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ABSTRACT

ABSTRACT

Nondestructive inspection (NDI) technology, which is used to identify
particular isotopes in a substance, is important for nuclear waste management,
nuclear safety, and nuclear material nonproliferation. Several research
advocated using the nuclear resonance fluorescence (NRF) technique with
gamma rays for the measurement of the isotopes of interest. One of the most
remarkable features of computed tomography (CT) based on the NRF
transmission method (NRF—CT) is the isotope selectivity capacity to
differentiate an isotope of interest from other isotopes within the same volume.
The technique can be used as an NDI for shielding isotope substances such as
fissile material content in spent fuel. The NRF — CT imaging technique was
demonstrated for the enriched lead isotope (***Pb) distribution implanted in an
aluminum cylinder together with a set of different materials including the
enriched lead isotope (**Pb) distribution, iron, aluminum, and a vacant area.
The holder had a diameter of 25 mm and a height of 20 mm. The experiment
was conducted at the beamline BL1U in the UVSOR — III synchrotron radiation
facility at the Institute for Molecular Science, National Institutes of Natural
Sciences, Japan. We were able to generate a laser Compton scattering (LCS)
gamma-ray beam with a maximum energy of 5.54 MeV, intensity flux of 5.5
photons/s/eV, and beam diameter of 1 mm. The LCS gamma-ray beam was able
to excite the /™ = 1~ NRF level at 5.512 MeV in 2%Pb. Therefore, we were able
to obtain an isotope-selective NRF — CT image in two dimensions (2D) for the
28Pb distribution with a resolution of 2 mm/pixel within an acquisition time of
60 hours. Then, we upgraded the experimental conditions to define the LCS
gamma-ray beam with a 2 mm beam size and an intensity flux of 10
photons/s/eV. Consequently, we obtained an isotope-selective NRF — CT image
in three dimensions (3D) for the 2®Pb distribution with a resolution of 4 and 8

mm/pixel for the horizontal and vertical planes, respectively, within an
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acquisition time of 48 hours. Increasing the resolution of the obtained images
is critical for the NRF — CT imaging technique to be applicable in realistic
applications. We proposed the numerical treatment of the fusion visualization
(FV) method for improving the resolution of the obtained 3D NRF — CT image
under the experimental conditions of the UVSOR — III facility. We implemented
this treatment using a 3D gamma — CT image with a resolution of 1 mm/pixel
measured at the same beamline using an LCS gamma-ray beam with an
intensity flux of 0.7 photons/s/eV and a 1 mm beam size as an additional data
source. We significantly improved the 3D NRF — CT image quality due to the
employment of the FV technique with a specific method called the post-
multiply FV (PMFV) method.

vi
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CHAPTER 1 INTRODUCTION

1 INTRODUCTION

1.1 Overview

The world's demand for nuclear materials is not solely focused on
generating clean electricity; nuclear materials are also used in various critical
applications. Some nuclear materials are used for military purposes, while
others are used for civilian purposes as well. Medical isotope production,
research and education [1], industrial radio sources [2], and a variety of other
applications are among the civil applications. Keeping nuclear materials from
spreading is a difficult endeavor. More than seventy-five years after the
destructive power of nuclear explosives was first demonstrated, several
international political and legal procedures are in place to help achieve nuclear
non-proliferation goals. They include the countries' political obligations,
multilateral treaties, and other legally enforceable agreements, including states'
nonproliferation pledges, and, most importantly, international atomic energy
agency (IAEA) safeguards. The IAEA plays a key role in independent
verification, ensuring that nuclear material, infrastructure, and other
safeguarded items are only used for peaceful purposes [3]. To tackle climate
change, the world is working to transition away from fossil fuels. Therefore,
several nations are exploring the use of nuclear power to boost reliable and
clean energy production [4]. According to the official forecasts, nuclear power
will continue to play a major role in low-carbon energy production during
electricity generation, which is critical in the endeavor to attain net-zero
emission [5]. According to the IAEA's forecast, global nuclear power generating
capacity will reach 792 GW (net electricity) by 2050. To maintain its current
proportion of the energy mix of electricity generation sources, nuclear power
generation capacity would have to increase over the next three decades. As a
result, nuclear power could supply around 12% of the world's electricity by

2050 [4].
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1.2 Nuclear materials

