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Abstract

Different branches of industry need non-invasive solutions for non-destructive testing.
Especially in civil engineering, there are major challenges, where thick, reinforced concrete
structures must be checked regularly. Many different methods already exist, but they do
not fulfill all the requirements for inspections of civil structures. Common methods for the
detection of rebars in concrete have limited penetration depths, which are not satisfactory

for vast concrete constructions.

Muon scattering tomography is a non-destructive and non-invasive method which shows
great potential for a high-depth, 3D imaging and can address remaining challenges in civil
engineering. It uses cosmic muons as probes, which are free, highly-penetrating, ubiquitous
particles that are part of the naturally occurring background radiation. Their flux at sea

level is about 10 000 m2min!.

This dissertation presents applications of muon scattering tomography to detect, locate,
measure and image different configurations of steel reinforcement structures within big
concrete buildings. The work was done in cooperation with an industrial partner based on
Monte Carlo simulations of a system of detectors and a scanned object. Using a cosmic
ray database, the behavior of muons while passing through detectors and a concrete object
was simulated. The parameters of the detector system used in the simulations correspond

to the actual parameters of an existing prototype detector system.

The presented method is based on the reconstruction of muon tracks and establishing an
estimated place of the scattering - a vertex. The distances between the vertices and the
scattering angles are used to implement a reconstruction method. The method was further

developed here for structural engineering needs.

This thesis presents a method for detecting and measuring reinforcement bars, showing
that bars with a minimum diameter of 33.7+7.3 mm and a length of 100 cm can be detected
using the developed method. For reinforcement bars with a volume above 2 500 cm?, the
volume was reconstructed with a resolution of 5.4+0.3%. Further studies have shown that
when using the fact that the reinforcement is a repetitive structure and periodic signal
can be detected using a Fourier transform, the minimal detectable diameter of a 100 cm
long rebar can be decreased to 6 mm, when the rebar is a part of a bigger reinforcement
network. In the resulting spectrum, the peak amplitude depends on the rebar diameter
and the peak locations indicate the spacing between the rebars. Furthermore, a method
was developed to distinguish between the presence of one and two reinforcement grids and
to locate the depth of the second layer of the grid. What is more, a method to image the
interior of a scanned concrete block is also presented. With this method it is possible to

locate objects in concrete.



In the dissertation a prototype system for muon tomography using CO, was also
characterized. Since stricter rules for the use of greenhouse gases in scientific experiments
have come into force, previously employed freon was not allowed to used in the muon
system again. Therefore, it was attempted to run the system with CO, instead. However,

the required resolution and efficiency could not be obtained when using COs.

The last chapter focuses on using scattering tomography methods for imaging in proton
therapy. Initial research showed that it was possible to distinguish four materials from
one another: soft tissue, bone, air and uranium. Then, a human phantom was simulated,

where the ribs were successfully distinguished from the surrounding tissue.

Key words: Muon Scattering Tomography, cosmic muons, 3D imaging, concrete imaging,

reinforcement location, rebar location



Streszczenie

Wiele branzy przemystowych potrzebuje nieinwazyjnych metod obrazowania w celu
zapewnienia bezpieczenstwa i wysokiej jako$ci swoich ustug. Szczegbdlne wyzwania
wystepuja w budownictwie, poniewaz wielkie, zelbetowe budowle musza byé regularnie
sprawdzane. Istnieja rézne techniki obrazowania i inspekcji, ale nie spetniaja one wszystkich
wymagan dotyczacych kontroli takich obiektéw. Powszechnie dostepne metody wykrywania
pretow zbrojeniowych w betonie maja ograniczona gleboko$é penetracji, ktora nie zawsze

jest wystarczajaca.

Tomografia rozproszeniowa mionéw jest nieniszczgca i nieinwazyjna metoda, ktora daje
duze mozliwosci trojwymiarowego obrazowania na duzej gltebokosci. Wykorzystuje ona
kosmiczne miony, ktoére sa czescia promieniowania tta. Charakteryzuja sie one duza
przenikliwoscia materii, sa powszechnie dostepne, a ich strumien nad poziomem morza

wynosi okoto 10 000 m~2min~1.

Niniejsza rozprawa przedstawia techniki do wykrywania, lokalizacji, pomiaru i obrazowania
stalowych zbrojen w duzych strukturach betonowych przy uzyciu tomografii rozpraszania
mionéw. Metody te zostaly opracowane we wspodlpracy z partnerem branzowym na
podstawie symulacji Monte Carlo. Scenariusze obejmowaly system detektoréow oraz
betonowy obiekt ze zbrojeniem wewnatrz. Przy uzyciu bazy danych promieniowania
kosmicznego zasymulowano zachowanie mionéw podczas przechodzenia przez detektory
i betonowy obiekt. Parametry systemu detektorow uzyte w symulacjach odpowiadaja

rzeczywistym parametrom prototypowego systemu detektordw.

Opracowane metody opieraja sie na rekonstrukcji toréw lotu mionéw i ustaleniu
przyblizonego miejsca ich rozproszenia mionéw - wierzchotka rozpraszania. Nastepnie,
odlegtosci miedzy wierzchotkami i katy rozproszenia sa wykorzystane w metodzie
metrycznej. Jest ona podstawa, na ktorej bazowano, opracowujac techniki inspekcji

zelbetowych konstruke;ji.

W niniejszej rozprawie przedstawiono metode detekcji i pomiaru pretéw zbrojeniowych.
Wykazano, ze prety o minimalnej $rednicy 33,7+7,3 mm i dlugo$ci 100 cm mozna
wykryé przy uzyciu opracowanej metody. Dla pretéw zbrojeniowych o wymiarach
powyzej 2 500 cm?, objetosé zrekonstruowano z rozdzielczoscig 5,4+0,3%. Dalsze badania
wykazaty, ze minimalna Srednica preta o dlugosci 100 cm mozliwa do detekcji mozne
zosta¢ obnizona do 6 mm wykorzystujac fakt, ze siatka zbrojeniowa jest struktura
powtarzalna, a sygnal okresowy mozna wykryé za pomocg transformaty Fouriera. W
otrzymanym widmie amplituda piku zalezy od $érednicy preta zbrojeniowego, a potozenie
pikéw zmienia sie wraz ze zmiang odstepu miedzy pretami zbrojeniowymi. W dalszej

czesci pracy opracowano sposob rozrézniania jednej od dwodch warstw siatki zbrojeniowe;j
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oraz lokalizowania potozenia obydwu siatek. Waznym elementem rozprawy doktorskiej jest
technika obrazowania wnetrza skanowanego obiektu. Dzieki niej mozliwe jest zlokalizowanie

przedmiotow znajdujacych sie w betonie.

W rozprawie scharakteryzowano réwniez prototypowy system do tomografii mionowe;j
wykorzystujacy COs. Poprzednio stosowany freon, ktory jest gazem cieplarnianym, nie
mogt byé ponownie uzyty ze wzgledu na $ciste przepisy dotyczace wykorzystywania gazow
cieplarnianych w eksperymentach fizycznych. Istnieje wiec pilna potrzeba znalezienia

zamiennikow zapewniajacych zadowalajaca rozdzielczosé 1 wydajnosé.

W ostatnim rozdziale skupiono si¢ na mozliwoéci zastosowania metod tomografii
rozproszeniowej do obrazowania w terapii protonowej. Wstepne badanie wykazalo, ze
mozliwe jest odroznienie od siebie czterech materiatow: tkanki miekkiej, kosci, powietrza i
uranu. Nastepnie, zasymulowano ludzki fantom, w ktérym pomyslnie odrézniono zebra od

otaczajacych je tkanek.

Stowa kluczowe: tomografia mionowa, kosmiczne miony, obrazowanie 3D, obrazowanie

betonu, lokalizacja zbrojenia, lokalizacja pretow zbrojeniowych



Declaration

This thesis mainly focuses on the challenge of locating rebars in concrete with muon
tomography based on Monte Carlo simulations. In addition, a detector setup operated
with CO, was used to gather experimental data. The potential of the scattering technique
for the proton radiotherapy was tested as well. The development of muon tomography for
rebar detection, location, measurements and imaging was fully the work of the author. The
technique is based on previous work done at the University of Bristol on the development
of muon tomography for the detection of smuggled high-7Z materials [1, 2] The author
employed Geant4 simulations from [1, 2|, further developed them and used to perform
research in chapters 5, 6, 7. The Bristol discriminator algorithm which was the starting
point for the analysis presented in chapters 5, 6, 7, 8 and 9 was described in detail in
[1]. The phantom Geant4 simulations used in chapter 9 were based on code provided
in advanced examples in the Geant4 framework and further developed by the author.
Further development of the analysis methods presented in these chapters and software was
entirely written by the author. The simulations were conducted by the author using the
computing resources of the University of Bristol’s Advanced Computing Research Centre
(http://www.bris.ac.uk/acrc/). The detector system presented in chapter 8, was a further
development of an existing system [3]. The author further developed the readout system
to allow the use of modern FPGAs, which required an update of the DAQ. In addition,
software required to perform analysis of the collected data shown in chapter 8 was entirely

written by the author.
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This doctoral dissertation is partially based on a collection of articles on applications
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first publication (M. Dobrowolska et al 2018 JINST 13 P05015) was carried out during
masters course and was included in master’s thesis. Remaining articles and contributions
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University of Bristol between 2018 and 2023 and later as an honorary research associate of

the University of Bristol and as well as through work carried outside academia.
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Development of muon scattering tomography for a detection of reinforcement in
concrete, Eng. Res. Express 3 (2021) 035037.
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IF2022 = 1.7
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of muon scattering tomography for detection of reinforcement in concrete, JINST 17
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Detectors, 12-17 September 2021, Birmingham, U.K.
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Energy 186 (2025) 105803.
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posters:
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Measurement of Gas Bubbles Encased in Bitumen Nuclear Waste Drums with Muon
Scattering Tomography, co-author of the results presented by Frazao L. on Waste
Management 2018, March 18-22, 2018, Phoenix, Arizona, USA
proceedings available at: https://www.xcdsystem. com/wmsym/2018/pdfs/
FinalPaper_18237_0117065458.pdf

2. Dobrowolska M., Kopp A., Velthuis J., Muon Scattering Tomography as a novel
technique in rebar and crack detection, poster presented by me on Nuclear Frontiers
2019 Conference, January 15, 2019, Bristol, UK

3. Dobrowolska M., Kopp A., Velthuis J., Perry M., Pearson P., Cooke Ch., Muon
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Science Symposium and Medical Imaging Conference, October 26-November 2, 2019,
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1.1 Remaining research outputs
As of the date of submission, the following article has been accepted for publication:

1. Bozek R., Dobrowolska M., Obtuski A., Velthuis J., Zabari N., Katrankova K., Rozwdj
metod analizy strukturalne;j stanowisk archeologicznych i formacji geologicznych
oraz pojedynczych obiektow dziedzictwa kulturowego przy zastosowaniu nieniszczgce)

metody radiografii © tomografit mionowey.
As of the date of submission, the following article was under peer review:

1. Bozek R., Chabera M., Dobrowolska M., Bielewicz M., Zabari N., Kiecana M.,
Katrankova K., Identification of archaeological heritage using non-invasive cosmic

muon imaging methods.
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2 Non-destructive imaging of civil structures

Maintaining civil infrastructures safe and reliable for daily use is of high importance.
Operation and maintenance become more complex with the increased age of structures.
The process of determining and tracking structural integrity and assessing the nature of

damage in a structure is often referred as health monitoring.

Non-destructive evaluation (NDE) methods are crucial for health monitoring. Current
NDE methods (see chapter 2.1) cover a subset of inspection challenges but there are
still some areas where one does not have sufficient tools for inspection yet. In addition,
several of the available techniques are not always safe to operate. Challenges remain
for larger structures like bridges, buildings etc. Civil and construction engineering need
a non-invasive tool to assess the location, type and quality of reinforcement placed at
great depths in concrete structures. In particular, old buildings are challenging, because
construction records may not exists any more so NDE methods are the only way to gain
information about the internal state of the buildings. Human mistakes or neglection is
another element that can lead to serious design errors and defects that could be found
during inspections [4]. A reliable control method may prevent tragic failures of a big
concrete structures like a collapse of the Morandi bridge in Italy in 2018 or the Carola
Bridge (Carolabriicke), which fell into the Elbe River in Dresden in 2024.

This work focuses on unsolved challenges of non-destructive inspection of big concrete
buildings using muon scattering tomography (MST). As MST has been successfully used
for the detection of lumps of high-density materials like uranium in concrete, it should
also be applicable to the detection of rebars in vast concrete structures. However, it is still
a big challenge because the thinnest rebars used in industry have a 6 mm diameter [5, 6|
and are mostly made from iron which has a much lower atomic number than uranium.
The smallest lump of uranium that can be detected in concrete cylinder of 13 cm radius
and 40 cm length, inside a 1.5 mm thick steel container is 50 x 50 x 50 mm? [7]. Thus

novel methods need to be developed to detect the iron rods.

This thesis is organized as follows. Firstly, in chapter 2.1, the state-of-the-art in inspection
methods are reviewed. Secondly, muon imaging methods and the physics principles
behind muon interactions with matter are presented in chapter 3. Chapter 5 shows a
proof-of-principle method to detect a single iron rod embedded in concrete and to image
it. Next, an improved algorithm to detect smaller rods is demonstrated in chapter 6. In
chapter 7, the way to distinguish between one and two layers of reinforcement is shown.
In addition, the experimental verification of the method is presented in chapter 8 using
CO,. Last but not the least, the application of the methods developed for muon scattering

tomography to the challenge of real time proton radiotherapy was studied in chapter 9.
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2.1 Existing inspection methods

The challenge of inspecting reinforced concrete structures is very complex. A lot of
NDE methods exist [8, 9, 10, 11, 12] to perform such inspections. Most commonly used
techniques are ground penetrating radar (GPR) [13, 14, 15, 16|, infrared thermographics
[15, 17, 18], ultrasonics [19, 20, 21, 22|, X-ray [23, 24]. They all have their own range of
applicability. Comparison of detection capability ranges of most commonly used methods
is shown in figure 1. All of the techniques are suitable for shallow, less than ~1 m,
investigations. Deeper investigations are possible only with radiography, however radiation
protection must be implemented when using this technique. An overview of the key aspects

of each of these techniques is presented below.

Imaged rebar diameter [mm]
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Figure 1: Rebar imaging capabilities of the most common techniques [13, 14, 15, 16, 17, 19, 20, 23].

2.1.1 Ground penetrating radar

Ground penetrating radar [13, 14, 15| is employed to monitor the structural health of
concrete constructions such as buildings, bridges, and tunnels. In structural concrete, it
can be used for the estimation of element thickness from one surface, delaminations, voids,
cracks and their lengths, cavities, detecting steel reinforcement and its diameter, position
of reinforcement elements, estimation of their depth or location of moisture variations and

to produce contour maps of subsurface features |13, 16, 25, 26, 27|.

Physics principle It is a method that is based on reflection of electromagnetic waves.

Different frequency antennas are utilised depending on details and penetration depth.
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Typical signal frequencies range from 500 MHz to 2.5 GHz for practical applications. The
GPR system includes a transducer composed of transmitting and receiving antennas. To
perform a test, grid lines are first marked on the building at various intervals (typically
around 76 cm). After that, the GPR equipment is moved on these grid points to gather
data across the surface. Electromagnetic pulses are sent inside the object and the time
between emission and arrival of the reflections and the signal amplitude are recorded. Any
impurities, such as rebar or any flaws, reflects some of the energy back to the surface. The
remaining GPR energy penetrates further down and some is constantly reflected back to the
receiver. GPR detects signal responses induced by variations in the electrical characteristics
(electrical conductivity and relative dielectric permittivity (dielectric constant)) of the
tested materials. The travel time of the reflected signal is dependent on the depth of layer
boundaries and the velocity of the electromagnetic signal in given material. The velocity of
the signal is inversely proportional to the square root of the relative dielectric permittivity
of the material, ¢,. This is €,;, = 1 for air and €4, = 81 for water. For concrete, values
of permittivity vary between 5 and 12 which give velocities between 87 m/s and 134
m/s. These mostly dependent on the moisture level and frequency of the signal. Smaller
velocity values refer to wet concrete. The signal amplitude is primarily affected by the
effective electrical conductivity. Radar waves travel faster in dielectric than in conductive
materials. This affects the depth of penetration. The best penetration is observed for dry
concrete at low frequencies. However, the chance to detect small objects increases with
higher frequency so the choice of antenna type and its frequency is a compromise between
penetration depth and resolution [13, 25, 26]. Ground penetrating radar testing is shown

in figure 2.

