imaging civil infrastructure such as railway
tunnel imaging [2], identifying ore bodies in mines, monitoring magma chambers in
volcanoes [3] and identifying voids in pyramids [4,5].

A further technique, muon scattering tomography, henceforth MST, requires the muons to
be tracked both entering and leaving the object of interest. This enables important
information on the atomic number, Z, of any objects being imaged to be obtained (in
addition to density information). MST has most notably been applied to the imaging of the
Fukushima reactor [6].

Safety and Safeguards in Geological Disposal Facilities

The penetrative nature of cosmic ray muons and their natural abundance gives rise to the
possibility of applying both muon radiography and muon scattering tomography techniques
to detect possible features that may need to be identified for safety or safeguards [7]
purposes in geological disposal facilities (GDFs).
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The safety of a GDF considers the safe enclosure of radioactive substances; for example,
the avoidance, limitation and control of radiation exposure to the operating staff as well as
the permanent protection of people and the environment from ionizing radiation and other
harmful effects of disposed waste. Furthermore, there are protection goals for disposal of
radioactive waste such as to avoid unreasonable burden and obligation for future
generations and the safe compliance with sub-criticality.

Safeguards are a set of technical measures applied by the International Atomic Energy
Agency (IAEA) on nuclear material and activities, through which the Agency seeks to
independently verify that nuclear facilities are not misused and nuclear material not
diverted from peaceful uses. States accept these measures through the ratification of
safeguards agreements. Under the Euratom Treaty, European Union countries subject their
civil nuclear material and facilities also to nuclear safeguards inspections and assurance
which is carried out by the European Commission on the behalf of Euratom.

In some instances muon imaging can provide potentially unique information, in other cases
data fusion methods, which consider muon imaging alongside other more traditional
techniques, may be necessary. A non-exhaustive list of potential areas where muography/
MST may provide valuable information to the safety and/or safeguards processes includes:

Safety applications:

+ understanding the condition of the host rock and overburden geology of a GDF;

+ sensitivity to changes and heterogeneities in the density of the overburden (e.g.: voids,
movement or karst formation, water ingress/aquifer);

+ confirmation of the disposal canister (DC) emplacement and orientation following
backfilling.

Safeguards applications:

+ existence of a pre-excavated tunnel near the deposition area;

+ construction of a tunnel (or borehole) after deposition;

+ substitution of a DC containing spent fuel with one containing dummies;
+ design information verification (DIV)?;

+ confirmation of DC emplacement prior to backfilling;

+ re-verification of disposal casks post-retrieval.

Safety and safeguards applications:

+ continuous geological overburden monitoring for overburden change detection;

+ detection of undocumented voiding (e.g.: existence of a (pre-)excavated tunnel near the
disposal area);

+ checks of backfill integrity in the vaults;

+ tunnel lining system checks and monitoring;

+ long-term monitoring of the GDF.

1 Design information includes information on the facility, the nuclear material at the facility and
procedures for nuclear material accountancy and control. In this regard “Design information
verification” (DIV) activities are carried out by the IAEA at a facility to verify the correctness and
completeness of the design information provided by the State. In terms of GDFs a detailed
understanding of the geological structure of the site is required, furthermore it needs to be ensured
that there are no significant deviations from the facility design during the construction and the
operational phase.
2
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It should be stressed that in the GDF application space we expect that muon tomography
will often provide complimentary information which can be combined with data from other
techniques. As an example of this, muon tomography could be used together with neutron-
gamma measurements to scan the deposition tunnel prior to disposal and/or just after
placing disposal canisters prior to the completion of the backfilling process. Similarly, muon
imaging could be also combined with 3D laser scanning for basic technical characteristics
(BTC) verification facilitating random checks that there are no undeclared voids near the
declared and 3D-mapped tunnels.

Current work: initial simulations and results

To date, the authors have studied a number of the proposed applications of muon
tomography to GDF safety and safeguards via series of simulations which employ large
particle physics simulation packages, along with detailed geological information to
accurately predict the expected flux of muons that would be observed in a certain,
assumed detector or set of detectors. By making certain assumptions, the time taken to
observe a particular feature in the object of interest, and the statistical significance of that
observation, can be predicted.