Nuclear materials are one of the most important components of nuclear
explosive devices [6, 7]. They include fissile, fissionable, and source materials
[8]. Fissile materials are made up of atoms that may be split by neutrons in a
self-sustaining chain reaction to release energy [9]. The most fissile materials
used for non-peaceful purposes are highly-enriched uranium (HEU) (**U
isotope of uranium) and plutonium- 239 (*Pu isotope of plutonium).
Fissionable materials, such as deuterium-2 (*H) and tritium-3 (°H), are ones in
which the atoms can fuse to release energy. The term "source materials" refers
to materials that are used to augment nuclear threats by providing an extra
supply of atomic particles for fission. °*H, polonium-209 (**Po), beryllium-4
(‘Be), lithium-6 (°Li), and helium-3 (*He) are among them [10]. Special nuclear
materials (SNMs) are defined as ?*Pu, 23U, or uranium enriched in the isotopes
25U or uranium-238 (¥8U), whether they are nuclear fuel or spent fuel forms,
and need to be fully controlled, checked, and accounted for by the IAEA [11].
23U and *’Pu do not exist naturally but are produced in nuclear reactors by
irradiating source material or SNMs and may be chemically separated from old
fuel or targets. Reprocessing is the process of extracting SNMs from spent fuel.
Nuclear reactors that employ uranium as fuel or targets create 2*Pu. On the
other hand, nuclear reactors that employ thorium as fuel or targets create 2*U.
An enrichment facility produces uranium enriched in #*U [9]. SNMs are only
mildly radioactive, but they include fissile isotopes (**U, U, and **Pu) that
might be utilized as the principal components of nuclear bombs if concentrated.
Strategic special nuclear materials (SSNMs) are defined as these materials in
quantities greater than formula quantities. The low-enriched uranium (LEU)
concentration of »°U may be enhanced to generate HEU, which is the key
element in several nuclear explosive designs. Both **Pu and #*U have been

used in fission materials as nuclear explosives. These two components
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accounted for nearly 90% of the work involved in developing the first nuclear

explosives [12].

1.2.1 Plutonium

Plutonium, a manufactured element created in nuclear reactors, was used
to create the world's first nuclear explosion [13]. 2Pu is solid metal with a
bright silvery color. It was originally formed at the beginning of the universe.
However, having a half-life of only around 24,200 years naturally occurring
traces of 2°Pu are hard to find. Trace quantities of this metal are still formed
these days when terrestrial 2*U reacts with solar rays. However, this metal
nowadays is mostly synthesized artificially. ?°Pu is produced from U in
nuclear power reactors. Firstly, as shown in equation (1.1), U is struck with
a high-energy neutron (§n) and is converted into uranium-239 (2°U). 2°U is
then, as shown in equation (1.2), changed into neptunium-239 (**Np) by the
emission of an electron and an anti-neutrino particle through beta (371) decay.
In the final stage, as shown in equation (1.3), 2Np loses an electron and an

anti-neutrino particle to form »?Pu.

238U + in - 23U Eq. (1.1)
235U = 253Np + B~ Eq. (1.2)
23Np - 23Pu+ 1 Eq. (1.3)

The neutrons are produced in a controlled chain reaction by the reactor.
The speed of the neutrons must be slowed in order for them to be absorbed by
the 28U atoms. This is done by passing them through a material called a
"moderator." In natural uranium reactors, graphite and heavy water
(Deuterium oxide, 2H20, D:0) [14] have been utilized as moderators [15].

Impurities in graphite will halt the chain reaction, so it must be extremely pure
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to succeed as a moderator. Heavy water resembles conventional water in
appearance and flavor, but it includes deuterium atoms rather than hydrogen.
Heavy water must be clean in order to work as a moderator. It must be free of
considerable contamination from ordinary water, with which it is frequently
mixed in nature. Although the actual amount depends on the reactor type and
operating conditions, nuclear reactors create around 300 gm of 2°Pu for every
GW.d of produced electrical energy. As a result of nuclear power generation,
approximately 6 X 10° kg of 2Pu have been created globally since 1980
[16,17].

1.2.2 Uranium

Uranium occurs naturally in underground deposits consisting of a mixture
of 0.7% 2°U, which is easily fissionable, and about 99.3% 2U, which does not
contribute directly to the fission process (though it does so indirectly by the
formation of fissile isotopes of ?Pu) [18]. This isotope, like 2°Pu, is unstable
and fissions when struck by a neutron. Fission, or the splitting of 25U atoms in
nuclear reactors, generates energy in the form of heat. Although **U and U
are chemically identical, their physical attributes, notably their mass, are not.
25U has 92 protons and 143 neutrons in its nucleus, giving it an atomic mass of
235 units. On the other hand, the nucleus of U holds 92 protons and 146
neutrons, three more than **U, giving it a mass of 238 units [19, 20]. Isotope
separation, in general, is a physical process that concentrates (‘enriches’) one
isotope compared to others [21]. Uranium enrichment is a process that
increases the percentage of 2°U that undergoes thermal neutron fission in
mined uranium, allowing it to be used as a nuclear fuel [22]. The enrichment
of uranium to increase the proportion of 2°U to 90% or more is called HEU. HEU
can be combined with 2*Pu to form the "pit", or it can be used alone for non-