Limitations The application of GPR in reinforced concrete structures surveys is limited,
since GPR depends on conductive properties of the material. Metal, closely spaced
reinforcement or highly conducting materials cannot be penetrated. Thus, the method
allows only for a shallow investigation with only one or two layers of reinforcement at
penetration depths of up to 400 or 500 mm depending on moisture content and chosen

frequency [13, 28]. This makes this method not suitable for high-depth inspections.

2.1.2 Active infrared thermography

Active infrared thermography is another method used for the detection and characterization
of defects in reinforced concrete structures and it is suitable for testing the subsurface area
up to 10 em deep [29]. This type of inspection method can be used for detecting internal
voids, delaminations or cracks in concrete buildings like bridge decks, highway pavement
or building pavements etc. The benefit of using infrared thermography is that it is safe,

efficient, time efficient, non-invasive, and non-contact |18, 25, 30|.
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Figure 2: Ground penetrating radar testing [26].

Physics principle Infrared thermography detects heat at any temperature and changes
it into a thermal image [31]. The basic principle behind this method is recording infrared
radiation (wavelengths range from 0.7 pm to 14 pm) emitted by a physical object and

maps of surface temperature are generated.

There are two types of thermography: passive and active. Passive thermography does not
interfere with the heat exchange processes inside and around the body while the infrared
radiation emitted by the tested body is measured. In active thermography, the external
thermal stimulation is used. It leads to propagation of the heat inside and on the surface of

the tested object through the processes of the heat exchange like radiation and conduction.

Thermal conductivity ()), specific heat capacity (C,), and density (p) are the three basic
parameters that govern heat movement and distribution inside a material [26]. Infrared
thermography relies on the fact that anomalies in concrete disturb heat flow through the
material and this causes local variations of the temperature on the surface. When the
tested object is heated, it radiates some energy back. Void or delaminated regions are
often filled with air or water. These materials have a different thermal conductivity and
heat capacity than concrete around it. As a result, delaminated areas heat up and cool
down faster than concrete and the difference in temperature can be between 1°C to 3°C
compared to surroundings [25, 30|. Figure 3 shows an infrared image of a bridge span
where a damp patch and a pipe were identified. These two areas are characterized by

different temperatures.

Limitations The main drawback of this method is that not all of the anomalies lead to a
sufficiently large temperature difference compared to bulk material. To get reliable results,
the thermal stimulation must be as uniform as possible thus the testing is influenced by
environmental conditions [17, 25|. What is more, the equipment is very expensive and

since it takes an image of a surface, it cannot provide the depth of the defects. To record
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and analyse data appropriately, a qualified operator and analyst are necessary [25]. What

is more, it is suitable for testing the subsurface area up to 10 cm deep [29].

Figure 3: An infrared image of a bridge wall. A damp patch characterized by lower temperature and a
pipe characterized by a higher temperature were identified [29].

2.1.3 Ultrasonics

Non-destructive testing using ultrasonic pulses is a well-established method for detecting
interior objects in metals and other materials [32]|. It can be utilised to identify abnormal
areas in the concrete, the water-to-concrete ratio, hardening, strength, damage and

inspecting reinforcement bars |21, 33].

Physics principle Ultrasonic echo pulses and ultrasonic pulse velocity techniques can
be distinguished. These methods use the transmission and reflection of mechanical stress
waves at sonic and ultrasonic frequencies through a tested object [31]. A transmitting and a
receiving transducer comprise the ultrasonic device. The transmitting transducer generates
a stress pulse (usually 50 kHz) that travels through the member and is recorded by a
receiver, either on the opposite side or on the same side of the member. The characteristics
of the examined object can be retrieved for example by measuring the Time-of-Flight
(ToF), energy scattered back to the receiver or by analysing the attenuation of the wave
[25]. The receiving transducer displays the data in the form of travel time. The sound
propagates in the physical object thanks to the vibrations of atoms and molecules of that
object. Defects are defined as any acoustical impedance anomaly that differs from the
tested concrete object. Any flaws, inhomogeneities, interfaces or discontinuities in the
material disturb the wave and lead to scattering, reflection, distortion or attenuation of
the propagating sound wave. As compared to concrete in undamaged regions, concrete
with substantial degradation or microcracking has a considerably lower velocity of the

stress waves [25, 33].

Limitations The main drawback of that method is that it provides shallow imaging
at the depth less than 20 cm [19, 20]. What is more ultrasonic pulse echo surveys are

time-consuming because they need very narrow spacing between test spots to create
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pictures of the tested material. The data quality is heavily reliant on the sensor unit’s
coupling, which might be challenging on uneven surfaces [26]. The application to concrete
runs into problems due to the inhomogeneous concrete structure. Since the acoustical
characteristics of aggregate and pores differ significantly from those of the cement matrix,

ultrasonic wave dispersion occur [21, 33, 34].

2.1.4 Radiography

Radiography is the most commonly used imaging technique. Radiographic systems
are mainly used to locate voids, cracks, reinforcement. Radiography may identify any
characteristic in a component or structure if there are enough differences in thickness or
density inside the tested piece. Radiography’s sensitivity varies depending on numerous
factors, but in general, if a feature causes a 2% or higher change in absorption compared
to the surrounding material, it will be detected [12, 24, 35|.

Physics principle It uses electromagnetic radiation such as X-ray or gamma rays. X-ray
systems require a linear accelerator to generate X-rays, while gamma rays are emitted
from radioactive source. As X-rays are generated by linear accelerators, their energy may
exceed those of gamma radiation, as can their capacity to penetrate materials [36]. The
X-rays wave lengths range from 1076 pm to 1072 pm and gamma rays are characterized by
wave lengths that smaller than 10~* pm [11]. The rays travel through the tested object and
are partially absorbed by the medium. The amount of absorption depends on the density,
thickness of the material the radiation is passing through and also the characteristics of

the radiation. The transmitted intensity, I, is defined as follows [11]:

I=1Iyexp [— /:,u(:c,y,z)dt] (1)

where, [j is incident intensity, u(x,y, z) is the attenuation coefficient which depends on
the sample density at (z, y, z) position, ¢ is the thickness of the object. Attenuation
coefficients differ between materials; for steel it is 1, for concrete 0.3 and for air 0. The
radiation is detected and recorded behind the scanned object and a two dimensional

projection of the attenuative properties of the object is created.

Limitations The major limitations of this method are its expense and the long scanning
time. Additionally, operation with radioactive sources requires highly trained staff and
radioactive shielding [11]. Another limitation is the penetration depth. For gammagraphy it
is below 60 cm 9], for radiography, depends on the device between 10 cm and 60 cm |11, 12].
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2.1.5 Remaining challenges

Many techniques for NDE exist. However, there are still remaining challenges which cannot
be addressed with existing NDE methods. These include scanning of large-volume objects
and objects with several layers of reinforcement. These challenges can be addressed using

muon tomography. This is the main topic of this thesis.
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3 Muon imaging methods

Muon tomography exploits ubiquitous secondary cosmic rays - muons. This radiation
traverses objects and interacts with it. It results in changes in the rays direction and

energy. Measuring the changes allows imaging of the traversed objects.

3.1 Relevant physics of muon imaging methods
3.1.1 Cosmic rays

Cosmic rays are high energy, charged particles which travel at a speed close to the speed
of light. Their energies range from a few MeV to 108 TeV [37]. They were discovered in
1912 by Victor Hess in balloon experiments. For this discovery, he was awarded the Nobel
Prize in Physics in 1936 [38]. He proved cosmic rays exist by comparing the presence of

dark currents in ionisation chambers at sea level and at an altitude of 9 km.

Cosmic rays are divided into primary and secondary. The vast majority of primary cosmic
rays are atomic nuclei: most, about 74% are hydrogen nuclei and 70% of remaining ones are
helium nuclei [39]. Secondary cosmic rays are produced in interactions of the primary cosmic
rays in the upper atmosphere. These collisions lead to air showers of secondary radiation.
This produces muons, X-rays, protons, alpha particles, pions, electrons, neutrinos, and
neutrons [40], see figure 4, where the altitude where Victor Hess carried out his experiment

is indicated as well.

Figure 4: An example of a shower of secondary cosmic rays [41].
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3.1.2 Muons

Classified as leptons, muons are elementary particles with a mass of 105.65 MeV /c?, a
mean lifetime of 2.2 - 1079 s [39], an electric charge of -1e and a spin of 1/2. Muons are 207
times heavier than electrons. They are unstable particles, but due to relativistic effects
(time dilatation and length contraction) they can reach the Earth surface. Muons are the
most abundant charged particles at sea level. The vast majority of them are created in
the higher atmosphere, typically at an altitude of 15 km in the decay of pions and kaons
in the reactions [39]:

TR VA A (2)

K ->u+v, K'->up+uy, (3)

Muons have a very wide energy and angular spread, see figure 5. At ground level, their
mean energy is about 4 GeV which is sufficient to penetrate metres of rock. The integral

intensity is about 70 m=2s~!sr~1 [42, 43| for vertical muons above 1 GeV /c at sea level [39].
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Figure 5: Muon intensity versus muon momentum for different zenith angles, 6 [44].

3.1.3 Muon interactions with matter

When travelling through matter, muons undergo different processes; the most important is
multiple scattering [39] in which momentum is transferred from the muons to the material
through electromagnetic interactions. This results in energy loss and changes in direction.

Measuring these allows to extract information on the traversed object. Here an overview
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of the key processes is presented.

3.1.4 Energy loss of muons

The average energy loss of high energy muons when traversing matter, dF, per unit of

path, dz, also known as a stopping power, can be described as:

(-dE/dz) =a(E)+b(E)E (4)

where a(E) represents the energy loss due to ionisation and atomic excitation processes,
b(E) describes the energy loss occurred through three radiation processes: bremsstrahlung,
pair production and photonuclear interactions and FE is the total kinetic energy. The
individual contributions in b(E) part can be seen in figure 6. The b(E)E part is less than
1% of a(E) for £ $100 GeV for most materials. Since muons which reach Earth and used
in this analysis have energy of about a few GeV, see figure 5, the b(E)E part will not be

discussed here.

For moderately relativistic, charged, heavy particles at intermediate energies, a(E) part is

represented by the Bethe formula:

dE\ . ,Z 11 2m.cB° W 0(87)
R e e U

where K is a combination of constants (K = 4w Nr2m.c?]A), N, is the Avogadro number,

r. the classical radius of the electron, m, the mass at rest of the electron, ¢ the speed of
light in vacuum, A the atomic mass of the matter the muon travels through, z the electric
charge of the particle, Z the atomic number, § the speed of the particle normalized to
the speed of light in the vacuum, ~ the Lorentz factor, W,,,, the maximal kinetic energy
transferable in a single collision, I the ionisation potential in eV and ¢ is the density-effect

correction.

The total energy loss of positive muons in copper combining all process over a large energy
range is shown in figure 7. Formula 5 is valid in the region 0.1 $ v < 1000 with an
accuracy of a few percent and it is marked in figure 7 as "Bethe". Up to an incident
energy of 10 GeV, ionisation is the main cause of energy loss. Above 100 GeV, the energy
loss is mainly due to radiation processes. Moreover, energy loss due to ionisation does
not change much over a big range of the muon incident energy. Since most of muons have
energy between 1 and 100 GeV, the stopping power is relatively low, e.g. the energy loss
for cosmic muons when passing through standard rock is 1.688 MeV cm? /g [45]. Thus,

cosmic muons are characterized by high penetration properties.
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Figure 6: Contributions to the energy loss of muons in standard rock due to bremsstrahlung, production
of pairs and photonuclear interactions [39].
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Figure 7: Energy loss for positive muons in copper as a function of 5. Solid curves indicate the total
stopping power where the vertical lines show boundaries between different approximations
used [39].

3.1.5 Multiple scattering

Coulomb interactions of the nuclei and the electric fields of the electron clouds cause many
small-angle deflections for the charged particle when it travels through matter. As a result,
a number of small, random changes in direction occur and the particle leaves the matter

at an angle with respect to the incoming direction, see figure 8. This is knows as multiple
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scattering. The scattering angle is not fixed but follows a well-known spectrum which
depends on the material type, its thickness and the particle momentum and thus can be
used for material differentiation. For many applications, it is adequate to use a Gaussian

approximation for the angular distribution with a mean of 0 and a standard deviation

13.6MeV x T
= — [1+0.0381In(—
o Bep 2\ [ X [1+0.038 n(XO)] (6)

where p is particle’s momentum, 3 its speed divided by the speed of light ¢, z charge

given by [39]:

number of the incident particle, = is the thickness of the material and X, the radiation
length of the traversed material. The radiation length is a material constant, described by
the distance after which an electron’s energy has dropped to 1/e of its starting number.
The radiation length is the characteristic range for scattering and other electromagnetic
interactions. It decreases with increasing Z number of material. The standard deviation
of the angular distribution depends, through the radiation length, on the atomic number,
7, of the traversed material, thus, the scattering angle distribution is characteristic for

every traversed medium. The radiation length is approximated as follows:

. 71644
pZ(Z +1) ln(%)

where, p is material density. The radiation length can be also defined in units of g cm=2.

[em] (7)

0

In muon scattering tomography, the muon scattering angle is measured. Since the scattering
angle depends on the radiation length, the radiation length becomes a main property of
the material that muon scattering tomography is responsive to. The radiation length for

relevant elements are given in table 1 and relevant materials are given in table 2.

element | Z | Xy [g cm™| | X, [cm)]
iron 26 13.84 1.757
uranium | 92 6.00 0.3166

Table 1: Radiation lengths for relevant elements [46].

material | Z/A [mol g| | Xy [g em™2] | X [cm]
air 0.49919 36.62 30390
concrete 0.50274 26.57 11.55
glass 0.49731 25.66 10.69
soft tissue 0.55121 37.63 37.63
bone 0.52740 32.11 22.15

Table 2: Radiation lengths for relevant materials [46]. Soft tissue and bone are relevant for results in
chapter 9.

31



A
X
v

incoming
muon path
»—: ............................. e: Oo
random ........................... e
walk .
muon path

Figure 8: Illustration of multiple Coulomb scattering in the context of muon scattering tomography.

3.2 Muon techniques

Muons make excellent probes to images the insides of (large) objects, because they mainly
interact through electromagnetic interactions in which they only lose a small fraction of
their energy resulting in very large penetration depths. This overcomes some limitations
of the existing techniques because of little attenuation. In contrasts to methods described
chapter 2.1 muon techniques are able to scan a few layers of reinforcement or kilometres
of rocks with no use of artificial radiation. Muon radiography and muon scattering

tomography are briefly described below.

3.3 Muon radiography

When muons scatter, they lose energy. If their energy becomes too low, they stop. This
leads to a reduction in the muon flux. The path length depends on the muon energy, the
amount and type of material they traverse, see equation 7. Measuring the flux reduction
and the outer dimensions allow to determine the density along that particular line of sight.
The most straightforward way of measuring the reduction in flux is by comparing with
the flux along the opposite line of sight, i.e. muons coming in from the opposite direction
and not traversing the object under study. Repeating this from two different orientations
allows to extract a 3D density map of the object under study. The image obtained is not
as detailed as with tomography but has the main advantage that only one detector system
is needed, which can image a large object. It is a very appropriate technique to image vast
structures and thus it is used to inspect pyramids [47, 48], volcanoes [49, 50, 51, 52, 53| or
subsurface inspection [54, 55, 56].
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Figure 9: Schematic sketch of a muon radiography approach for a volcano’s summit. A muon tracking
detector measures muon flux as a function of arrival direction. This provides data of a region
that muons passed through. Data are collected at various directions [57].