In general terms it should be noted that for muon radiography, that whilst the muon flux at
the surface is abundant, then the large overburdens expected at an underground GDF site
significantly attenuate the muon flux, the result being that either large areas instrumented
with detectors and/or long measurement times are required. Furthermore, ideally the
detectors should be underneath the object of interest in order to most benefit from the
natural properties of the muon flux, i.e. it is at a maximum from the vertical and falls off,
approximately as cos? @, towards the horizontal (where 8§ = 0 is vertically up). More
complete and accurate information on any geological overburden will result in more
accurate simulations and hence final images.

A number of preliminary simulation studies have been performed to assess the capability of
muography to detect potential features that may need to be identified for safety or
safeguards purposes in GDFs. Similarly, the application of MST to the characterisation of
materials located inside nuclear waste disposal canisters and to assessing unauthorised
diversion scenarios has also been considered. A short summary of results to date is
presented. Note, in all examples presented the simulated detector(s) is(are) assumed to
have 100% efficiency and perfect angular resolution.

One area of interest is the use of muography to characterise the geological overburden.
Here system of five 2 m x 2 m muon detectors deployed under a simple granite slope has
been modelled. The 5 detectors are assumed to be located in a tunnel under the slope
(see Figure 1 (top)). The resulting data, which effectively measures the “opacity” of the
overburden (0% opacity means completely transparent), is measured as a function of
incident muon angle and is depicted in Figure 1 (bottom) which clearly shows the change in
opacity with detector position as the granite slope increases in thickness. The granite slope
can thus be reconstructed using a suitable regression algorithm such as SART - a
mathematical technique first used in medical imaging to reconstruct a 3D image from a
series of 2D images [8].

Another clear area of concern for a future GDF is understanding of the integrity of the

overburden. Muography offers the ability to confirm that the geological integrity of the

overburden is as expected and, for example, there are no undocumented voids of

considerable size which have the potential to be either a safety issue or suitable for a
3
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diversion scenario. Confidence in the overburden integrity is of interest from both a safety
and a safeguards perspective. The application of techniques such as SART, which permit
3D images to be reconstructed from a series of 2D measurements is under investigation to
assess the potential of combining images from multiple detection systems to pinpoint
features of interest in the overburden. Unphysically large features have been employed in
these early stage simulations. Figure 2 (top) indicates the simulated geometry along with,
(figure 2 (bottom)), opacity data from 12 different detector positions that clearly indicate
that muography is capable of determining both object location and shape information.

Concerning the application of muon scattering tomography to safety and safeguards in
nuclear waste disposal, as discussed above, MST returns valuable information on the
atomic number of the object(s) being imaged as well as density information. In this respect
it is a powerful technique when interrogating DCs. In a study involving the application of
machine learning techniques to hidden material identification a two-stage methodology has
been developed that first identifies and groups together materials in a concrete matrix and
then assigns probabilities to those materials using multivariate analysis techniques [9]. The
geometry under investigation, namely a DC filled with concrete with 3 objects of different
materials and sizes is illustrated in Figure 3 (top). From left to right the materials and sizes
(in cm) are: Uranium: 10x8x12, Lead: 12x12x10 and Iron: 15x11x16. Figure 3 (centre)
shows the output from the first stage of the simulation where material boundaries have
been determined and objects with densities different to the host matrix have been clearly
identified. The MST information for the voxels associated with those differentiated objects
are attributed a material identification probability using a machine learning methodology
that has previously been trained on those materials (Figure 3 (bottom)).

Finally, a further study using MST has been performed to assess the suitability of the
technique to the potential risk of materials diversion. A detailed model of a CASTOR V/52
type storage DC has been developed and various diversion scenarios considered. Figure 4
(left) illustrates the package that has been simulated with modifications applied to four of
the 52 baskets, specifically: (1) completely empty basket, (2) a half-loaded basket (side fuel
assemblies unloaded), (3) a half-loaded basket (central fuel assemblies unloaded) and (4)
a basket where the UO: pellets have been replaced with Pb pellets. Figure 4 (right) shows
the resulting image from a study using MST assuming detectors have been deployed at
either side of the DC. Diversion scenarios (1), (2) and (3) are all very clearly identified,
whilst scenario (4), where UO: pellets have been replaced with Pb pellets, is not visible.