peaceful purposes. The bomb dropped on Hiroshima, Japan, used only HEU.
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About 15 — 20 kg of HEU is sufficient to make a bomb without #°Pu. On the
other hand, nuclear reactors require enrichment to about 3 — 5 % of 2°U, which
is called LEU. The mass difference between U and *°U allows the isotopes to
be separated and the percentage of 2°U to be increased or enriched. This small
mass difference is used in all present and historical enrichment processes,
whether directly or indirectly. Uranium enrichment is necessary to
manufacture fuel for light water reactors (LWR). Typical nuclear reactor fuel in
presently enriched is natural composition (0.72% **U) to roughly (5% >°U).
The majority of the reactors are LWRs, which need uranium in their fuel to be
enriched from 0.7% to 3 — 5% »°U. This is LEU in its natural state. Increased
enrichment levels to roughly 7%, and as high as 20% for some special-purpose
reactor fuels, are being considered. On the other hand, some reactors employ
natural uranium as a fuel source. The prospect of civilian nuclear power
infrastructure producing nuclear explosives drives nuclear material
safeguarding measures. The security and accounting of enriched uranium and
29Pu at declared civilian nuclear plants, as well as ensuring that clandestine
nuclear material operations do not occur at undeclared locations, are among

the essential safeguards.

1.3 Safeguarding enrichment facilities

Nuclear safeguards are a set of technical measures that the IAEA uses to
independently verify a state's legal commitment not to divert nuclear facilities
or material from peaceful nuclear activity to non-peaceful nuclear activities [3].
The ability to enrich uranium to dangerous levels is the key safeguard concern
for an enrichment plant. On the other hand, the capacity to measure relative
uranium isotope concentrations in materials at enrichment plants is crucial for
safeguarding purposes. Uranium enrichment is currently measured using one

of two methods; either gaseous samples such as uranium hexafluoride (UFs)
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are collected and studied using mass spectrometry, or passive counting of the
1.857 MeV gamma rays released during ?°U decay is conducted. Sampling
is vehemently rejected by facility operators, who fear that it will introduce
pollutants into delicate enrichment equipment. Therefore, since mass
spectrometry is very costly, it is used infrequently [23,24]. Calibrations are
used in passive counting measurements to relate count rates to *®U
concentration and, consequently, enrichment. Because the calibration is
sensitive to container thicknesses, which might change owing to erosion or
deposition of solid UFs on the container surface, these measurements are prone
to error. In principle, continuous measurement of fluorescent gamma rays on
UFs at specific locations at an enrichment facility may be undertaken by
nondestructive inspection (NDI) to monitor for relative concentrations of U
and #*U. Enrichment measurements also give independent checks on the mass
balance of uranium material entering, leaving, and presenting at the
enrichment plant if the pressure and volume of the UFs are known. The nuclear
materials safeguards require establishments authorized to hold SNMs to prove
and maintain security systems that secure the material and prevent the loss or
theft of SNMs in order to ensure public safety and national security [9].
According to the fissile material report [20], the global stockpile of HEU was
over 1370 £ 125 tons at the end of 2014. While the global stockpile of the
separated ?°Pu is 505 % 10 tons. It is stated by the IAEA that the amount of
mass in which the probability of producing a nuclear explosive is not excluded,
is 25 kg for the HEU and 8 kg for the separated plutonium [25]. It means that
the global amount of HEU and ?Pu is sufficient to make approximately
1.2 x 10* nuclear explosives. In light of the above ability of the SNMs, the NDI
techniques for screening SNMs have become a necessity for countering
terrorism as well as supplying accountability tools to check these hazardous

materials. Usage of nuclear power applications makes it imperative to take the
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responsibility for supplying safety, regulatory, and security, and non-
proliferation of nuclear materials. Many research groups have been working in

the field of the NDI of the SNMs [26 — 29].

1.3.1  Facility security for spent fuel reprocessing

Measurement of fissile material composition in spent nuclear fuel is
another example where it is important for safeguarding [3]. Chemical
separation of actinides from fission products, as well as chemical separation of
distinct constituent actinides from one another, is all part of reprocessing.
Before reprocessing, the levels of 2°Pu and #°U in spent fuel are not directly
monitored. Surrogate signatures, such as the gamma rays released in the decay
of Cesium-134 (*Cs), Cesium-137 (*¥Cs), and Europium-154 (***Eu), can be
detected as a burn-up indication and correlated to the *Pu and »°U
concentration using reactor model calculations. However, these measurements
do not give independent information regarding fissile material content and are
prone to systematic errors due to their reliance on reactor operating
circumstances [30]. To avoid the disadvantages of indirect *°Pu and 2*U
measurements, these components are directly measured during the aqueous
reprocessing process. Following fuel dissolving, the solution is transferred to
an input accountability tank (IAT) with a defined volume, and a sample is
taken for examination. Analytical radiochemistry methods are used to figure
out the concentrations of *Pu and *°U in the sample to a nominal 0.3 %
uncertainty. Because the volume of IAT is known, saw concentrations in the
sample can be linked to uranium and plutonium levels in the overall
reprocessed assembly. However, because sampling takes place after
dissolution, there is a chance that material will be diverted before reaching the
IAT. In addition, for new fuel cycle systems, many non-aqueous reprocessing