3.4 Muon scattering tomography

Tomography is an imaging method of an object using any form of penetrating probe. Muon
scattering tomography uses multiple Coulomb scattering of cosmic muons as information
source, see section 3.1.5, and extracts information about the object by reconstructing
incoming and outgoing muon tracks. MST is used for imaging dense and large objects,
where other methods do not provide satisfactory results, see chapter 2.1. The main benefit
is that the scanning process is safe and non-invasive, both for scan operators and the
scanned objects. Moreover, cosmic muons are ubiquitous probes, thus no additional source
of artificial and harmful radiation is needed for system operation. The imaging can be
done using sandwiched detector placed above or below, or at angles to the tested volume,

see figure 10.
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Figure 10: Muon scattering tomography principle [5§].
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3.4.1 Determine the muon path in matter

Muon scattering tomography relies on measuring the incoming and outgoing muon hits
and then reconstructing likely paths for that muon. Various imaging methods based on
exploiting information about the incoming and outgoing muon tracks exist [59, 60, 61].
A commonly used concept is the scattering angle of the muon. This is a very useful but
nonphysical concept. If one assumes that the change of direction occurs at a single point,
a vertex, a scattering angle can be defined. This scattering angle will then yield key
information about the traversed matter. The assumption works well for high-Z materials
where there are many muons displaying large changes in direction. It can be also employed

for low-7Z materials but the scattering angles are smaller there.

3.4.2 PoCA

One of the most common and simple algorithm is a three-dimensional object reconstruction
method called PoCA - it is based on the point of closest approach of the incoming and
outgoing muon tracks [62]. It is illustrated in figure 11. The two-dimensional sketch is used
to simplify the introduction, however the method is three-dimensional. In this approach
the object is treated as a set of 3D voxels. The incoming and outgoing muon paths are
treated as straight lines and extrapolated to the edges of the object. Inside the medium,
muons undergo multiple Coulomb scattering and perform a random walk. The muon
scattering angle is of order milliradians, thus it can be approximated as a straight line
which spans from muon entry to muon exit point. Next, all of the voxels along the line in
the medium are identified. Then, the scattering angles in X and Y planes are calculated
assuming that the scattering occurs in a single place and by extrapolating the incident
and scattered muon path to find their point of closest approach. Then, the estimated

scattering strength signal, Sp,c4, is calculated [62]:

(8)

s _AGZ+AG; ( P )2
PoCA — —_
Po

2L(1+ E2)
where Af2 is the scattering angle in X, L is the voxel size in radiation length, p estimate
of the particle momentum, py is a reference momentum, for example 3 or 4 GeV, £, is

relative uncertainty of the momentum.

The Spoca is assigned to the voxel which contains the point of closest approach and 0 is
assigned to all other traversed voxels. Next, the mean of the signal is calculated for each
voxel, including the values of Sp,c4=0 and thus a 3D image with the estimated scattering

strength in each voxel is created.
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Figure 11: PoCA imaging reconstruction algorithm, shown in 2D for clarity [62].

The PoCA algorithm works but suffers from several issues. For example, one value per
voxel is calculated and these voxels need to be reasonably large such that enough statistics
is collected for that voxel. In addition, the reconstructed point of closest approach should
be in a voxel where the muon actually went. These two considerations lead to large voxels
where maybe a material interface is located or the signal from a rebar can be smeared
out with the concrete signal in the rest of the voxel. Furthermore, because all traversed
voxels besides the one with the point of closest approach will receive a value of 0, there is
a tendency to end up with low scores for voxels containing medium-7Z material that are
in the neighbourhood of high-Z materials. As such, material identification with PoCA is
complicated [61].

3.4.3 Bristol discriminator algorithm

To improve on PoCA, a group from the University of Bristol created a discriminator
algorithm called the metric method [63]. It has been employed to check cargo containers
in search of lumps of special nuclear materials [63, 64|, to image nuclear waste |7, 58], to
discriminate high-Z materials in concrete-filled containers [65] and to detect the presence
and location of gas bubbles [66]. It is a decision-making algorithm which, in contrast to
PoCA, takes advantage of the spatial clustering of muon scatter vertexes in the tested
medium. In higher-Z materials, vertices for large angle scattering will be spatially closer
together than in lower-Z materials. The whole process starts with reconstructing the muon
paths before and after leaving the scanned medium and determining a scatter location, the
vertex, and the scattering angle, see figure 10. The tested volume is treated as a set of 3D
sub-volumes called voxels. In the research presented here voxels were 10 x 10 x 10 mm?.

One advantage that this method has is that the voxel grid can be easily moved without
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recalculating everything. Voxels must be big enough to cover a tested sample and small
enough to provide desired resolution. Based on the vertex locations, tracks are assigned to
voxels, thus, in every voxel there is a number of reconstructed vertices. Next, for every
voxel, the algorithm computes a weighted ’clusteredness’ value, a weighted metric distance
m;; between each pair of vertices for the N most scattered tracks in that voxel, which is

defined as:
_ _|Vi-Vj]

5= s ©
where V; is the location of muon 7 vertex and 6; is the scattering angle. The distribution
of In(weighted metric) was calculated for every voxel. In figure 12 an example of the
distribution of the In(weighted metric) for single voxels is shown, were 10 x 10 x 10 cm? U
and Pb lumps were studied together with an air scenario. One can see that the distributions
are different depending on the analysed scenario which means that weighted metric value
indicates the material in the voxel. Finally, the algorithm returns the median of the
In(weighted metric) distribution for a given voxel. This variable is the final discriminator.
The returned discriminator value depends on two factors; the type of material in the
sub-volume, and the number of muon tracks used. Most muons do not scatter at all and
go straight through. To boost the sensitivity to heavily scattered muons, in every voxel,
muons are sorted by the scattering angle and the N most scattered tracks are used, where
N must be the same for every voxel in given analysis. If a voxel has not got the required
N vertices it is disqualified from further analysis. When the same number of muons is
used for every voxel, the median depends on the sub-volume content only.

Discriminator values gathered from every sub-volume are used to prepare a discriminator
distribution which is the basis for further analysis. An example is shown in figure 13. Data
were taken from a simulation of a solid concrete-filled object, a solid concrete-filled object
with a rebar inside and a solid concrete-filled object with a gas void. It can be clearly seen
that the inclusion of the iron rebar (which is a higher-Z material) gives lower discriminator

values. Adding lower-Z components (like gas) returns greater discriminator values.

The approach described above was a starting point of the research presented here and

developed for new challenges as shown throughout the thesis.
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Figure 12: An example of the distribution of the In(weighted metric) for single voxels containing different
materials [63].
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Figure 13: The discriminator distribution for a concrete-filled object, a concrete-filled object with rebar
inside and concrete-filled object with gas void inside.
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3.5 Limitations of muon methods

The main limitations of muon tomography are due to the flux and direction of the muons.
The flux is limited and thus data taking cannot be sped up. Most muons come from
vertical, fewer are present on the sides. Hence detector positions must be adjusted to this,
which is sometimes difficult to do. Muons are therefore useful in cases where time is not
an issue, for example when scanning geological objects or concrete objects where detectors

can be left for a longer time.
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4 Monte Carlo simulations of the detector prototype

The development of muon tomography algorithms relies to a large extent on detailed
simulations. This is mainly because the muon rate is limited and most reconstruction
algorithms are based on statistical methods that require large data samples to tune
the algorithms. There are several Monte Carlo codes developed for tracking charged
particles through materials [67, 68, 69, 70| and several libraries that provide muon spectra
[71, 72, 73, 74]. In this thesis Geant4 [67] is used to track the muons while CRY |[75]
is used to generate the muons. In this chapter the concepts and infrastructure for the

simulations are presented.

4.1 Geant4

The Geant4 environment is a toolkit that performs Monte Carlo simulations of particles
traversing matter and is widely used in applied physics, high energy physics, space and
radiation science and medical physics. Using Geant4, any radiation source, detectors and
setup can be simulated. Interactions of particles with the material of the setup can be
tracked. As an output, physical quantities of the outgoing particles can be recorded and
analysed. The Geant4 contains a total collection of physics processes for electromagnetic,
strong and weak interactions of particles in matter over a huge energy range between meV
up to 100 TeV.

The setup can be simulated in great detail down to the constituent elements. The
composition of the concrete, air and glass used in analysis is shown in table 3. Reinforcement

was simulated as an iron object with density of 7.874 g/cm3.

4.1.1 A database of cosmic ray data - CRY

As an input to the simulation studies, muons were generated using the CRY software. The
CRY software is a database of cosmic-ray particle shower distributions. CRY database is
created based on precomputed data from MCNPX simulations [68] of primary cosmic rays
on and corrected against published cosmic-ray measurements. Primary particles can be
generated for energies ranging from 1 GeV to 100 TeV while and secondary particles for
energies between 1 MeV and 100 TeV. One of three altitude can be used (sea level = 0 m,
2100 m, and 11300 m). Generated particles are fired from a square plane surface of n x n
metres, where n can be 1, 3, 10, 30, 100, and 300 m. In study presented here an altitude
and latitude of 0 m and 51.46° respectively was used, where 51.46° corresponds to location
of Bristol. The plane surface was 1 x 1 m? for 1 x 1 m? detectors or 3 x 3 m? for 2 x 2 m?

detectors.
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Air, pu;»=0.0012 g/cm? Glass, pgiass=2.4 g/cm3
element | % composition element | % composition
Carbon 0.01 Oxygen 45.98
Nitrogen 75.53 Sodium 9.64
Oxygen 23.18 Silicon 33.66
Argon 1.28 Calcium 10.72

(a) Air composition.

(b) Glass composition.

Concrete, peoner=2.3 g/cm?
element % composition
Hydrogen 1.00
Carbon 0.10
Oxygen 52.91
Sodium 1.60
Magnesium 0.20
Aluminium 3.39
Silicon 33.70
Potassium 1.30
Calcium 4.40
Iron 1.40

(c) Concrete composition.

Table 3: Composition of materials used in simulations.

4.2 Detector setup

A brief description of the detector setup used in the work is given here. The performance

of the simulated detector was based on the detection system detailed in chapter 8.

In muon scattering tomography incoming and outgoing muon paths need to be reconstructed
using detectors placed on either side of the scanned item, see figure 14, where a sketch
of the laboratory setup is shown. Six pairs, unless otherwise stated, of resistive plate
chambers (RPCs) were used in this study. Three of them were placed above and thee
below the scanned sample. In the simulation studies, realistic parameters of the RPCs’
performance were used based on RPCs container scanner prototype that was built in
Bristol [3, 76]. The RPCs had a position resolution of approximately 450 pm. For the

simulation the exact design was included in the Geant4 geometry.

For the study presented here, the RPC planes were chosen to be 1 x 1 m? or 2 x 2 m?2.
The efficiency of the detectors was set to 100%.
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65 mm

Figure 14: Schematic drawing of the detector setup used in the laboratory [77].

Figure 15: A simulation with a concrete block and two layers of iron rebar grid. The lines visible in the
picture show muons passing through the detectors and the scanned object.
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5 Muon Scattering Tomography as a tool for detection

and imaging of rebars

Muon scattering tomography can be successfully employed as an NDE method in civil
engineering to detect the presence of reinforcement in big concrete structures including
measuring the size, spacing and location of single rods. Distinguishing between a single
and a double layer of the reinforcement grid is also possible. The concept used for the
inspection of reinforcement in concrete is based on the approach described in chapter 3.4.3

and is further developed to adapt it for this application using Monte Carlo simulations.

In this chapter, it is demonstrated that a rebar embedded in concrete can be detected with
MST. Next the limits in terms of minimum detectable inclusion volume are established.
Next, it is shown that it is possible to distinguish two rods as two separates objects when

they are more than 4 cm apart. Finally, the imaging of a reinforcement grid is performed.

5.1 Study of reinforced concrete

As muon tomography is sensitive to differences in radiation length and thus density, so
it should be able to detect the presence of rebars in large concrete slabs like floors. To
test this, different scenarios were simulated to develop a method for rebar detection in
concrete using MST. Rebars were modelled as cylindrical iron rods with diameters up to
150 mm. Three cases were considered: rebar inside variable size concrete block, rebar
inside a fixed size concrete block and a real-sized reinforcement in concrete. Each time
216 million muons were simulated which corresponds to about three weeks of data taking

at sea level. The CRY plane surface was 1 x 1 m? and 1 x 1 m? detectors were used.

5.1.1 Case 1: Rebar inside a variable size concrete block

A single 35 cm long rebar was placed in the centre of a concrete block. The size of the
concrete block was increasing with increasing diameter of the rebar so that there was
always a 10 cm thick concrete layer above and below the rod. The length of the concrete
sample was set to 40 cm. The smallest simulated concrete block, without any rebar inside
was 20 cm x 20 cm x 40 cm. For every rebar diameter a corresponding concrete background

sample with the same dimensions was simulated. In figure 16 a sketch of this case is shown.

5.1.2 Case 2: Rebar inside fixed size concrete block

A single, 50 cm rebar was placed in a concrete block of a fixed size of
100 cm x 100 cm x 50 cm. The diameter of the rebar was varied in this study. A
corresponding concrete only background sample with the same dimensions was simulated

as well. The sketch of this scenario is shown in figure 17.
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Figure 16: Sketch of the geometry with a rebar inside a variable size concrete cuboid. Front (ZX) view
is identical as YX view [78].

X
(a) Top (YX) view (b) Side (ZY) view
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| L

(a) Top (YX) view (b) Side (ZY) view

Figure 17: Sketch of the geometry with the rebar inside a fixed size concrete cuboid. Front (ZX) view is
identical as YX view [78§].

5.1.3 Case 3: Reinforcement in concrete

This scenario is to reflect the actual reinforcement grids used in civil engineering.
It was divided into 4 sub-scenarios, where the concrete block always measured
100 cm x 100 cm x 34 cm.

1. A solid concrete block was generated as a background sample.

2. A single layer of rebars with diameters of 30 mm and length of 100 cm was placed in
that block such that a 5 cm thick concrete layer covered the bars, see figure 18. The

spacing between the rods was 15 cm.

3. Two layers of the same parallel rods, perpendicular to each other creating a grid

were simulated, see figure 19.

4. Two grids were placed in the concrete block and the distance between them was

15 ¢m from centre to centre. Figure 20 shows details of this scenario.

5.2 Signal extraction

Every scenario described in section 5.1 has been simulated and for each one the discriminator
distribution, as described in section 3.4.3, has been prepared. As shown in figure 13,

discriminator distributions for different materials simulated look different. Using differences
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Figure 18: A single layer of rods in a concrete block [78].
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Figure 19: A single layer of a grid in a concrete block [78].
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Figure 20: A two grid layer scenario in a concrete block [78].
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between the discriminator distributions of a scenario with a rod and a concrete only scenario,
the rod signal can be quantified. To evaluate the presence of a rebar, the signal (S) has
been defined as the sum of the absolute differences between bins in the discriminator
distribution for a case with a rebar (Hepsr) in the concrete and a concrete only case
(H concrete ), where both samples had the same dimensions and were simulated for the same
time. Signals for concrete only scenarios were calculated based on two concrete-only

samples with the same dimensions.

S = Z |Hrebar(i) - Hconcrete(i)l (1())

bin

5.2.1 Signal in a variable-sized concrete block

Blocks of concrete with different diameter rebars were simulated and their signals calculated.
The signal as a function of the total rebar volume is shown in figure 21. The signal shows a
monotonic dependence on the rebar volume. This proves that this approach is appropriate
to reconstruct the total volume of rebars. Since the bin to bin values of H are influenced
by statistical fluctuations, the signal is never zero even for the non-rod scenarios. When
the total volume of the concrete sample increases, the background signal grows as well.
The signal of the background grows because for larger concrete blocks, more voxels with
concrete reach the threshold of the minimum number of vertices to be included in the
discriminator distribution, see chapter 3.4.3. For each populated bin in the distribution, H,
a positive addition to the signal is made, see equation 10. Therefore, the signal increases
with the size of the concrete block, both for signal and background. Hence, in the non-fixed
size concrete block case, the signal depends on both the iron volume and concrete volume.
Although, with a separate method of assessing the volume of the concrete structure, the

only unknown will be the rod volume.

5.2.2 Signal in a fixed-sized concrete block

The same study was repeated for a fixed size concrete block. Figure 22 shows the
dependence of the signal as a function of rebar volume in the fixed size concrete block.
Also here the signal increases monotonically with increasing rebar volume. Next, the
minimum detectable diameter for 100 cm long rod was determined. To determine the
detection threshold, the background scenario (concrete only block) was simulated 14 times,
and the signal was extracted for every pair of concrete samples, where one concrete sample
was treated as a signal sample and the other as a background sample. This results in
different values of the background and a histogram of the obtained results was prepared.
A Gaussian fit to the data yielded a mean, uy, and sigma, o, of 3 994 + 44 and 371 + 34,
respectively. The minimum detectable threshold Sy, was set at u, + 30, which is 5 107.

This corresponds to a volume of 894 + 386 cm? of iron which is a 100 ¢cm long rebar with
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Figure 21: Signal as a function of the rebar volume for a variable size concrete block [78]. Geometry
details in section 5.1.1.

a diameter of 33.7 + 7.3 mm. The S}, is indicated in figure 22 as the red line.