Figure 1: (top)
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Figure 2: (top) Simulated view of the disposal facility geometry depicting two large
voids, (bottom) opacity data from 12 different detectors deployed at various positions
under the voids.
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Figure 3: (top) Simulated in-canister geometry with 3 cubes of different materials
inside the CASTOR/V52 disposal canister, (centre) clustering in z, y and 3D,
(bottom) output of the BDT with material identification decision.
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Figure 4: (left) Simulated CASTOR V/52 with 4 diversion scenarios considered (see
text for detail), (right) subsequent image created using muon scattering tomography.
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Next steps: experiments at Grimsel

The simulations described above are particularly useful in understanding the scope,
potential and limitations for muon tomography. These initial simulations will continue to be
developed and enhanced as the use case for muon tomography becomes clearer. Details
such as the number of detection systems, their efficiency, resolution, configurations, etc.
will all be explored and will help to educate our understanding of the relevance of this
technique to the particular application being considered here. However, experience shows
that empirical data is crucial in the development process for such a technique as muon
tomography. In this respect, the possibility of deploying instrumentation at the Grimsel Test
Site (GTS) is of great interest, a number of possible experiments can be considered which
can be seen as “proof of concept” and which have the potential to address some of the
safety and safeguards concerns described above.

1. Open sky/muon flux measurements

In general performing a careful measurement of the so-called “open sky flux” (i.e. no
overburden) is an important initial step for any muon tomography experiment as it provides
a data point to calibrate against. In this case this requirement could be extended to an
open sky scan at the surface as a function of inclination of a detection system which may
be of interest since, due to the local geology, the amount of material that the muons will
pass through as a function of both inclination and rotation will change appreciably. This
would provide a useful cross-check of our understanding of the muon flux due to the local

geology.

2. Overburden imaging

This muon radiography test could be done using either large planar detectors deployed in a
tunnel and/or a set of smaller borehole detectors deployed in a borehole. Ideally, to benefit
from the maximum muon flux, the detectors would be deployed under the object to be
imaged; however, a deployment which involves sideways imaging is often more practical.
In order to simulate real use in a future GDF, it will be of interest to compare images formed
using both deployment methods (sideways measurements and measurements made from
under the object ) to compare detector performance and practical challenges. If there are
areas in GTS where there are known variations and/or voiding in the overburden then a
deployment capable of imaging such a feature would be optimal. Any known voiding,
including, e.g. pre-existing tunnels, may prove a useful surrogate for the imaging of karsts
and other features in alternate geologies (see figure 5 below).

3. Disposal canister imaging (MST)

Any mock disposal canisters on the surface or underground could be imaged using multiple
detector systems permitting through-going muons to be recorded such that a muon
scattering measurement could take place. Again, ideally large planar detectors would be
used however other systems, such as borehole detectors, could be considered.

4. Disposal canister imaging (muon radiography)

Here disposal canisters would be imaged from below or to the side using single-sided
muon radiography which could look through an overburden that contains a tunnel with one
or more disposal canisters. Any image would be coarse but could convey useful
information needed for safety and safeguards purposes such as the configuration and state
(upright, fallen over, etc.) of any disposal canisters or simply a “fingerprint” confirmation
that the canisters disposed are still present. (see figure 6 below).
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5. Long-term variations

Here the object to be imaged would ideally be one which is expected to change on
timescales shorter than the measurement time, e.g. volumes susceptible to water ingress,
etc. In this case muon radiography via, ideally, a large area system, would track changes in
the muon count rate as a function of time and correlations with expected overburden
changes from rainfall events, etc. considered. Possible experimental configurations are
depicted in figures 6 and 7. Note that in the proposed experiments in figures 6 and 7 there
exists a very compelling medium-term programme of work that has been proposed by GTS
that would involve (1) a measurement with an empty gallery, then (2) with the gallery
populated with dummy canisters then finally (3) with addition of backfill.

6. Detector format comparisons

In general, when designing muon tomography instrumentation for a particular application,
there are a number factors to be considered including performance characteristics, e.g. the
angular resolution of a detector system will dictate the granularity of any resulting image.
Furthermore, a general rule is to deploy as large a detection area as possible which
reduces the measurement time. An obvious way to do this is to deploy one or more large
planar detectors which are commonplace in a number of applications, e.g. volcano
imaging. However, in the long term, it is likely that borehole detectors will be more relevant
to a GDF. It is therefore of interest, in this early stage of demonstrating the muon
tomography concept, to compare detectors in these different formats, as is illustrated in
figures 6 and 7.
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Figure 5: Schematic of overburden imaging
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Figure 7: Schematic of long-term disposal overburden imaging
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