approaches are being considered. Some of these procedures do not include the
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method of aqueous dissolution and sampling for determining fissile material
content. The precision with which the fissile actinide concentration in spent fuel
must be checked varies depending on the application. The IAEA's current
objective is to have "no material unaccounted for" (MUF) [31]. The MUF is the
difference between the amount of material entering a facility and the total
amount of material exiting and present at the facility. In other words, there is a
discrepancy between the real inventory and the nuclear material stock on the
books. For example, if more 2°Pu entered a facility than was detected and then
left, the MUF would be positive, indicating that there is material missing or
unaccounted for. Because every measurement has a degree of uncertainty, MUF
must have one as well. Improved safeguard technology aims to decrease MUF
uncertainty to the lowest level achievable. Measurements of fissile material in
spent fuel should, in principle, follow a Gaussian distribution whose width is
specified by the measurement error's standard deviation in the absence of
systematic uncertainty. Current spent fuel reprocessing systems process about
three pressurized water reactors (PWR) assemblies per day, each holding about
3 kg of *Pu. If measurements of »Pu concentration were taken with 10%
precision before the dissolution of each assembly, the system would produce
approximately 2500 gm of 2°Pu MUF uncertainty per month due to statistical
errors alone, ignoring any systematic errors. The mass uncertainty over a year
would be around 8.7 kg. This means that continuous deviations of smaller
amounts of *Pu could go undetected by materials accounting methods based
on 10% measurements and that the amount of Pu needed to make a nuclear
explosive could be stolen over the course of one or two years while the facility
complies with safeguards regulations. Reprocessing facilities currently
measure fissile material with a nominal precision of 1% using destructive
analysis of an aqueous sample collected from the IAT. This indicates that input

29Pu uncertainties are one-tenth as large as those mentioned above, and that
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continuous deviation would have to occur for a period of around 100 years (or
at several reprocessing plants) to go unnoticed. However, if dissolved spent
fuel is diverted around the ITA, the incidence of undetected #°Pu diversion
might skyrocket. This has sparked an interest in figuring out the content of
intact spent fuel assemblies. Indirect measurements of 2°Pu concentration in
used fuel assemblies can offer outstanding precision when compared to reactor
models using well-known reactor conditions. However, without knowledge of
reactor operating conditions such as power level fluctuations over time, these
models have only 10 —20% accuracy. Because operators may provide
erroneous information regarding a fuel's irradiation history on purpose or
inadvertently, direct measurement of fissile material content would be the most
trustworthy safeguard measurement. Therefore, we conclude that any
technique that has the ability to measure **Pu or U content in intact spent
nuclear fuel with moderate precision and high accuracy would be technological
advancement. Several methods for conducting such measurements are being
researched [32]. From this standpoint, nuclear resonance fluorescence (NRF) is
considered a considerable technology for assaying the isotopic composition of
spent nuclear fuel. The research presented in this dissertation looks at the
possibility of employing the NRF to conduct nuclear material investigations

that might help prevent the spread of such materials.

1.4 Nuclear resonance fluorescence (NRF)

The purpose of nuclear or other radioactive material analysis is to figure
out what the materials are, how they were manufactured, when and where they
were made, and for what purposes they will be used [33]. Both radiometric and
nonradiometric measuring techniques are included in the above definition of
"analysis" [34 — 36]. The NRF technique is an effective method for studying

nuclear physics as well as isotope imaging inside spent fuel canisters and
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nuclear waste. F. R. Metzger [37] conducted the primary study that describes
the physics and measuring procedures of that phenomenon. Physically, the
NRF attenuation happens in the case of a sample targeted with a photon beam
at a typical energy of 1.5 to 8 MeV during the investigation process. If the
energy of an incident photon matches the excitation energy of a particular
isotope, the isotope is excited because the nucleus of the isotope absorbs
photons at specific energies, and then it decays to the ground state (g.s.) or to
an excited state (E;) by emitting a cascade of gamma-ray photons within a few

picoseconds or less. Figure 1.1 illustrate the NRF process.
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Figure 1. 1. The physics process of nuclear resonance fluorescence

The Breit-Winger resonance describes the energy dependence of the NRF
cross-section [38,39]. The relative simplicity of the interaction in the NRF
process can produce some valuable spectroscopic information such as
integrated NRF cross section (I;), spin of the transition state (J), level excitation
energy (E;), transition width ratio [(I}?)/I], state parity (), and reduced
excitation probabilities I;. The NRF inspection can produce isotope-specific
signatures for various materials, which can be used to assess materials' isotopic
composition [40], due to the dependency of the excitation energies on the