5.2.3 Reconstruction of the rebar volume in the concrete object

As was shown, by extracting the signal, the volume of the rebar can be estimated. To
reconstruct the rebar volume, the data above the detection threshold shown in figure 22
were fitted with a straight line. The x2?/ndf was 13.37/10, proving that the linear model
represents data well. The fit slope and the offset were 1.75 + 0.03 and 4 997.3 + 333.0,
respectively. Next, the iron rod volume was reconstructed using the fit result for all
simulated iron scenarios above the detection threshold. To keep the method unbiased,
the straight line was fitted to all data points omitting the volume being reconstructed.
Using the slope, the offset and the signal value, the volume was reconstructed. Figure 23
shows the reconstructed volume as a function of the simulated volume. There is a clear
linear correlation between the reconstructed volume and the real volume. A straight line
was fitted yielding a slope of 0.997 + 0.023 and an offset of 25.9 + 213.2. The x?/ndf was
16.74/10. The relative uncertainty of reconstructed volume as a function of simulated
reinforcement volume is shown in figure 24. The relative uncertainty is better than 10%
for volumes above 2 500 cm?. This corresponds to a diameter of 56.4 mm for 100 cm long
iron bars. For the volumes above 2 500 cm?, a distribution of relative uncertainty was

prepared and sigma of the fit yielded a resolution of 5.4 + 0.3%.

5.2.4 Imaging of a single rod

As shown before, using muon scattering tomography it is possible to inspect the interior

of a scanned sample. The next step is to image the sample. The imaging process allows
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Figure 22: Signal for a rebar in a fixed size concrete block as a function of the rebar volume. The signal
shows a monotonic dependence on the rebar volume for a fixed size concrete block scenario
[78]. The threshold to detect rebars is shown as the red line. Geometry details in section
5.1.2.

to tell where and what shape the inclusion is and to tell if the inclusion consist of one or

more objects.

To image the inside of the sample, the signal algorithm, see section 5.2, is applied to small
sub-volumes of the sample. The imaging process is used on three projections separately:
ZY (side view), YX (top view), ZX (front view). The imaging is done in following steps,

here an example based on ZY projection is given:

1. For a given period of time, the sample with inclusion is simulated. The discriminator
value is determined for a set of small voxels measuring 10 mm x 10 mm x 10 mm.
Following that, a concrete sample with the same dimensions is simulated using the

same amount of measurement time and the same voxel size.

2. For both samples, a 3D sub-volume, using a sliding window, is defined. In the ZY
projection, a 5 cm x 5 cm window was used combining all discriminator values along
the X direction into a single discriminator distribution. The definition of the sliding

window is illustrated in figure 25.

3. The signal for a sub-volume is calculated based on discriminator distributions for

sub-volumes for both background and geometry with inclusion.

4. Next, the sliding window is shifted by one voxel in the Y direction (see figure 25d).

The sub-volume is redefined, new discriminator distributions prepared and signal for
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new sub volume calculated.

5. The sliding window is moved until the entire item has been scanned and the signal

for each sub-volume has been calculated.

6. A two-dimensional histogram of the signal (also called images or signal strength

histograms throughout the thesis) for all sub-volumes is produced.

7. The procedure is repeated for the remaining projections to obtain a detailed

information about the object.

“E 18000
416000

+

reconstructed rod volu

2000 4000 6000 8000 10000 12000 14000 16000 18000
simulated rod volume [cm®]

O

Figure 23: Reconstructed rebar volume as a function of the simulated (true) rebar volume [78].

Figure 26 shows images of the concrete only geometry and a geometry with a 50 mm
diameter rebar inclusion in a fixed size concrete block. Each histogram’s bin corresponds
to a single sub-volume defined by a sliding window. The signal for the concrete only object
(figure 26a, 26¢ and 26e) is clearly different from the signal obtained for the geometry with
50 mm diameter rod in concrete (figure 26b, 26d and 26f). In the ZY projection (figure
26b) a roundish object is visible in the centre of the block with the maximum signal of
1903. The shape is elongated in the Z-direction due to Z-blurring. This is a well-know
effect caused by the fact that vast majority of the muons scatter with small angles and
come almost straight from the top (the Z-direction). This results in large uncertainties
on the position of the scattering vertex along the Z axis. This explains why the object
is smeared. Nevertheless, the scattering vertices are very well defined in the X and Y
direction. In the YX projection (figure 26d) a long object can be seen in the centre with
the signal values varying locally between 400 and almost 600. The ZX histogram (figure
26f) is blurred in the centre because of Z-blurring, but has the signal stronger than the
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Figure 24: Relative uncertainty of the reconstructed volume as a function of the actual reinforcement
volume [78].

signal produced for the concrete only geometry, where the signal oscillates around 300 for

all projections.

The signal values are much higher for the sub-volumes where the iron rod is. For the ZY
projection, a central region of the plot was defined as: Xe<40;55>, Ye<10;35>. For this
region, a one dimensional distribution of the signal was prepared, see figure 27. It can
be clearly seen that with increasing size of the rod, more and more bins display higher
signals. This was quantised by calculating the signal excess fraction. The signal from the
concrete only was fitted with a Gauss which yielded mean of ;,=307.22 + 1.67 and sigma
of 0,=33.32 £ 1.24. The signal excess fraction is a fraction of signals larger than p;, + 30,.
Figure 28 shows the signal excess fraction as a function of rebar diameter. The expected

increase is clearly visible.

Previously, it was shown that the minimal detectable diameter for a single rebar was
33.7 £ 7.3 mm for 100 cm long rod. However, the excess fraction shown in figure 27 and
figure 28, indicate that smaller rebars, like a 20 mm diameter rebar, should be observable.
Images of two rebars with smaller diameters than 33.7 mm in a fixed size concrete sample
are shown in figure 29. The left column shows a rebar with a diameter of 20 mm in
different projections, the right a rebar with a diameter of 30 mm. The maximum signal in
the side view is 980 and 537 for 30 mm and 20 mm diameter rods, respectively. There
is a hint of a long object in the centre with signal values around 400. Figure 29b clearly
shows a 30 mm diameter rod and in figure 29a a hint of signal of 20 mm diameter rod is

also visible by eye, despite being narrower than the previous lower detection limit. This
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Figure 25: The definition of the sliding window in ZY projection [78].

is because the initial method combines all signals over the entire block which inherently
yields a higher background, while the comparisons in figure 29 clearly show that a bin by

bin comparison can yield much better sensitivity.

To use the method in reality, it is important that the signal does not depend (too much)
on the location of the rebar. This was studied by placing the 100 cm long rebar with a
diameter of 30 mm inside the concrete block at four different locations. Signal graphs are
shown in figure 30. In all cases, the rebar is still easy to detect. The method still works,
even when the rod is close to the edge of the concrete object: in the ZY projections the
local maxima are as follow: 834, 1263, 1446, 1021 for figure 30a, 30b, 30c, 30d respectively.
This proves that the performance of the imaging method is not significantly dependent on
the placement of the bar within the concrete block. In addition, it can be seen that the
different location leads to a different signal pattern Thus, the location of the inclusion can
be determined with this approach as well.

If two bars are included at different positions, they will be seen in muon image as separate
objects as long as they are not too close to each other. To find the minimum distance
between rods where they can be distinguished as two separate objects, concrete block
with two 30 mm diameter rebars was simulated where the rebars were placed at different
distances with respect to each other. Initially, the distance was set to 0 cm - the rods
were touching each other. The distance was increased in steps of 2 cm. By subtracting all
values blow the certain threshold, the separation between rods starts to be visible. The
threshold was set at pp + 30, where parameters are from the Gaussian fit to the one

dimensional distribution of the signal from ZY projection of concrete only image. The
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signal values were gathered only for the central region. Gaussian fit yielded a mean of
307.22 + 1.67 and sigma of 33.32 + 1.24. Signal images for distances up to 6 cm are shown
in figure 31. The separation between rods starts to be visible when the spacing is at least
4 cm, they are fully separated when the distance is 6 cm and more. All of the above proves
that with the imaging algorithm is possible to detect and evaluate position of the detected

inclusion.
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Figure 26: Images of a concrete only geometry and images of the concrete block with a 50 mm diameter
rebar [78].

5.2.5 Imaging of reinforcement

A particularly interesting inspection need is the detection and location of rebar grids. They
are typically made from thin metal bars with a radius of 6 mm upwards with a spacing from
10 cm. A sketch of a grid is shown in figure 20. Since, in this scenario samples have different
dimensions than discussed in previous chapters, new background samples were generated,
see figures 32a, 32c, 32e. Signal distributions were prepared for the selected central region.
The selected central region for the ZY and ZX projection was Xe<10;85>, Ye<0;30>, for
the XY projection it was Xe<15;75>, Ye<15;75>. Gaussian fits to the distributions yielded
means and sigmas of ficoncr,, =311.17£1.00 and o coner,y =44.69£0.88, Liconeryy =264.66+0.46
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Figure 27: Signal distribution for a central region of a concrete only scenario and rebar with a diameter
of 20, 30, and 50 mm. The Gaussian fit to concrete only data is also shown.
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Figure 28: Signal excess fraction as a function of rebar diameter. Rebar diameters range between 0 and

70 mm. There is a monotonic rise with increasing the amount of iron inside the concrete
block.
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Figure 29: Images of a concrete block with a rod of 20 mm
(right) [78].
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Figure 30: An iron rod with a diameter of 30 mm placed in 4 different locations of the concrete object
[78].
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Figure 31: Images of two rods placed in different distances in respect to each other [78].

Next, a single layer of parallel iron rods along Y direction in a concrete sample was imaged,
see figure 32b, 32d and 32f. In all of the projections the rebars are visible by eye and
signal values are higher where the rods are present. The best image one gets from the
side view where all simulated rebars are noticeable but they are smeared out due to the
Z-blurring effect described in section 5.2.4. The four central rods have local maxima of
1647, 1758, 1693 and 1473. Edge rods are characterized by lower signals (local maxima of
1021 and 1036) due to limited detector acceptance. In the top (YX) view (figure 32d) only
four rebars out of six are distinguishable by eye, again by the limited acceptance of the
1 x 1 m? detector used in this study, see chapter 4.2. By moving the detector or by using
bigger detectors, the outer two rebars will become visible as well. In the ZX plane (rebar
axial plane, figure 32f), the signal is much higher where the rebars are, however, due to
the Z-blurring, the image is not so clear. The histogram of a signal from selected central
region for this projection and concrete-only scenario is shown in figure 33. Adding rods in
the concrete block results in higher signal values and the distributions shifts to the right
with respect to the concrete-only case.

Figure 34 shows images of one layer of the reinforcement grid (left) and two layers of
reinforcement grid (right). The maximum signal reaches 1792 in ZY projection of the
one layer scenario which is similar to the single rods scenario. However, by adding a
perpendicular layer of rods underneath the first layer, the signal increases locally compared
to the rods only scenario. This reflects the additional amount of iron. In the top view
projection, figure 34c, the grid pattern starts to be visible - where the bars intersect, the
signal locally increases to values between 350 and 450. The double grid scenario (figures

34b, 34d and 34f) has even stronger signals and the grid is more clear than the signals
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from the single grid layer scenario. At intersections signal varies locally between around
520 and 630. In the ZX and ZY projections two layers merge into one because of the
Z-smearing effect. Nevertheless, the area of the higher signal in Z extends over much
larger area of Z direction and this feature can be used to distinguish between a single
and a double layer of grid scenario. This proves that the imaging algorithm does work
well for more realistic and complex cases and does show promise for practical applications.
Detailed analysis about reinforcement grid is in chapter 6. More about study of two layers

of grid is presented in chapter 6.7.2.
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Figure 32: Reinforcement imaging: concrete only sample (left) and one layer of 30 mm diameter parallel
rebars with a spacing of 15 cm (right) [78].
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Z direction
Z direction

Y direction Y direction
(a) single grid: side view (b) double grid: side view
< c
2 S
° °
2 L
5 3
> >

80 90

80 90 90
X direction

X direction

30

Z direction

20)

15|

10|

5

15
s
o 5
0 80 90
X direction

80 90
X direction

(e) single grid: front view (f) double grid: front view

Figure 34: Reinforcement imaging: single (left) and double (right) 30 mm diameter rebar grid with a
spacing of 15 cm [78].

o7



5.3 Conclusions

Civil and structural engineering need NDE techniques to inspect the internal structures
of concrete to detect, locate, measure and image reinforcement inside it at a high depth.
Many methods exist but they do not fully fulfil the requirements. Using Monte Carlo
simulations it was proven that MST is a technique to fill this gap. It was shown that
with the metric method rebars with a minimum diameter of 33.7 £ 7.3 mm and a length
of 100 cm are detected. Furthermore, it was shown that the signal has a monotonic
dependence on the volume of iron in concrete. The volume of the inclusion is reconstructed
with a resolution of 5.4% + 0.3% and relative uncertainty below 10%, for rebar volumes
above 2 500 cm3. This result is independent of the rebar location. What is more, two
rebars can be distinguished as two separate objects when they are placed 6 cm apart, but
the separation starts to be present with a spacing of 4 cm. The technique also allows for
the imaging of rebar structures in reinforced concrete and differentiation between single
and double layers of rebar grids with rod diameters of 30 mm. Imaging algorithm also

reduced the detectable diameter down to 20 mm.

These results prove that the presented method is a feasible way for the detection of iron
rods and reinforcement in concrete structures. However, a diameter of 33 mm or 20 mm is
relatively large for reinforcement. The next chapters present improvements to the method

introduced to detect thinner rebars.
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6 Improvement of the method for the detection

of reinforcement in concrete

More study has been done to improve the method to detect smaller rods. In a previous
chapter it was shown that the minimal detectable rod diameter is 33.7 + 7.3 mm for 100 cm
long rods and was improved down to 20 mm when using the imaging method. The next
part of the analysis focuses on further development of the detection method to lower the
minimum detectable rod diameter and to inspect complex reinforcement structures. For
the research presented here, realistic dimensions of the reinforcement bars and reinforcing
cages were used. Most concrete structure are reinforced with bars with diameters ranging
between 8 mm and 40 mm |[5|. The thinnest rebars in use are 6 mm in diameter, however
for walls and bridges mostly bars with diameters of 10 mm are employed. The spacing of
most reinforcing grids is 10 or 20 cm [6]. The goal was to lower the minimal detectable

rod diameter to cover all rebar sizes and configurations.

When inspecting rebars, the fact that reinforcement is a periodic structure can be exploited.
Therefore, much smaller bars within shorter time can be detected than for single bars. To
contain a few periods, larger detectors of 200 x 200 cm? were used and the time of data
taking was one week unless otherwise stated. The number of most scattered tracks for a

voxel to be considered, N of 30, was used.

6.1 Simulation study scenarios

The reinforced block was modelled as a concrete-filled block with dimensions of
200 ecm x 200 cm x 32 cm. A single reinforcement grid, which was made of two orthogonal
layers of parallel rods, was put inside the concrete sample. Throughout the simulations,
the diameter of the rebars varied from 6 mm to 20 mm, a spacing of the rods of 7.5 cm,
10 ¢m, 15 cm or 20 cm was used, see figure 35. As a background reference, a concrete block
with no reinforcement inside was simulated as well. The initial data collection period was

equivalent to one week of normal data taking at sea level.

The operation of the algorithm to detect rebars will be explained using a concrete block
with a single reinforcement grid made of bars with diameter of 15 mm and a spacing of
15 cm. The method relies on a better background subtraction followed by exploiting the

periodicity using a method similar to auto-correlation and a Fourier transform.

6.2 Improved background removal

The first step in the development of the method towards grid detection is using an improved
approach for background removal. First, the signal strength histograms (or images) of three

projections of the scanned reinforced sample were prepared as explained in section 5.2.4.
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Following, two reference samples filled with concrete only were simulated and histograms
of the background signal strength were prepared. The reinforced concrete sample and
background only sample had the same dimensions. Then, bin-by-bin, the histogram with
background signal strength was subtracted from the histogram with reinforced concrete
signal strength. This way of background removal was employed because the background
is not linear. An example of the images of the reinforced concrete case before and after
additional background subtraction is shown in figure 36. Higher signal indicates where the

rods are, areas with lower signal show where the concrete is.
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Figure 35: A single layer of a grid [77].
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Figure 36: Reinforcement imaging before (left) and after background removal (right) for a standalone
reinforcement grid of 15 mm diameter rebars [77].

6.3 Exploiting the periodicity of the reinforcement

The reinforcement is a repetitive structure in a form of a grid and thus the analysis will
yield a periodic signal. This fact can be used to detect the presence of the reinforcement
and to reduce the minimal detectable rod diameter. In short, the signal from reinforcement
is enhanced by calculating the auto-correlation of the 2D signal strength images. Next,
the Fourier transform is calculated and in the resulting spectrum, peaks which are local

maxima, can be found. These peaks contain information about reinforcement features -
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the peak amplitude depends on the diameter of the rebars and the peak locations indicate
the spacing between the rebars.

As can be seen in figure 36b, there is a repeating pattern with 15 cm spacing in the X
direction. To extract this periodicity, a modified version of auto-correlation, R,, was used,

which is defined as follows:

Ymaz Tmazx

R = [ [ Ry iy (1)

Ymin Tmin

where f is the two-dimensional histogram (image) of the background subtracted signal
strength as described in chapter 5.2.4 and chapter 6.2 and the 7 is the shift. Due to the
acceptance of the detector and the presence of the reinforcement in figure 36b, limits of the
auto-correlation calculations were set to 2'€<20;175>, 1'€<10;29> and since the periodicity is
in both X and Y directions, the auto-correlation is only calculated in X direction. The data
was zero-padded to enable the calculation. The 2D data used to perform auto-correlation
were also called a mask. The result of the auto-correlation process is shown in figure
37. The plot is triangular in shape because of the changing of the overlapping area while
performing this auto-correlation calculation. The triangular background under the plot
must be estimated and subtracted before a Fourier transformation can be applied. To
approximate it, the auto-correlation was repeated introducing an additional shift, where
the function f was modified to become periodic as illustrated in figure 38, introducing an
extra shift A:

Ymaz Tmax
Ry = [ f f ) f(a"+ A+ 7, y")dx'dy' (12)
Ymin Tmin
where k indicates the number of columns the image has been shifted. The column shift
takes place in a rolling mode, i.e. when a column is shifted further than x,,,,, it is placed
in first column on the left. The shift is repeated until first column is back to its initial
place. This approach results in a shift in the peak locations, but the triangular background
remains unchanged, as can be seen in figure 39. Next, for every bin of the combined
auto-correlations plot (figure 39) the minimum value of Ry was found for every value of
x, and that value was subtracted from the auto-correlation with no shift, see the red line
in figure 39. The outcome is shown in figure 40. The triangular shape of the amplitude
remains, but the triangular background under the function is removed.
Next, the background-subtracted result of the auto-correlation approach is subject to a
Fourier transformation, where the space domain is transformed into a frequency domain.
The transformation was performed using a ROOT class called TVirtualFFT [79] for
Fast Fourier Transforms (FFT). The outcome of the FFT for the scenario with 1.5 cm

diameter bars and a 15 cm spacing is shown in figure 41. A scenario with reinforcement is
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characterized by definite peaks. Due to the nature of the Fourier transform and applying
FFT on a real signal, the normalized frequency spectrum is symmetrical. As shown, the
peaks do not occur when the grid is not present. These results prove that with this

approach, the detection of the bar grids is possible.
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Figure 37: Result of the auto-correlation approach for the example case [77].
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Figure 38: Scheme of the column shift Ay, where b;; is a bin number [77].
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Figure 39: Result of the auto-correlation approach with additional shifts [77].
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Figure 40: Result of the auto-correlation approach after triangular background subtraction [77].
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Figure 41: A Fourier frequency spectrum for the example with 1.5 cm diameter bars and a 15 cm spacing
[77].

6.4 Dependence on the rebar diameter

Peaks in the Fourier spectrum contain information about the metal grid used to reinforce
big concrete structures. In this section, the rebar diameter will be varied to see how the
Fourier frequency spectrum changes. To do so, additional simulations of the rebar grid
were made, containing rebars with a diameter of 20, 15, 10, or 8 mm with the spacing
fixed at 15 cm. Figure 42 shows Fourier frequency spectra for these cases. A zoomed
version is shown in figure 43. For all cases, the peaks occur in the same locations. This is
as expected since the same spacing was used for all of the cases. The amplitude of the
peaks increases with increasing diameter of the rod. This is more clearly visible in figure
44, where the amplitude of the peak at a frequency of 0.07 as a function of rebar diameter
is shown. The amplitude grows monotonically. Even for the smallest tested diameter of
8 mm, the signal is still much higher than the background yielding (27.9+0.9)-10 for 8 mm
diameter rod and (2.6+0.3)-10° for background. The amplitude for 10 mm diameter rebar
was (120.5+0.9)-10¢, for 15 mm diameter rebar was (806.8+10.5)-105 and (2386.1+25.5)-10°
for 20 mm diameter rebar. Thus, the rebar diameter can be measured using the peak

amplitude.

6.5 Extracting the rebar spacing

The peaks in the Fourier spectrum also give information about the grid spacing. To
study this, the spacing of the rebar grid was varied. A number of simulations with a grid
consisting of rebars with the fixed diameter of 8 mm and spacings of 20, 15 or 10 cm were

performed. Figure 45 shows normalized frequency spectra for different spacings. A zoomed
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version of the plot is shown in figure 46. Clear peaks are observed for all rebar scenarios
but not for the concrete only background case. Changing of the rebar spacing, results in

moving of the peak position. Thus, the bar spacing can be extracted from peaks positions.
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Figure 42: Fourier frequency spectra for different rebar diameters with a fixed spacing of 15 cm [77].
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Figure 43: Zoomed version of the Fourier frequency spectra for different rebar diameters with a fixed
spacing of 15 cm [77].

6.6 Detecting the smallest rebars used in industry

The above demonstrates that rods with a diameter of 8 mm can be detected within a week
of data taking. The smallest rebars used in industry have 6 mm diameter. To study the

potential of the technique to detect these rebars as well, additional studies of simulations
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Figure 44: The amplitude of the peak at the frequency of 0.07 as a function of the bar diameter, where
the spacing was fixed at 15 cm. The dependence between the rebar diameter and the peak
amplitude is monotonic: the bigger the diameter, the higher the amplitude [77].
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Figure 45: Fourier frequency spectra for different rebar spacings with a fixed rebar diameter of 8 mm
[77].
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Figure 46: A zoomed version of the Fourier frequency spectra for different rebar spacings with a fixed
rebar diameter of 8 mm [77].

were made where the rod diameter was decreased to 6, 7 or 8 mm with the spacing of
10 cm. One week equivalent of data was used. The results of the Fourier transforms are

shown in figure 47 and the zoomed version in figure 48. Rebars with a diameter of 7
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Figure 47: Normalized Fourier frequency spectra for a grid made of rebars with 6, 7 or 8 mm diameter
and a spacing of 10 cm [77].

and 8 mm at frequency values of 0.1 and 0.9 are clearly separated from the background
sample. The amplitude peak at 0.1 was (18.8+1.1)-10° for 7 mm and (36.6+1.1)-10° for
8 mm diameter rebars. The peak for the 6 mm diameter case is well above background

as well with an amplitude of (6.4+0.2)-10% but with the background sample having an
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amplitude of (1.3+0.2)-106 the separation is less clear. The signal can be enhanced with

taking more data.

Figure 49 shows the same spectra using the equivalent of two weeks of data. A zoomed
version is shown in figure 50. The signal for the 6 mm diameter rod increased to
(10.8+0.3)-10¢ after extending the data taking to two weeks equivalent. The background
remained the same within errors at (2.3+0.5)-10%. As expected, the extra data taking time
results in a much clearer reparation between signal and background. Figure 51 shows the
amplitude of the peak at 0.1 of the normalized frequency spectra for one and two weeks of
data taking as a function of the rebar diameter. Undoubtedly, the rebars with the smallest

diameter used in industry can be detected with MST when the spacing is 10 cm.
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Figure 48: Zoomed version of the normalized Fourier frequency spectra for a grid made of rebars with 6,
7 or 8 mm diameter and a spacing of 10 cm [77].

As shown in section 6.5, the signal for larger spacings is lower. Therefore, the study
was repeated with a spacing of 20 cm. When the bigger spacing is used, less metal is
contained in the scanned area, thus the signal from the reinforcement is not as strong.
This is shown in figure 52, where the normalized frequency spectra for a grid made of 6,
7 or 8 mm diameter rods and a 20 c¢m spacing after one week equivalent of data taking
is shown. A zoomed version is shown in figure 53. Scenarios with 7 and 8 mm diameter
rods are clearly distinguishable from the background, yielding an amplitude of the peak
at 0.05 of (10.5+0.2)-106 for 7 mm diameter rod, (15.7+0.4)-10¢ for 8 mm diameter rod
and (3.7+0.6)-10¢ for background. Unfortunately, the signal for the 6 mm diameter rod
does not significantly exceed the background level with the amplitude of (4.8+0.7)-105. To
increase the signal separation, two weeks equivalent of data taking were used and figure 54
shows the outcome of this study. A zoomed version of the plot is shown in figure 55. The

signal for the 6 mm diameter rebar is clearly above background after two weeks equivalent
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Figure 49: Normalized Fourier frequency spectra for a grid made of rebars with 6, 7 or 8 mm diameter
and a spacing of 10 cm. Two weeks equivalent of data were used [77].
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Figure 50: Zoomed version of the normalized Fourier frequency spectra for a grid made of rebars with 6,
7 or 8 mm diameter and a spacing of 10 cm.Two weeks equivalent of data were used [77].
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Figure 51: Amplitude of the peak at 0.1 of the normalized frequency spectra and a fixed spacing of
10 cm as a function of rebar diameter [77].

of data taking. The amplitude of the peak at 0.05 was (6.4+0.7)-106. The background
remained the same within errors at (2.2+0.4)-105. Figure 56 shows the amplitude of the
peak at 0.05 of the normalized frequency spectra for one and two weeks of data taking as
a function of rebar diameter. Undoubtedly, the rebars with the smallest diameter used
in industry can be detected with MST even when the spacing of 20 cm is used using the

equivalent of two weeks of data.
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Figure 52: Normalized frequency spectra for rebars with 6, 7 or 8 mm diameter and spacing set to 20 cm.
One week equivalent of data taking was used [77].
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Figure 53: Zoomed version of the normalized frequency spectra for rebars with 6, 7 or 8 mm diameter
and a fixed spacing of 20 cm. One week equivalent of data taking was used [77].
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Figure 54: Normalized frequency spectra for rebars with 6, 7 or 8 mm diameter and a spacing of 20 cm.
Two weeks equivalent of data taking were used [77].
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Figure 55: Zoomed version of the normalized frequency spectra for rebars of 6, 7 or 8 mm diameter and
a spacing of 20 cm. Two weeks equivalent of data taking were used [77].
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Figure 56: Amplitude of the peak at 0.05 of the normalized frequency spectra and a fixed spacing of
20 cm as a function of rebar diameter.
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6.7 The effect of detector geometry and resolution on the

performance of the method

Results presented so far were based on simulations of the detection system consisting
of three detector layers above the scanned object and three below. The detectors were
2 x 2 m? and the simulated performance of the system was based on the system prototype
built in Bristol [3] which has a position resolution of the muon hits of 450 pm. More
information about the prototype system is given in a chapter 8. The performance of the
algorithms described before relies on the angular resolution of the scattering. This is
affected by the hit position resolution and the number of detector planes and the multiple
scattering in the planes. Here the study of the effect of more detector layers and different

position resolution on the system performance is presented.

6.7.1 Method performance as a function of detector resolution

The spatial resolution, R, determines the precision of the track fit and thus the angular
resolution of the scattering. To understand the performance of a system with worse
position resolution, the spatial resolution was increased to R=1 mm and R=1.5 mm while
time of data taking was one week equivalent. A single layer of a rebar grid consisting of
8 mm diameter rebars were simulated with a spacing of 10 cm. The normalized frequency
spectra are shown in figure 57. A zoomed version is shown in figure 58. With increasing
spatial resolution the features of the 2D signal plots, see e.g. figure 36, are washed out and
thus the amplitude of the peaks decreases. It is more clearly visible in figure 59 where the
amplitude of the peak at 0.1 as a function of spatial resolution is shown. Thus when the
hit position is less precise, the reinforcement grid is more difficult to be detected. However,
the peak amplitude for both R=1 mm and R=1.5 mm are still significantly higher than a
background signal, so the detection of the rebar grid is still possible even with a detector

with a spatial resolution of 1.5 mm.

6.7.2 Method performance as a function of different number of detector layers

To improve the angular resolution, more detector layers can be used. Three detector
layers were chosen as the default as this is the minimum to fit a track. The track
fit is necessary to make sure that proper muon hits are used in the analysis, to
reduce the background which can occur from hits due to environmental radiation
and to reconstruct the scattering angle. By employing more detector layers, the
precision on the reconstruction of the incoming and outgoing muon path will be
improved if the scattering inside the detectors is not significant. On the other hand,
more equipment leads to a cost increase, the angular acceptance will decrease and if

the scattering inside the detectors is significant the angular resolution will not be improved.
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Figure 57: Normalized frequency spectra for grid made of 8 mm diameter rebars and spacing set to
10 cm, for the spatial resolution R = 0.45 mm, R = 1 mm or R = 1.5 mm [77].
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Figure 58: Zoomed version of the normalized frequency spectra for a grid made with 8 mm diameter

rebars and a spacing of 10 cm, for a spatial resolution R = 0.45 mm, R = 1 mm or R = 1.5 mm
[77].
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Figure 59: Amplitude of the peak at 0.1 of the normalized frequency spectra for a grid made with 8 mm
diameter rebars and a spacing of 10 cm, for a spatial resolution R = 0.45 mm, R = 1 mm or
R = 1.5 mm.

To study the effect of adding detector planes on the performance of the method, simulations
with more detector layers were done using one week equivalent of data taking. The 8 mm
thick rebars in a grid with 10 cm spacing were used in this test. Figure 60 shows normalized
frequency spectrum (a zoomed version of this plot is shown in figure 61.) but using only
tracks that resulted in a hit in each detector plane for a 3, a 4 and a 5 detector setup. The
fraction of muons that fall in the acceptance of all planes is shown in figure 62. The number
of planes means number of planes for the x and number of planes for the y direction up
stream of the measurement volume and the same number below. Using tracks which hit all
the detectors and keeping the same size of the detectors lead to lower detector acceptance.
The peak in the Fourier spectra occurs in the same place for 3 and 4 layers. However, a
4 layer detector has almost three times lower peak amplitude. The amplitude for 3 detector
layers is (36.6+1.1)-10¢ and for 4 detector layers is (13.1+0.5)-10°. The result is worse for
the 5 layer detection system. The amplitude for 5 detector layers is (2.1+0.04)-105, where
background had an amplitude of (6.4+1.1)-106. Overall, the reduction of number of tracks
is observed when using more detector layers and requiring hits in all of them and thus
the amplitude also reduces. To compensate for this effect, one would need to use a larger

detector but in real-life applications this solution might not the feasible.
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Figure 60: Normalized frequency spectra for a grid made with 8 mm diameter rebars and a spacing of
10 cm for different numbers of detector layers used for tracking with a spatial resolution per
plane of 450 pm [77].
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Figure 61: Zoomed version of the normalized frequency spectra for a grid made with 8 mm diameter
rebars and a spacing of 10 cm for different numbers of detector layers used for tracking with
a spatial resolution per plane of 450 pm [77].
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Figure 62: The fraction of muons that fall in the acceptance of the muon detection system when using
3, 4, 5, 6 or 7 detector layers.

6.8 Conclusions

Muon scattering tomography offers a solution for currently unmet needs of NDE in civil
engineering. A method was presented to locate reinforcement placed in a vast concrete
object. The reinforcement was simulated as a grid made of 2 m long rebars. Throughout
the study, rebars with different diameters were used and the spacing was varied. The
technique exploits the periodicity of the rebars in a reinforcement grid by using a modified
auto-correlation method and analysing the Fourier-transformed signal. The presence of a
periodic structure like a grid leads to peaks in the normalized Fourier frequency spectrum.
The peaks carry information about the reinforcement mesh. Their amplitude is determined
by the rebar diameters while peaks locations by the grid spacing. A grid made of rebars
with a diameter of 7 mm and bigger and a spacing of 10 cm can be detected after one
week equivalent of data taking. The signal for 6 mm diameter rod exceeds the background
level also after a week of measurements but becomes stronger after two weeks equivalent
of data taking. Longer data taking is required when the spacing is increased to 20 c¢m as
it leads to a smaller amount of iron in the scanning area. It has been also shown that this
method is suitable for the detection of the smallest rebars used in the industry using one

or two weeks of data taking time for standard spacings of the grid.
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7 The study of two layers of reinforcement grid in a

concrete object

Often two layers of reinforcement grid are used inside the same floor. This leads to the
question whether MST is able to detect both layers and determine their depths as well.
This is studied in this chapter.