nuclear species. The power of the NRF technique can be demonstrated by a
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comparison between attenuation path lengths for NRF gamma rays and those
for x-ray photons and thermal neutrons utilized in other inspection techniques.
Therefore, NRF provides a powerful probe for the NDI of SNMs even under
severe shielding, which has a significant influence on homeland security
technology [41 — 44]. NRF has a few key features that make it an extremely
appealing active interrogation technique. The observed gamma rays are unique
to certain isotopes. As mentioned, the NRF technique applies to a wide range of
materials and compounds, not just SNMs. In contrast to many other activation
analysis techniques, which might result in material activation or radiation
damage, a gamma-ray excitation's low momentum transfer does not affect the
sample being analyzed. The gamma-ray signatures have energy higher than 1
MeV, allowing considerable amounts of material to be penetrated. The NRF
signatures for high atomic number (z) materials are near the atomic cross-
section minima. The cross sections of NRFs are typically equal to, if not greater
than, the atomic cross sections. The NRF cross sections are one to two orders of
magnitude stronger than photofission cross sections at their strongest. The NRF
resonances are quite narrow, approximately 1 electron volt (eV) wide after
Doppler broadening. For more than five decades, researchers in nuclear
physics have used NRF as a technique to study nuclear structures. The isotopic
signature of the NRF at a MeV scale of energy permits the technique to work
for a variety of applications, beyond the detection of SNMs, with reasonable
sensitivity. Due to developments in accelerator technology, which allows for
high-flux, high-duty-factor electron beams, and detector technology, which
allows for high-resolution gamma-ray detection, this approach has been
broadened to practical applications. O. Beck et al. [45] determined the carbon-
13 (*C) content in diamond non-destructively using the NRF technique. They
proved that the NRF technique was able to detect the content of *C with a

sensitivity that agreed well with Raman scattering. W. Bertozzi et al. [28] are
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credited with being the first to propose the use of NRF as a method for detecting
specific nuclear materials within cargo containers with bremsstrahlung gamma
rays. T. Hayakawa et al. [41] measured the ratio of C/“N in the shielded
melamine (CsHesNe) by comparing the NRF spectra of carbon-12 (12C) with that
of nitrogen-14 (*N). In addition, they clearly demonstrated the ability of NRF
to identify chemical compounds. Another application of the NRF technique is
the geo-sourcing of materials. It was found that there is a correlation between
the ratio of lead isotopes or oxygen isotopes and their geo-location [46].

Accordingly, the NRF can provide a geo-location signature for many materials.

1.5 Research objectives

The isotope selectivity capability to distinguish an isotope of interest from
others within the same volume is one of the most notable features of computed
tomography (CT) based on the NRF transmission method (NRF — CT) for
imaging techniques. This technique can be used as an NDI for shielding isotope
substances such as fissile material content in spent fuel. The studies in this
dissertation are targeted to demonstrate the isotope selectivity of the NRF — CT
imaging technique using the laser Compton scattering (LCS) gamma rays
available at the beamline BL1U in the UVSOR —III synchrotron radiation
facility at the Institute for Molecular Science, National Institutes of Natural
Sciences, Japan. The following is a list of the research objectives for this

dissertation:

% The first objective is to utilize the LCS gamma rays to obtain an isotope-
selective NRF — CT image in two dimensions (2D) for the 2%Pb isotope
distribution with a reasonable resolution.

% The second objective is to upgrade the experimental conditions of

measurements to obtain an isotope-selective NRF — CT image in three
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dimensions (3D) for the 2%Pb isotope distribution within a considerable

acquisition time.

X/
°e

Since increasing the resolution of NRF — CT images is critical for realistic
applications, the third objective of the current research is to propose a
numerical treatment method for improving the original 3D NRF — CT
image resolution under the current experimental conditions of the

UVSOR — III facility.

1.6 The Outlines of the Dissertation

The current chapter provides an overview of the global need for nuclear
materials as well as the domains in which they can be used for military and
civilian purposes. Additionally, worldwide political and legal procedures can
assist in nuclear non-proliferation. It also explains the IAEA's role in verification,
which assures that nuclear material, infrastructure, and other safeguarded
items are only used for peaceful purposes. This chapter includes the materials
that can be used for non-peaceful purposes, as well as a brief discussion of
SNMs. The theory of the NRF phenomenon is then discussed, as well as its
merits as a tool for NDI isotope detection. Chapter 2 presents the photon
interaction mechanisms that are relevant to the NRF interactions and their
detection, as well as the photon transport computations, because these
interactions and their effects on the target materials or detectors should be well
known for better evaluation of the methods and interpretation of physical
phenomena that may appear during the investigations reported in this
dissertation. The processes are introduced with the corresponding cross-
sections since detecting NRF gamma rays includes the scattering of non-
resonant photons owing to elastic and inelastic interactions. The NRF
interaction is also shown, along with its cross-section and angular distribution.