7.1 Simulation setup

A floor segment measuring 200 x 200 x 50 cm? was simulated. The number of muons used
was one week equivalent. Inside the concrete block two layers of rebar grid were placed.
The diameter of the rods was 8 mm and the mesh spacing was 10 cm. The first layer was
placed about 7 cm into the concrete. The second grid was placed at various depths, D,
exactly underneath the first layer. Depths of 0 cm, 10 cm, 20 ¢m, 30 cm and 40 cm were
used. A schematic drawing of the setup is shown in figure 63 and images of the two layers

of the reinforcement grid inside concrete block are shown in figure 64.
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Figure 63: A sketch of the setup for the two layers scenario [80].

7.2 Development of method to localize second reinforcement grid

The auto-correlation and Fourier transform method were used, as discussed in section
6.3. However, this method will integrate the signal map also in the y-direction, while the
additional layer should yield a higher signal at a certain depth. Therefore, the range of
the auto-correlation calculations were changed in Y direction to a 5 cm sliding window
combining 5 rows of voxels. This is illustrated in figure 65 by a red frame. After the
auto-correlation was calculated for a given sliding window, the sliding window was shifted
by one row in the Y direction until the whole image was scanned. The position of the

sliding window will be referred as the depth of the sliding window.
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(a) The second grid was placed at D=10 cm. (b) The second grid was placed at D=20 cm.
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(¢) The second grid was placed at D=30 cm. (d) The second grid was placed at D=40 cm.

Figure 64: Images of the concrete block with two layers of the reinforcement grid, where the second grid
is put at different depths.
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Figure 65: Signal map of the ZX projection of the geometry with a second layer at a depth of D=0 cm.
The sliding window is also indicated [80].

7.3 Results of the adapted method

An example of the normalized frequency spectrum of a scenario with the separation
between layers of D=20 cm and the sliding window window position in depth of 7 cm

is shown in figure 66. The position of the sliding window was chosen in a way that it
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contains one of the grids. Hence, the auto-correlation yields a peak in the normalized
Fourier spectrum at 0.1, which is in line with previous results. By moving the sliding
window vertically, the position of the second grid can be found. This is shown in figure 67,
where normalized frequency spectra are shown, for sliding windows at different depths.
Figure 67 shows a large peak in the spectra at a depth of the sliding window at 8 and at
28 cm but not at other depths, which corresponds to the chosen geometry. Hence, the

technique allows to extract the depth location of two rebar grids.
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Figure 66: Normalized frequency spectrum of a scenario with two reinforcement layers with the distance
between them of D=20 cm. The depth of the sliding window was 7 cm [80].
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Figure 67: Normalized frequency spectra of a scenario with two reinforcement layers, where the distance
between them was D=20 cm. The depth of the sliding window was varied to find the position
of the second grid. The depths of the sliding window are given in the picture [80].
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Figures 68 and 69 shows the amplitude of the peak at 0.1 in the normalized frequency
spectra for a two layer grid system as a function of the position of the sliding window. The
distance between grids was varied between D=0 and D=40 cm. To amplify the signal,
the amplitude of the two bins around 0.1 were added together. Due to the Z-blurring
effect, see section 5.2.4, the signal spots are extended in the Z direction. As a result the
signals of the two grids merge into one if the grids are too close together. This occurs
for a distance of D=0 c¢m and D=10 cm. When the distance between the grids is big
enough, two maxima are observed in the plot. The second peak location corresponds to
the location of the second rebar grid. This is shown in figure 70, where to location of the
second peak (or the peak location for merged peaks) is plotted as a function of the D. The

correspondence between the set and reconstructed depth is very good. Thus, the method

works well.
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Figure 68: Amplitude of the peak at 0.1 in the normalized Fourier spectra as a function of sliding window
depth for grid distances between D=0 and D=40 cm. The depth of the sliding window was
varied to scan the entire block [80].
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Figure 69: A zoomed version of an amplitude of the peak at 0.1 in the normalized Fourier spectra as a
function of sliding window depth for grid distances between D=0 and D=40 cm. The depth
of the sliding window was varied to scan the entire block [80].
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Figure 70: Reconstructed depth for the second rebar grid as a function of the distance between layers
D. The line is a straight line fit [80].
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7.4 Conclusions

A method is presented to locate reinforcement rebar meshes in a vast concrete structures.
By using the autocorrelation method for thin strips, the depth of a second mesh can be
reconstructed within a few cm precision. Further work can include the use of different

mesh sizes and different diameter rebars.
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8 Experimental studies

8.1 Introduction

This chapter presents the performance of a muon tracker developed with high resolution
glass resistive plate chambers. It was built as a small scale prototype of a system for

scanning shipping containers in search of lumps of special nuclear materials.

Strict rules for the use of greenhouse gases in scientific experiments have been established
and previously used freon was not possible to employ in muon tracker. Therefore, there is
a need to find a replacement. The performance of a muon tomography prototype system
flushed with COs is presented here. The detectors are discussed in section 8.2.1 the spacial

resolution of the system in section 8.8 and track efficiency in section 8.10.

8.2 The muon tracker

The muon tomography prototype system comprises of twelve high-resolution glass resistive
plate chambers - RPCs.

8.2.1 High-resolution resistive plate chambers

A resistive plate chamber essentially consists of a gas volume in a large electric field. The
cosmic muons ionise the gas locally along their path. Liberated electrons and ions start
moving inducing a current pulse on one or more of the pick up strips. Resistive plate
chambers were used for this experiment because they have a very good detector efficiency
above 95% |[3], desired sub-millimetre spatial resolution and are relatively cheap. What is

more, they are scalable so large area detectors can be build |76].

The RPCs used here measure 580 mm x 580 mm and are made of two sheets of float soda
glass glued to a frame with a 500 mm x 500 mm window in the centre with a 2 mm gas
gap. To provide mechanical support of the glass, narrow glass strips are placed inside. To
obtain a surface resistivity of 500 k€2/0 and to keep the electric field uniform inside the
chambers, the outer surfaces of the glass are covered with conductive acrylic paint. A
printed circuit board (PCB) carrying the pickup strips is fixed at the top of the chamber.
It has 320 readout strips with a pitch of 1.5 mm which are read with MAROC3s, see
section 8.3. The high voltage is insulated from the strip board with a sheet of 1 mm
polyethylene terephthalate [3]. The choice for the high voltage value in gaseous detectors is
a compromise between efficiency and position resolution. The higher the voltage, the more
signal is generated in the gas. However, this signal is the result of secondary ionisation
which does not necessarily take place in the direction of the original incoming particle. As
such the signal might be higher and thus the efficiency is higher, but the charge cloud is

much wider and thus the uncertainty on the hit precision is worse. These high voltages
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signal pulses are known as streamers [81]. An exploded sketch of a detector is shown in
figure 71. Channels are connected to a power supply and operate on 4400 V or -4400 V
resulting in a voltage drop of 8800 V over the detector.

PICKUP STRIP BOARD

HV INSULATION (PETG) - 1 mm
CONDUCTIVE PAINT

GLASS TOP - 2 mm

GLASS FRAME - 2 mm

GLASS BOTTOM - 2 mm
CONDUCTIVE PAINT

HV INSULATION (PETG) - 1 mm

ALUMINIUM PLATE - 1 mm

Figure 71: Exploded view of an RPC [3].

8.2.2 Gas selection

A mixture of Tetrafluoroethane R-134a and Iso-butane is typically used for RPCs detectors
in main high energy physics experiments like the STAR experiment at RHIC (Relativistic
Heavy Ion Collider) [82, 83|, CMS [84, 85|, ALICE [86] and ATLAS [87]. The Bristol
system was also previously operating with a mixture of Tetrafluoroethane R-134a (95%)
and Iso-butane (5%) and had a position resolution better than 500 pm and efficiency
above 95% [3|. However, R-134a is considered a greenhouse gas with high impact on the
environment and due to new legal regulations, the use of this mixture is not possible with
current experiment. A literature review and market research to find alternative was done.
Other, more environmentally friendly, gas mixtures give promising results [88, 89| with
resistive plate chambers, however due to challenges with the gas supplier it was not feasible

to purchase gas within the time scale acceptable for this research project.

Due to above mentioned challenges, it was decided that COs will be used, which is a cheap
and readily available option. One of the aims of this research was to measure and optimise

the performance of the RPC system when operated with COs.
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8.2.3 Mechanical structure

The RPCs are placed in metal cassettes and installed in a metal cabinet to ensure stability
and provide an alignment reference. One cassette hosts two RPCs where one collects
spatial data in the X direction, the other in the Y direction. Using the vertical positions
of the detectors in the cassettes, a 3D coordinate for a muon hit is reconstructed. One
RPC was 6 mm thick. The spacing between the X and Y planes was 25 mm and the
spacing between the pairs was 62-65 mm. There was 554 mm of empty space for the
object being scanned [3]. The interior of the cassette is shown in figure 72, which shows
two RPCs and two readout boards, where one is upside down. The layers are rotated by
90 degrees with respect to each other. The cassettes are daisy chained and flushed with
CO, at a rate of 25 ml/min. The pressure in the detectors is about 500 Pa above the
atmospheric pressure.The metal cabinet with mounted cassettes is shown in figure 73a,

while the naming convention of the cassettes and detectors used is in figure 73b.

Figure 72: Interior of one cassette.
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Figure 73: The metal cabinet showing eight cassettes, four either side of the gap. In current analysis
six of them are used. Inside the detector a concrete object with an unknown volume (green
arrow) is place for the scan. On the concrete block the scintillators detectors (red arrow),
which are part of the trigger system, are placed (a) and naming convention used in this study

(b) [3]-

8.3 MAROC3

The signals from the pickup strips are read out using MAROC3 chips [90]. MAROC,
stands for Multi-Anode ReadOut Chip, is a 64-channel designed to read out fast negative
current pulses. The MAROC3 houses preamplifiers, shapers and ADCs. The strips are
AC connected to the MAROC3 input channels. The signals are continuously shaped.
When a trigger is received, the signal is sampled and digitised using the in-built ADC. To
read out the 320 channels, five MAROCS3s are placed on a custom made readout PCB.
Their readout is controlled using a field-programmable gate array (FPGA). All the front
end boards in the system work with a synchronous 32 MHz clock. The MAROC3 chip
generates 64 twelve-bits digital samples. The FPGA gathers the readout of each MAROC3
and stores them together with a timestamp and a trigger number in a local buffer. The
buffer is read by a PC. To communicate between the FPGA and PC the IP-bus protocol
[91] is used. The data acquisition software is written in LabView [92]. For the data
presented in this study all the readout boards shared the same configuration parameters:
the MAROCS inputs were configured to have unitary gain and a shaping time of 110 ns.
An external trigger was used, which was produced by the coincidence of the signals from

two 500 mm x 500 mm scintillators placed one the tested sample, see figure 73a. When a
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coincidence signal is produced a readout cycle is initiated.

8.4 Data format

For each RPC, the data is represented as 359 binary words: 39 words for the header and
320 for raw ADC data for all the strips for one trigger. The header contains the IP address
related to the readout board, the trigger number related to the event and the timestamps.
The data structure is shown in figure 74. The data is analysed offline to find the muon
hits and 3D muon tracks. An example of raw ADC data for a single RPC from an event
without a muon hit as a function of a strip number is shown in figure 75. Before the hit
finder analysis can be applied a few offline calculations and corrections must be performed
on the data.

BINARY

0) IP ADDRESS - 1 word

1) TRG #TS - 1 word

2) TIMESTAMP TS - 1 word

3) TIMESTAMP FINE - 1 word + 10 words
9) ORCOUNTS - 1 word + 10 words

14) TRG #ADC - 1 word + 5 words

19) TIMESTAMP ADC - 1 word + 5 words

24) ADCsamples - 2 words + 320 words

TOTAL = 359 words = 1436 bytes

Figure 74: Data format for the RPC data.
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Figure 75: Raw ADC data as a function of strip number for an event without hit for one RPC.
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8.5 Pedestal and noise calculation

To reconstruct the hit positions, first the induced signal on each strip needs to be
reconstructed. The measured raw signal s,., in a strip i consists of the actual signal,
signat (1), which is proportional to the charge induced by the ionising particle, the pedestal,
ped(i), and noise. The noise can be split into a random noise, 7,4ndom (7), and a common

mode noise component, Ncommon-

Sraw(i) = QSignal(i) +p€d(2) + nrandom(i) + Neommon (13)

In order calculate the deposited charge gsigna(2), the pedestal, and common mode noise

must be estimated and subtracted.

8.5.1 Preparing raw data for pedestal calculation

Figure 75 shows a standard event without a hit and any anomalies. However, in few events
anomalies are found and these events need to be removed from the analysis or corrected.
Possible anomalies are too noisy events or defective events, where a defective event is
an event which contains a high ADC signal which does not come from a muon hit, but
from electronic noise for example. Figure 76 shows a number of overlaying raw ADC data
events for one board. Some events have much higher ADC values either due to muon hits
or defective events. These kind of events must be identified and excluded from pedestal
and noise calculations. A zoomed version of figure 76 is shown in figure 77 which shows
that for the majority of the events pedestal fluctuates around 250 ADC. Thus, raw events
with five strips with ADC values higher than 300 were excluded from pedestal and noise

calculations.

4000 3
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g

PR R T 1 L PR [ T TR T T [T SR T TR T N T T S S
0 50 100 150 200 250 300
strip number

Figure 76: Overlay of several raw ADC data events as a function of strip number for one board.
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Figure 77: Zoomed version of the overlay of several raw ADC data events as a function of strip number
for one board.

8.5.2 Pedestal and noise calculation

The pedestal and noise are calculated using data without hits and any anomalies. To
calculate the pedestal equation 13 is used. The pedestal is computed for every data file
separately to allow small drifts. To extract an initial estimate of the pedestal, the raw

signal for strip ¢ in all n events in a run is averaged. Hence,

1& - R I R N .
_ E Sraw Z ]) - E :QSignal(la.]) +— § :p@d(l) +— E :nrandom(zaj) +— E ncommon(]) (14)
n 2o n 20 n 20 n 2o n 2o

Since events that do not show a hit are selected, then gg;gna (4, j)=0. The noise is split into
a common mode and a random noise. The random noise is Gaussian distributed around 0.
Hence, when taking the arithmetic average of the raw signal for those events, the average

random noise is zero. This reduces equation 14 to:

1 & .. 1 & L 1 & .
- Z Sraw(/l:]) = Zped(z) +—= chommon(j) (15)
— njzo nj:()

n %
The average common mode will be a constant for all channels of the MAROC3 chip and
thus can be absorbed in the pedestal without losing generality. The offset will be corrected
for in each event with a common mode correction.
The random noise, o (i) is defined for every strip as the standard deviation of the raw signal
distribution after common mode correction. An initial random noise, o(7), is estimated

including common mode.
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To improve the pedestal estimate by eliminating further outliers, for example from small
signal hits, the pedestal is recalculated only accepting events where the signal is not too
far away from the initial estimate. This window is chosen as closer than + 30;(i) from the
mean. The pedestal of one of the boards is shown in figure 78. Pedestals and initial noise
values for all boards are shown in figures 79 and 80. Pedestal values are around 250 ADC,
where the noise is around 3 ADC for most of the strips. This still includes the common
mode. At the end of an RPC and at the edge of each MAROC the noise can be higher.

Once the pedestal is calculated it is subtracted from raw ADC values, see figure 81.

pedestal [ADC]
Ll
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strip number

Figure 78: Pedestal as a function of strip number for board BY.
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Figure 79: Pedestal as a function of strip number for all boards.
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Figure 80: Noise as a function of strip number for all boards.
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Figure 81: Raw ADC counts, pedestal and pedestal subtracted signal as a function of strip number.

8.5.3 Common mode noise correction

Common mode is a correlated noise between strips. To investigate whether common mode

is significant for detectors used, correlations between strips were studied. Figure 82 shows

three typical correlation plots for three different strips for board BY.

Raw ADC data for strip 175, 140 and 182 versus raw ADC data for strip 170 were plotted,

where all strips belong to one MAROC3. If there is no correlation, a 2-dimensional

Gaussian distributions with the standard deviations equal to the individual strip noise are
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Figure 82: Three examples of strip signal correlations. Linear correlation indicates that there is a
significant common mode.

expected. The result in figure 82 strongly suggests that the common mode is an event by

event offset for each MAROCS3, as the signals of the strips display a linear correlation.

To improve the random noise estimation, common mode must be estimated and subtracted.
Therefore, the common mode is calculated for each MAROCS as the average signal over
all strips in an event excluding strips with hits. The common mode distribution for board
DX is shown in figure 83. There is no expected shape of the common mode distribution.
For board DX it oscillates around 0. The small peak at 0 follows from the fact that it is
not always possible to calculate common mode for a given MAROC3 because in some rare
events all of the strips were marked as containing hit. In these situations common mode is

set to 0. An event after pedestal and common mode correction is shown in figure 84.

8.5.4 Improved random noise estimate

After the pedestal and a common mode correction are applied, the estimate of the random
noise is improved by repeating the calculation from section 8.5.2 now including the
common mode correction. An example of the random noise before and after common
mode correction is shown in figure 85. The average noise is lower by about 1.5 ADC, see
figure 86, where the difference between noise before and after common mode correction
is shown. Noise as a function of a strip number after common mode correction for all

detectors is shown in figure 87.
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Figure 83: Distribution of the common mode noise for board DX.
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Figure 84: Strip signals as a function of strip number after pedestal subtraction and pedestal subtraction
and common mode noise correction.
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Figure 85: Noise as a function of strip number for board BY before and after common mode (CM)
correction.
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Figure 86: A distribution of a difference in noise before and after common mode correction for board
BY.
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Figure 87: Noise as a function of strip number for all boards after common mode correction.

8.6 Hit finding

After pedestal and common mode correction, hits can be looked for. Firstly a hit cluster
is found. The hit cluster is a set of strips which signals most likely originate from a
charged particle. To start with, a seed strip is searched for: the seed strip is a strip with
a signal-to-noise ratio (s/n) larger than 5. Next, neighbouring strips are included in the
cluster, going outwards, as long as their s/n is larger than 20 (7). The last strips meeting
that condition are referred to as edge strips. A sketch of a cluster of a hit is shown in
figure 88. Next, the hit position is calculated using mean of the Gaussian fit to data in
strips in a cluster. An example of a raw event that contains a hit is shown in figure 89a.

The same event after pedestal and common mode correction is shown in figure 89b.

8.6.1 Hit characteristics

Examples for hit position on board DX are shown in figure 90. Hits are not evenly
distributed along the detector boards due to limited acceptance of the scintillators. Since
they are smaller than the detectors, the trigger area is clearly visible as triangular-in-shape
distribution. The chambers need mechanical support inside to keep them in place, thus
there are narrow strips of glass put inside. Where these are, there is no gas and thus no

signal. This results in seven areas with no hits.

Typical hit sizes are shown in figure 91. Most of the strips are no more than 40 strips
wide and the most probable value is 14. Seed signal distribution is shown in figure 92 and
signal to noise of the hit seed is shown in figure 93. The most probable value for the seed

signal is 16 ADC. The plot also shows that there are many seeds with a very large signal.
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Figure 88: A sketch of a hit cluster.
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Figure 89: An event that includes a hit before pedestal and common mode correction (left) and the
same event after pedestal and common mode correction with a Gaussian fit to the strips
with a hit (right).
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This is due to streamers where much more charge is liberated, see chapter 8.2.1. The most
probable value of the signal to noise is 5. Figure 94 shows total hit signal. For most of the
hits it does not exceed 500 ADC.
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Figure 90: A distribution of hit position in board DX. An acceptance effect of the scintillator detectors
if visible here. Since they are smaller than gas detectors and were placed on the top of them,
there is an excess of the hits registered in the centre of gas detectors compared to its sides.

8.6.2 Dead strips within a cluster

A complication in the cluster finding is that some strips are dead or do not respond
correctly. With the cluster finding algorithm as described above, two clusters are found
instead of the one. An example of such behaviour is shown in figure 95a. To overcome this
challenge additional checks are performed. Firstly, it is checked if the strip ¢ + 2, which
is two strips away from the original edge strip i, has a signal larger than 30(i). This
higher neighbouring strip signal cut was required to enhance the probability that it is not
a statistical fluctuation. If the condition is met, it means that there is a dead strip. The
signal of the dead strip is calculated as the average of the strip on the left and strip on
the right of the dead strip. An example of a hit with a dead channel is shown in figure
95a, while figure 95b presents the hit after the correction.

8.6.3 Inverted hit correction

In very few events, an inverted hit occurs. The reason is unknown, but hits like this can
still be used in the analysis. Two events with inverted hits are shown in figure 96a. To find
hits like this an inverted cluster with negative ADC values is looked for. When sufficiently

low signal values (lower than -50(i) for a seed and lower than -40(i) for neighbouring
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Figure 91: A distribution of the hit size in board DX.
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Figure 92: A distribution of the seed signal in board DX.
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Figure 93: A distribution of the seed signal-to-noise ratio s/n in board DX.
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Figure 94: A distribution of the total hit signal in board DX.
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Figure 95: An example of a hit with a dead strip in the middle (left) and the hit after identifying and
correction the signal dead strip (right).

strips) are detected, the inverted cluster is found. If it is found, the entire event is inverted

and used for further analysis. The events after inversion are shown in figure 96b.
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Figure 96: An example of an inverted hit (left) and the event after inverting the ADC data (right).

8.7 Track reconstruction

To find muon tracks, hits in different detector layers must be linked to each other based on
their timestamp, see chapter 8.7.1. Once multiple muon hits are found in the same event,
the next step is to reconstruct muon tracks. Muon tracks are reconstructed together with
the scattering vertex which is then used in metric method (see chapter 3.4.3) and to create

an image of the tested sample, see chapter 5.2.4.

8.7.1 Track candidates and timestamp matching

For hits occurring on different boards coming from the same muon, the timestamp (TS)
value must be the same (or very close). The timestamps are encoded in the int-32 format,
starting from a random value. The raw timestamp for all boards as a function of event
number is shown in figure 97. As can be seen all boards display the same pattern but
the starting time for each board is random. After subtracting the first value, all boards
behave the same as can be seen in figure 98. One can spot that when raw TS reaches
the maximum value of 232 = 4294967296, it resets itself. A correction was applied to

have a monotonic dependence of the TS on event number by adding n*4294967296, where
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n represents which drop it is. The result is shown in figure 99. Now hits occurring on
different boards coming from the same muon, can be identified by comparing the TS value.
When events which the same timestamps were identified, number of hits for every event
was checked. If in one of the directions (ZX or ZY) three or more hits were find, a track

candidate in that direction was created.
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Figure 97: Raw timestamp values for all boards as a function of event number.
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Figure 98: Corrected timestamp values for all boards after initial shift as a function of event number.

8.7.2 Sanity check on track candidates

Once track candidates were found, sanity checks were performed. The timestamps values

between ZX and ZY track candidates were not matched at this stage of analysis. Plot 100
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Figure 99: Final timestamp as a function of event number for all boards.

shows the number of hits per track in ZX and ZY. Very few tracks have hits in all of the
layers and there were more tracks created in the ZX plane. Track candidates were fit with
a straight line. Figure 101 shows the comparison of the x? of the track fit in the ZX and
the ZY direction. The tracks in ZX tend to have a higher y? value. Please note that as the
uncertainties on the hit positions are not known, the y? is not properly normalised. As an
uncertainty in the y? formula a constants was used. Figure 102 shows track slopes in ZX
and ZY plane. As the detector acceptance is limited and muons mostly come in vertically

from above plane, the slopes of the tracks are small and centred around 0, as expected.

x10°

no. of hits per track candidate in ZX

no. of hits per track candidate in ZY

no. of entries
Ll

25 3 35 4 45 5 55 6 6.5
no. of hits per track candidate

Figure 100: A histogram of the number of hits on the track candidates in ZX and ZY projection.
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Figure 101: The x? of the track candidate fit in ZX and ZY direction.
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Figure 102: Track slopes in the ZX and the ZY plane.
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8.7.3 Event display

To aid and cross check track finding an event display was developed. An event display is a
multigraph which shows the detectors responses for one trigger for a single timestamp.
The event display contains plots of the pedestal and common mode corrected signals as a
function of detector strips converted to mm for all detectors in ZX and ZY projection. An
offset is added to the baseline of the corrected signal, such that the Z axis reflects the real
position of the detectors in the muon detection system. The X axis show the detector strip
positions in mm. Four dashed, vertical lines show the boundaries between five MAROCS3s.
An example of the event display with seven muon hits and a track fitted in ZX projection
is shown in figure 103. When a detector layer contained more than one hit for a given

timestamp the hit that gave lower y? was chosen to create a track.
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Figure 103: An event display in ZX projection. Seven muon hits and a straight line fit are visible. If
multiple muon hits occur on one detector, the one which results in lower x? of the track fit
is chosen.

8.7.4 Track finding

The event display is used to visualize the data. However, the actual track finding is divided
into two parts. Firstly, straight line fits are done separately through each set of hits: x/y
and upper/lower planes, to check that these indeed are hits from the same muon. Next,
to extract the scattering angle, a combined fit is performed. In the combined fit, the 3D
track is forced to be two straight lines in 3D space meeting in a vertex. The result yields
the vertex location, track slopes, scattering angle and the y2. Not all the reconstructed

tracks are allowed in the further analysis. For both steps, tracks must have a y? below
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5000 to be included in further analysis. There is a compromise between statistics and the
efficiency. This cut allows to eliminate the tracks that resulted from hits by more than one
muon or complicated noise events. If the vertex is reconstructed outside of the volume of
interest (the scanned sample), it is also rejected from further analysis. Due to geometric
acceptance and imperfect efficiency, many events have less hits than the ideal 12 hits. To
boost the statistics, it was chosen to also accept events with at least two hits in ZX/ZY

and upper/lower planes for further analysis.

8.8 Residual and spatial resolution

Muon tracks are reconstructed on the assumption that the muons travel through the top
detectors on a straight line, scatter in the scanned volume and then exit on a straight line.
A muon can produce a hit in each detector which results in a cluster of strips carrying
signal. The signals are used to reconstruct the position where the muon traversed the
detector, see section 8.6. The spatial resolution is a measure for how well the positions are

reconstructed.

8.8.1 Residual

Residual are calculated separately for every detector board. A residual for a detector
plane is defined as a difference between the reconstructed hit position and the hit position
obtained from a track fit to all hit positions except the hit position on the board under
study. The residual is due to three factors: imperfect reconstruction of the position where
the muon traversed the detector, precision on the predicted track position and multiple
scattering between the last plane above the detector under test. The uncertainty on
the predicted track position and the multiple scattering distribution can in principle be
measured by studying the resolution when varying the incoming particle energy and/or
using a Geant4 simulation using the exact detector geometry, see e.g. [93]. Here the muon
energy is unknown and since an upper limit to the resolution is sufficient, the uncertainty
on the reconstructed position is limited by placing a tight x? cut on the incoming track fit.
The lower the y? the more narrow the residual distribution becomes as the uncertainty on

the predicted position is reduced. This is shown in figure 104.

8.9 Spatial resolution

Spatial resolution is defined as the standard deviation of a Gaussian fit to the residual
distribution. The spatial resolution for every board is listed in table 4 and ranges between
10 and 17 mm when operating with COs. This is much higher than the published
resolution better than 500 pm obtained with mixture of Tetrafluoroethane R-134a (95%)

and Iso-butane (5%). The main reason for the worse resolution is that the efficiency for
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Figure 104: Residuals for board DX for different x? thresholds.

the RPCs operating with CO is much lower than when operating with Tetrafluoroethane
R-134a and Iso-butane mixture. This was partly recovered by operating on a much higher
voltage. The higher voltage leads to more streamers which have much worse position
resolution than signals obtained in avalanche mode. Boards CY and DY and CX have the
best spatial resolution below 15 mm, while boards GY and GX have the worst yielding

almost 22 mm.

board number | spatial resolution [mm)|
0-BY 16.23 £ 0.43
1-BX 15.50 + 0.36
2-CY 14.19 + 0.40
3-CX 14.93 £ 0.38
4-DY 14.86 + 0.37
5-DX 15.50 + 0.34
6-LEY 20.09 £ 0.57
7-EX 19.03 + 0.43
8-FY 18.99 + 0.50
9-FX 17.97 + 0.37
10 - GY 21.70 + 0.64
11 - GX 21.75 £ 0.55

Table 4: Spatial resolution for every board.

8.10 Efficiency

When a track points at a location in a detector, there is a probability that a hit is found
around that location. This is the efficiency of the detector. To calculate efficiency of a

detector, a total number of tracks 7T} is reconstructed without looking at the detector
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under test. There is a number of hits found h; and a number of missed hits m; and:

then the efficiency ¢, for detector b; is given by:

hi m;
L ) 17

and the uncertainty in the efficiency o, is given by:

7, = 2 (18)
To established if a particle passed through a given detector layer, a track fit is done through
the remaining detector layers. The hit is found when the extrapolated track points at a
strip which is included in a hit cluster on a given board. For this calculations tracks with

5 and 6 hits were used.

The efficiency for every detector boards is shown in table 5. Boards DX and DY have the
best efficiencies around 70%, while boards BY, BX and GY have the worst efficiencies
which are lower than 50%. Remaining boards are characterized with efficiencies between
50% and nearly 67%.

board number | efficiency &,, %
0-BY 47.03 + 0.48
1-BX 49.51 + 0.41
2-CY 62.91 + 0.54
3-CX 66.22 + 0.45
4 -DY 69.00 £ 0.54
5 - DX 72.40 + 0.45
6-EY 58.05 £ 0.53
7-EX 65.09 + 0.45
8-FY 60.33 + 0.53
9-FX 56.13 + 0.44
10 - GY 47.34 £ 0.48
11 - GX 52.83 £ 0.43

Table 5: Efficiency for every board.

The low detector efficiency results in a low track efficiency. The track efficiency is given

by the product of the detector efficiencies:

ET.y = EbpC€ba€bsC€bsEbsEb10o (19)
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ET., = EbyEb3EbsEbrEbEby, (20)

and the uncertainty was calculated using propagation of uncertainty method. The track
efficiency in the ZY plane is e7,,=3.38+0.08% and in the ZX plane e, —4.58+0.08%.

8.11 Imaging of the concrete object

Muon scattering tomography is used to scan unknown volumes. Many successful
applications have been reported, see chapter 3.4. The Bristol discriminator algorithm,
see chapter 3.4.3, uses the concept of clusteredness of high angle scattering vertices -
thus higher-Z materials can be distinguished from lower-Z objects. This method was
applied on the muon data gathered with the muon tracker. Figure 105 shows the results.
The scanned object was divided into 50 x 50 x 50 mm? voxels and for every voxel mean
of the discriminator distribution was calculated. To investigate local changes, several
cross-sections were created along the 7 axis, creating a 2D distribution of discriminator
value - the image. The imaging process used here is different form the one presented in
chapter 5.2.4 because of a lack of the reference background scenario. However, due to use
of CO, and thus low track efficiency, it was not possible to achieve a clear image of the
unknown concrete object. The N parameter, see chapter 3.4.3, was set to 3. This value is
too low to work with a representative sample of tracks scattered in a given voxel. The
chosen voxel size was relatively big and did not allow to produce images with the desired
resolution. These variables have been set at these values due to insufficient number of
reconstructed tracks. A higher value of the N parameter and the use of smaller voxels

would result with no data in many voxels.