Chapter 3 provides a brief description of the NDI methodologies for nuclear
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materials. It also provides the concepts for potential applications of the NRF
gathered from a wide variety of sources, in addition to a few of the most
intriguing applications, with a mention of the challenges for the NRF to be
commonly applied in each category. Chapter 4 discussed in depth the
optimum components of the NRF technique for the NDI measurements,
including the source of photons and the detection mechanism. This chapter also
covers the generation of LCS gamma rays at the UVSOR — III facility, as well as
the computations of their parameters. Furthermore, the sample's description
has been utilized as a specimen target in recent studies also presented. In
chapter 5, we detail the first experimental study of this dissertation and the
upgrading in the source of photons to demonstrate the isotope-selective
capability of CT imaging based on the NRF transmission method in 2D using
quasi-monochromatic LCS gamma-ray beams in the MeV region for enriched
lead isotopes (*®Pb and 2°Pb) implied within a cylinder aluminum holder of 20
mm and 25 mm in height and diameter, respectively. Chapter 6 shows the
second experimental study of this dissertation and the upgrading of
experimental conditions in the UVSOR — III facility to demonstrate isotope-
selective 3D NRF — CT imaging using the LCS gamma rays in the MeV region
for an enriched lead isotope (*®Pb) distribution hidden inside the same
cylindrical holder with another enriched lead isotope (**Pb), Fe, and Al rods,
in addition to a vacant area. Chapter 7 emphasizes the limitations of the NRF —
CT imaging technique for isotopes using the LCS gamma-ray beams to perform
the imaging in 3D under the current experimental conditions of the UVSOR —
III facility. It also includes a proposal for a study of an alternative approach that
uses a numerical treatment to improve the quality of a 3D NRF — CT image.
Since this numerical treatment relies on an additional source of information,
this chapter describes the measurement of the 3D gamma — CT image for the

same sample at the UVSOR —III facility under comparable experimental
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conditions and with minor changes to the parameters of the LCS gamma rays.
The procedures of the numerical treatment for merging the two CT image
sources are also described. This chapter also includes an assessment of a few
different numerical treatments and their impact on the image quality achieved.
Chapter 8 presented the summary and conclusion of this work, as well as the
future prospects for multiple isotope identification and quantification in the
NRF — CT imaging approach employing LCS gamma-rays accessible at the
UVSOR — III facility. Furthermore, the plan for the simulation work on NRF —
CT imaging of SNMs mapping and characterization in nuclear waste and spent
fuel under highly active circumstances may open up a practical use of the
NRF — CT imaging technology in the future. The dissertation ends with a list of
references, followed by a list of scientific journal publications, international
conference proceedings, and presentations and posters from the different

domestic conferences.
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2 RADIATION-MATTER INTERACTION

2.1 Overview

Since our measurements are based on the NRF employing gamma rays, the
present chapter discusses gamma rays and their numerous interactions with
atoms and nuclei. Thorough knowledge of the mechanisms involved in the
radiation-matter interaction is essential to properly understanding and
developing NDI systems for nuclear materials. Radiation Physic is the
conventional term for the branch of physics that examines how ionizing
radiation interacts with matter and is particularly concerned with the outcomes
of these interactions, notably the transfer of energy from radiation to the
environment [47]. Radiation can be defined as the emission of energy in the
form of subatomic particles or electromagnetic waves through a material
medium or in a vacuum, which implies an interchange of energy and matter.
Radiation is therefore considered energy in motion. The different types of
radiation have vastly different interactions with matter [48]. Radiation, in
general, can be classified into ionizing radiation and non-ionizing radiation
based on its ability to ionize matter, or, more specifically, based on its ability to
entirely detach one electron from the rest of the atom, and is commonly given
in eV units. Ionizing radiation's fundamental characteristic is that it contains
sufficient energy to ionize atoms. Once these are ionized, they can recombine
or create new chemical compounds. This alteration may be permanent or long-
lasting. Non-ionizing radiation, in contrast, lacks the energy to ionize or break
atomic bonds. Therefore, the best it can do is produce collective motions of the
material’s electrons without causing any long-term alterations. This type of
radiation includes microwave fields, electric infrared radiation, magnetostatic
tields, and radio frequencies. It also includes visible light and ultraviolet

radiation, while some of its effects can sometimes be comparable to those
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produced by ionizing radiation [49, 50]. The following interactions may occur

when radiation flows through matter:

e The interactions between radiation with an atom-sized wavelength (a few
angstroms) and the atom itself. In most cases, the atomic electrons engage
in the interaction, as in the photoelectric effect or the Compton Effect.
Electromagnetic waves or electron beams can also be diffracted by a
collection of atoms or crystals.

e Nuclear reactions are interactions with the atomic nucleus that produce
radiation with a wavelength on the order of the nucleus’ size.

e Particle bombardment in high-energy particle accelerators produces high-

energy radiation through interactions with nucleons (neutrons and protons).

In a general way, each interaction has a certain probability of occurring
based on the energy and nature of the radiation. Although there is no collision
in the classical sense with an effective contact of the two particles, we usually
use the words "shock" or "collision" instead of "interaction". This is the case, for
example, of the interaction of an electromagnetic wave with an electron or the
case of an alpha particle with an atomic nucleus, where effective contact is
replaced by repulsion of the Coulomb force unless the alpha is very energetic
and will overcome this force. As we mentioned, ionization is the process by
which accelerated electrons get enough energy to escape from the parent atom.
The intensity of ionization, also known as specific ionization, is defined as the
number of ion pairs created per centimeter of transit through a material. The
amount of ionization produced by a particle per unit length, which is a measure
of its ionizing power, is proportional to the particle's mass and the square of its

charge, according to the equation below:

I = Eq. (2.1)
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where [ refer to the particle's ionizing power, m is its mass, z is the number of
unit charges it carries, and Ey;, is its kinetic energy. Because m for an alpha
particle is about 7300 times greater than m for a beta particle, and z is twice as
large, an alpha particle with the same energy would produce significantly more
ionization per unit length. This phenomenon occurs because the larger alpha
particle moves slower for a given energy and thus acts on a given electron for
a longer time. Since the present dissertation's studies focus on the interaction
of gamma-ray photons with matter, we will go over the major interactions of

gamma rays with matter.

2.2 Electromagnetic radiation

Gamma rays are electromagnetic radiation that is similar to x-rays. The
difference is that gamma rays come from an atom's nucleus, whereas x-rays
come from circling electrons. An x-ray is created when orbiting electrons
migrate to a lower energy orbit or when fast-moving electrons approaching an
atom are deflected and decelerated when they react with the atom's electrical
tield. Nuclear processes and the disintegration of excited nuclei produce
gamma rays. Due to their lack of mass and charge, gamma rays are challenging
to block and have a remarkable ability to penetrate. Several feet of concrete or
several meters of water will allow a small portion of the original gamma stream
to pass through. Two physical mechanisms of photons' interactions with
materials are absorption and scattering, owing to interactions with atomic
electrons or nuclear material, respectively. The absorption process includes
transmission as well since the transmitted intensity of a photon beam can be
expressed as a complement to the absorbed intensity. The scattering process is
the main process in the NRF for materials inspection due to its contribution to
the background spectrum of the NRF and its significant effect on the signal-to-

noise ratio. Scattering is divided into two categories: elastic scattering and
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inelastic scattering. There are several interactions that can occur in each
category, with different probabilities based on the energy of the

electromagnetic wave and the material properties.

2.2.1 Photon linear attenuation coefficient

Gamma rays’ attenuation or shielding is an essential part of radiation safety
plans that attempt to decrease worker exposure to ionizing radiation [51]. The
proportion of attenuated incoming photons in a monoenergetic beam per unit
thickness of a material is described by the linear attenuation coefficient “p”. It
includes all interactions including coherent scattering, Compton scattering,
and the photoelectric effect. It is expressed numerically in units of cm™* [52].
The equation for the fundamental law of attenuation for electromagnetic

radiation in a matter is as follows [53]:
[=1ye Ht Eq. (2.2)

where [ and [ are the incident and transmitted photon intensities, respectively,
W, is the linear attenuation coefficient, and L is the thickness of matter. The
linear attenuation coefficient can be described as a function of photon energy
(E) of the incident beam, the atomic number (z), and the density p. The mass
attenuation coefficient was introduced to avoid the attenuation coefficient p
being dependent on the absorber density. The equation (2.2) may be stated
using the mass attenuation coefficient, which is defined as the ratio of the linear

attenuation coefficient p; to the absorber density p as follows [54]:
[=1I,e HrPL Eq. (2.3)

where the value (p L) refers to the areal density of matter. XCOM: Photon
Cross Sections Database [55] supplies mass attenuation coefficients for each

element and photon energies up to 100 GeV. Figure 2.1 shows the energy
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dependence of mass attenuation coefficients for U, emphasizing the relative
importance of the four primary attenuation processes: photoelectric effect, pair
production, Compton scattering, and elastic scattering [56]. The figure clearly
shows the energy intervals to which the different components contribute
significantly. Low-energy attenuation is dominated by the photoelectric effect.
Compton scattering is primarily responsible for attenuation in the intermediate

energy range, followed by pair production in the case of high-energy photons.
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Figure 2. 1. Energy dependence of the mass attenuation coefficients for uranium [56]

The mass attenuation coefficient for composite materials may be calculated
using the attenuation coefficients and the weight fraction (wi) of each

individual element as follows [57]:
H= Z HiW; Eq. (2.4)

The mass attenuation coefficient may be stated in terms of the interaction

cross-section as follows:
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y=-2C Eq. (2.5)

where N, refers to Avogadro's number, o is the cross-section of the interaction,
and A is the atomic mass of the absorber [58]. Furthermore, the interaction
cross-sections can be expressed as the sum of the individual contributions of

the different attenuation processes as follows:
0 = Ope t Opair t Ocomp t 0con T Oincon £ Onrr £ - Eq (2'6)

The individual components of the cross-section may be categorized into
two classes based on the photon's interaction mechanism: non-resonant and
resonant interactions. The difference between these two categories is that in a
non-resonant process, the incident photon does not match the internal
frequency of the interacting structure. Non-resonant interactions include the
photoelectric effect, Compton scattering, pair production, and elastic scattering.
Resonant interactions between a photon and the atomic nucleus can occur
below and above the particle separation threshold. There are too many details
to describe all these forms of interactions. Therefore, in this dissertation, we
will only consider photon-nucleus interactions below the separation threshold,

restricting the resonant attenuation coefficient to only NRF.