After the image of the concrete block was done, the industry partner shared the contents
of the sample. Various pieces have been arranged throughout the entire volume of the
200 x 330 mm? concrete block. Among them, at the top of the block, two halves of a mesh
made of rods with a diameter of 10 mm and the square gap in the middle of 50 x 50 mm?
were placed horizontally. On the side, another mesh was placed vertically. It was made of
rods with diameters of 12 and 16 mm with the square gap in the middle of 100 x 100 mm?.
Next, in the centre of the block, there was a cube of low density concrete (celcon block),
which was approximately 50 x 50 mm?. At the bottom, a corroded 50 x 50 mm? angle

with a thickness of 6 mm was inserted.
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Figure 105: Images of a concrete block with and unknown content. Multiple images along the horizontal
plane were created to detect local variations.
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8.12 Conclusions

A muon detector was build using high resolution glass resistive plate chambers. Due to
new legal regulation it was no longer possible to use a mixture of a Tetrafluoroethane
R-134a (95%) and Iso-butane (5%). The resistive plate chambers were operated with
COs instead. The DAQ and offline analysis software were significantly improved by the
author. However, with CO,, the spatial resolution increased from 450 pm to between
14 and 22 mm. The detector efficiency for a single RPC layer was found to be between
47.03 + 0.48% and 72.40 + 0.45%. This results in a low track efficiency, where the track
efficiency in the ZY plane yielded 3.38 + 0.08% and in the ZX plane 4.58 + 0.08%. Imaging
of a concrete block with internal structure was attempted. With the insufficient number of
muon tracks the quality of the image is not satisfactory. Nevertheless, the system is ready
to operate well with a new gas. Despite the unsatisfactory results, this work is of high
importance for the community. There is an ongoing challenge to many research projects
to adjust to new legal requirement, thus there is a real need to find replacements of gases
which give satisfactory position resolution and efficiency. Many groups around the world
are working on testing new environmentally friendly gas mixtures. When they become

available, the performance of this system will be tested again.
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9 Scattering tomography for proton radiotherapy

Proton radiotherapy is a form of radiotherapy for cancer treatment, where a beam of
protons is targeted at a tumour. By ionisation in the cancerous tissue, DNA is damaged
in the cancerous cells, leading to cell death. Radiotherapy is most commonly administered
using X-rays. This has the disadvantage that the beam traverses the whole body and
deposits energy along the path of the beam and therefore does damage to all tissues;
including healthy tissue. To optimise the dose to the tumour and minimize the dose to
the healthy tissue, the beam is moved around the patient. Proton therapy has the key
advantage that the protons deposit most of their energy over a short range, the so-called
Bragg peak, thus a high radiation dose can target the tumour very precisely, while the
healthy tissues around it are not damaged much. However, the rapidly changing dose
deposition makes proton radiotherapy highly sensitive to differences of the Bragg peak
range. The location of the Bragg peak depends on the energy of the incoming proton and
amount of the traversed tissue and the type of it. The comparison between X-ray and
proton therapy is shown in figure 106. Determining the exact location of the tumour is
therefore essential for effective therapy. However, the location of the tumour varies over
time. This can be due to many factors like losing weight, surgeries, upswelling and organ
movement. Thus, the amount of tissue the proton beam traverses before reaching the
tumour is likely to change. It makes radiotherapy planning challenging. A solution to this
is to have a 3D map of the relative stopping power (RSP) for each patient just before
applying the therapeutic dose. This guarantees that the energy is delivered precisely in
the tumour since it reduces the uncertainty, leading to a reduction of the dose deposited
to healthy tissues around the tumour and more effective therapy. The RSP is the ratio of
the proton stopping power of the actual tissue traversed normalised to the stopping power

of water. The stopping power is defined as the mean energy loss per unit path length.

There are a few ways of producing 3D relative stopping power maps for the proton
radiotherapy planning process. Currently, the most commonly used technique is a computed
tomography (CT) scan, where CT numbers are converted into tissue stopping power ratios
relative to water. They are used to compute the beam range and the energy deposited
in the patient body. However, the crucial role in minimizing errors in dose delivery is
the precise conversion from CT numbers to stopping power ratios because the conversion
procedure increases uncertainties of the proton range. This is because CT scans measure
densities and not stopping powers. The combined uncertainty in proton range estimation
coming from CT calibrations was reported to be 2.7-3.5% + 1.0-1.2 mm [94]. The 3.5% +
1 mm uncertainty range results in a potential unintentional overrun of 8 mm for a 20 cm

range field in soft tissue, which is significant [95].
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Figure 106: Energy deposition as a function of the depth in the body for an X-ray beam, a single proton
beam and a Spread Out Bragg Peak (SOBP) combining proton beams with twelve different
energies [96]. The spread out technique is used to target the whole volume of the tumour.

Several groups worldwide are working on the development of proton Computed Tomography
(pCT) imaging systems with the aim of reducing range uncertainty in treatment planning
to <1% (97, 98, 99| and developing a novel device which can be used to reconstruct 3D
images using high energetic proton beams [100]. Proton CT requires a higher energy beam
such that the protons exit the patient. By comparing the incoming and outgoing proton
energy, the energy loss in different directions can be measured and thus the energy loss

and thus stopping power is known.

The method presented in the previous chapters is sensitive to the stopping power. Therefore,
it is interesting to study whether the technique can be used to determine a map of the
RSP using a very small radiation dose. This is important as the protons will add to the
total dose received but will not be of therapeutic value and thus be detrimental to the

patient.

9.1 Simulation setup

To check the potential of scattering tomography with protons number of simulations were
performed. The simulations first cover differentiation between soft tissue, bone, air and
uranium. Next the same methods are applied on a more complex geometry involving

human phantom to distinguish soft tissue from bone.
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9.1.1 Basic material description

When using the metric method presented in the chapter 3.4.3, one is sensitive to the
differences in radiation length between the different types of tissue. Radiation lengths
for relevant materials are listed in table 2. To check the performance of the method
to distinguishing basic materials an initial test was done. The geometry consisted of a
9 x 6 x 9 cm? box filled with soft tissue. Inside that box, there were four 2 x 2 x 2 cm3
cubes placed filled with soft tissue, bone, air and uranium for contrast. The scattering
angle distributions for the four different materials placed in the master box are shown
in figure 107. The average scattering angle in air is the smallest. The scattering for soft
tissue is larger than in air but lower than for bone. The highest scattering is observed for
uranium, as expected.

Next, the metric value (chapter 3.4.3) was calculated for simulation data and a two
dimensional histogram of that value (metric image) was created using 2 mm voxels, see
figure 108. Uranium, bone and air are clearly distinguishable from the background soft
tissue. Moreover, the results are consistent with those shown earlier in the thesis. The

highest metric value was achieved for the air cube, while the lowest for uranium.
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Figure 107: Scattering angle distributions for the four different materials using proton scattering
techniques.

9.1.2 Distinguishing between tissues in the human phantom

Since the discrimination of the basic materials has shown potential for the method, a
human phantom shown in figure 109 was used next. A model of a human phantom was
taken from the Geant4 Human Phantom advanced example [101, 102] and was modified
to be integrated with the software used for the MST study. The phantom has a more

complex inner structure because more materials are put next to each other and thus is
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Figure 108: Metric image of the box with four cubes filled with different materials obtained with proton
scattering tomography.

more difficult to be imaged. In the simulations a male phantom was used lying down on
a treatment bed (the bed is not included in the study). On both sides of the phantom,
four silicon detectors were placed. The detector measured 80 cm x 80 cm x 100 pm and
was based on the Lassena MAPS [103], which has a 50 pm pitch. A position resolution of
50/+/12 pm was used. The object was scanned with a beam of protons coming from above
of the top most detector. The beam was modelled as a 90 x 90 mm? plane and 8281000
protons were fired every scan with a kinetic energy of 230 MeV. This value was chosen as
a compromise; the higher the proton energy, the less the scattering and thus the lower the
contrast between the tissues, while on the other hand the transmission is higher for higher
beam energies and less dose is deposited in the patient. At this energy more than 90% of
protons passed through the phantom and were registered by the bottom detectors. This
energy is available in the typical proton therapy centres where protons are accelerated
to therapeutic energies ranging from 70 to 250 MeV [104]. This resulted in a deposited
dose of the order of 107 Gy. This is a negligible dose used for imaging. All cancers are
treated with very individual dosages but conventional radiotherapy dosages for head and
neck cancer treatment are typically daily fractions of 1.8-2.0 Gy resulting in total doses of
66-70 Gy over 6 or 7 weeks of treatment [105]. Hence, the dose added during the imaging
process is not significant and the imaging process is safe for the patient.

Part of a chest was scanned covering an area of 90 x 90 mm? which included ribs, soft
tissue around it and lungs. Ribs were elliptical in shape, with the width of 14 mm and
thickness of 5 mm. To check the method, ribs were modelled as organs made from uranium,
bone and soft tissue. The metric value was calculated metric images created. The results

are shown in figure 110, 111, 112. To make reading the figures easier, red boxes have been
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added to the plots. They indicate where the ribs are located. Ribs modelled as uranium,
are clearly distinguishable by eye from the soft tissue around them. For the ribs modelled
as bone, the difference between bone and soft tissue is not clearly visible by eye. To
enhance the signal from bones, an image with the ribs made from soft tissue (background,
figure 112) was subtracted from the bone one. Result can be seen in figure 113. By eye
it is still difficult to say where the ribs are, however some hint of signal can be seen. To
further enhance the signal from bones, the integral along the Y axis was calculated and
plotted versus the X position in the phantom, see figure 114. Areas with the bones are
characterized by negative signal values, whereas soft tissue gives positive signal values.

Hence, when taking the integral of the data, the position of the ribs can be found.

Figure 109: Sketch of the human phantom used in the simulation study [101, 102].
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Figure 110: A metric image of the phantom with ribs made from uranium. Red frames show where to

ribs are.
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Figure 111: A metric image of the phantom with ribs made from bone. Red frames show where to ribs
are. Ribs are surrounded by soft tissue.
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Figure 112: A metric image of the phantom with ribs made from soft tissue. Red frames show where to
ribs are. Ribs are surrounded by soft tissue.
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Figure 113: Background subtracted metric image for ribs made from bone. There is a hint of areas with

the dark blue signal, which shows the location of the ribs. Red frame shows where to ribs

are.
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Figure 114: An integral along Y axis combing all signal values. Red frame shows where to ribs are.

9.2 Conclusion

This short work presented here shows promising potential for using scattering tomography
methods on protons for medical proton CTs. A proof-of-principle study showed that it
is possible to distinguish soft tissue from bone, air and uranium. When applied to the
phantom geometry, the method found the positions of ribs. This is a good start but further
development is needed to study the suitability of the method, including simulations of a
cancerous tissues. Further studies are required to optimize an algorithm to find the lowest
possible dose, which still provides sufficient image quality and to calculate reconstructed
position resolution. Finally an conversion is needed to translate the tomographic image

into a RSP map.
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10 Future development of the methods

The main topic of this thesis was to develop muon tomography to locate rebars in thick
concrete objects. The methods presented here demonstrate clearly that the technique can
be used for this application. To take this technique further, it is essential to investigate
to which extent the method can reveal information about the (corrosion) state of the
rebars. As iron oxide has a different density than normal steel, the method is fundamentally
sensitive to the degree of oxidation. Another further step would be experimental verification
of the method. To achieve this an existing muon tomography system was refurbished and
updated. Unfortunately, at this moment in time, there were no environmentally friendly
gases available with good performance. Many groups around the world are investigating

new mixtures. When these become available, experimental verification can be done.

Moreover, the rapid advancement of Machine Learning and Artificial Intelligence opens
new possibilities for improving data analysis, reconstruction accuracy, and automation,
which will undoubtedly enhance the usefulness and expand the range of applications of

muon tomography in the near future.

The muon tomography techniques are directly sensitive to the stopping power of the
material traversed. In this thesis a proof of principle study was presented where the
analysis method was used to image a patient for proton radiotherapy. It was shown that
the method has a potential, but more work is required to improve the imaging. Nevertheless,
the method clearly has merit and can potentially make live images of the patient that can
be used to adapt the treatment on the fly while minimizing the non-therapeutic dose to

the patient.

Muon tomography is a very exciting and fast developing technology that slowly but surely
is being accepted and taken up in the NDE community.
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11 Summary

In this dissertation, the challenge of non-destructive evaluation (NDE) of thick concrete
structures using muon scattering tomography was discussed. Current non-destructive
evaluation approaches (presented in chapter 2) address a subset of inspection challenges,
but there are still certain situations where inspection tools are lacking. Inspecting larger
constructions like bridges or buildings with multiple layers of reinforcement is an ongoing
challenge. Civil and structural engineering require a non-invasive solution to know the
position, type and quality of reinforcement in concrete objects at great depths, while current
technologies only provide solutions at restricted depths. Muon scattering tomography can

help with these challenges. This is the primary focus of this thesis.

Muon scattering tomography is a non-invasive and non-destructive method that uses
highly penetrating, secondary cosmic rays — muons — for imaging of large and dense
objects. While traversing layers of matter, muons undergo scatterings, which modifies their
trajectories. Measuring the muon tracks before and after passage through an object of
interest allows for its inspection and 3D imaging. Such a study can be performed without
the additional radiation, as cosmic muons are ubiquitous with the flux at sea level of about
10 000 m~2min~".

Using Monte Carlo simulations, the author showed that muon scattering tomography
is an appropriate tool to address the gap in the non-destructive evaluation testing and
ensure safe inspection of big, reinforced concrete structures. The first attempt to develop
a new NDE method, described in chapter 5.1, allowed to detect and measure rebars in
concrete objects. Rebars with a minimum diameter of 33.7+7.3 mm and a length of 100 cm
were detected. For the rebar volumes above 2 500 cm?, their volume was reconstructed
with a resolution of 5.4+0.3%. The result was independent of the rebar’s location. The
imaging technique was further developed. It allows seeing the interior of the reinforced
concrete blocks and differentiating between one and two layers of rebar grid. When using
the imaging approach, a hint of a signal of 20 mm diameter rod can be seen. It was also
proven that two reinforcement bars are detected as two objects when placed at least 6 cm

apart, but the separation starts to be visible from a distance of 4 cm.

The approach was further improved to lower the detection threshold. This was presented in
chapter 6. To do so, the fact that the reinforcing grid forms a periodic structure was used.
The signal from the reinforcement was enhanced with a modified auto-correlation technique
and then Fourier-transformed. Peaks in the normalised Fourier frequency spectrum indicate
that a repeating structure, such as a grid, is present. The amplitudes of the peaks are
proportional to the rebar sizes, whereas the positions of the peaks are determined by the
grid spacing. After one week of data collection, a grid composed of rebars with diameters

greater than or equal to 7 mm and spacing of 10 cm can be observed. The signal for a
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6 mm diameter rod exceeds the background level after a week of measurements, but it
grows stronger after two weeks of data collection. When the spacing increases to 20 cm,

longer data collection is required since there is less iron in the scanned region.

A further development of the approach was shown in chapter 7. This includes a method
to detect and locate a second layer of reinforcing mesh. It was proven that the method
works up to a few centimetres of accuracy which is more than enough for non-destructive

civil structure evaluation.

The next chapter of the thesis demonstrates the use of the method in practice. It also
addresses the challenge of finding an alternative gas to use with resistive plate chambers.
A Tetrafluoroethane and Iso-butane mixture, which is considered to be a greenhouse gas,
is no longer possible to use due to changes to the law. A high resolution glass resistive
plate chamber system existed but was always operated with environmentally unfriendly
gases. The system was refurbished, updated and improved to study the performance while
operating with CO,. A concrete block with unknown content was scanned for a period
of time. The entire process from data collection to image reconstruction of the scanned
object has been discussed in detail. When compared to the former gas mixture, the spatial
resolution increased from 450 pm to between 14 and 22 mm when using CO,. The detector
efficiency was determined to be between 47.03 + 0.48% and 72.40 + 0.45% per detector
plane. This results in an insufficient track efficiency, with the track efficiency in the ZY
plane yielding 3.38 + 0.08% and the track efficiency in the ZX plane yielding 4.58 + 0.08%.
Images of the cross-sections of the scanned volume were prepared. Due to low efficiency
of the detector working with CO,, imaging of the scanned object was not satisfactory.
Despite that performance, this is an important piece of work as there is an urgent need to
find environmentally friendly gases which give sufficient position resolution and efficiency.
When these become available, the system performance with the new gas can be tested.
This would allow for experimental verification of the newly developed methods for rebars

location.

The research described in chapter 9 demonstrates the promise of employing scattering
tomography methods with protons for medical proton computed tomography. A
proof-of-concept study has shown that soft tissue can be distinguished from bone, air
and uranium using proton scattering tomography. When applied to a complex phantom
geometry, ribs were distinguished from surrounding tissue. To perform one scan, a dose of
the order of 10~ Gy was deposited. This is negligible for such an application. Further
research is needed to determine the full potential of the method, including simulations
of cancerous tissues. More research is needed to optimise an algorithm to determine the
lowest feasible delivered dosage while maintaining adequate picture quality and to translate

the tomographic image into a RSP map, but these early results are highly encouraging.
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