2.2.2 Non-resonant attenuation

Photon absorption and photon scattering are two types of processes that
contribute to non-resonant attenuation. The photoelectric effect, or pair
production, is an example of this process in which the primary photon no
longer exists after the interaction takes place and secondary particles are
released. Photon scattering is an interaction in which the propagation direction
or kinetic energy of an incoming photon is changed. In photon scattering, there

are four types of interactions: elastic, inelastic, coherent, and incoherent. The
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terms “elastic” and “coherent” are frequently used interchangeably;
however, they are not equivalent [59]. The kinetic energy of the participants is
conserved in an elastic interaction, which limits the energy transfer between
the incident photon and the scatterer's internal degrees of freedom [60]. In an
inelastic process, however, the kinetic energy of the interaction is not preserved,
resulting in excitations, bond breakage, and other phenomena. On the other
hand, the coherence of the scattering is concerned with the phase difference
between the incoming and scattered waves. Two coherent scattering
interactions will result in constructive and destructive interference, which must
be included when computing the total differential cross-section because the
interaction intensity is proportional to the sum of the square of the scattering
amplitudes. In incoherent processes, there is no interference since the
interactions are unrelated, and the total cross-section equals the sum of the

individual cross-sections.

2.2.2.1 Photoelectric effect

Photoelectric interaction (photon-electron) was one of the first processes
that illustrated the quantum nature of light. In this interaction, a photon
transmits all of its energy to an electron in one of the atomic shells. This energy
causes the electron to leave the atom and move through the surrounding matter.
The electron rapidly loses energy and moves just a short distance from its
starting point [61]. As a result, the photon's energy is deposited in the matter
at the photoelectric interaction site. It takes two steps to transmit energy. In the
first step, the photon transmits its energy to the electron. Then, the electron
deposits energy into the surrounding matter in the second step. Electrons that
are tightly linked to the atom, or those with high binding energy, are more
likely to interact photoelectrically. Photoelectric interactions are most likely

when the electron binding energy is just slightly lower than the photon's energy.
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A photoelectric interaction is impossible if the binding energy is larger than the
photon's energy. According to another explanation, photoelectric interaction is
only conceivable when the photon has enough energy to overcome the binding
energy and remove the electron from the atom. A portion of the energy is used
to defeat the binding energy of the electron and remove it from the atom. The
leftover energy is kinetically transmitted to the electron and deposited near the
interaction site. Because the interaction leaves a hole in one of the electron shells,
usually the K or L, an electron goes down to fill it. A distinctive x-ray photon
is typically produced as the filling electron's energy drops [62]. Figure 2.2

shows a schematic drawing of the photoelectric effect.

Ejected electron
(Emitted)

Incident photon
(Absorbed)

Figure 2. 2. Photoelectric effect

The photon's energy in the photoelectric interaction is divided into two
parts. In general, the threshold energy for a two-body interaction can be
calculated using the following formula [63]:

(M3 + M,)? — (M7 + M3)
£ 2 M,

Eq. (2.7)

where M refers to the interacting particles' relativistic mass. In the case of the
photoelectric effect, we may express equation (2.7) as the flowing formula by
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using the photon's rest mass (M; = 0), the electron's rest mass (M3 = M,), and

the electron's binding energy (M, = M, — M, + E,):

(M, + M,)? — M2 EZ
— =F, +—=~FE Eq. (2.8
t 2 M, b+2M2 b q- (2:8)

Because of the significant difference between the atom's mass (M;), which
is typically in the GeV range, and the binding energy (E}), which has maximum
values in the tens of keV region, the recoil term [Ef /2 M,] from equation (2.8)
can be easily dropped. Thus, the interaction threshold is equal to the interacting
atom's lowest electron binding energy. The following formula is a description

of the energy conservation process [61]:
E, = hv — E, Eq. (2.9)

where Ej refers to the energy of the expelled electron, and hv is the energy of
the incident photon. The ionized atom generated by the photo-electron
emission will go through a stabilization process that involves the absorption of
a free electron from the medium or internal rearrangement via atomic
transitions, which may be named x-rays or Auger electron emissions. The
angular distribution of the emitted photon can be approximated in two cases:
in the first case, if the photon energy is higher than the binding energy
(hv » E,), the electron will be released in the direction of the incident photon.
In the second case, in which the incident photon energy is close to the binding
energy, the emission tends to be in a direction normal to the incident photon. It
is difficult to obtain a general formula for the interaction cross-section. The
following formula describes an approximate estimate considering the atomic

number and incident photon energy:

Z
7 Eq. (2.10)
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where z refers to the atomic number, E,, is the energy of the incident gamma
rays, and n can range from 4 to 4.6 as the photon energy increases [53]. The
non-resonant attenuation of low-energy photons is dominated by the

photoelectric process.

2.2.2.2 Pair production interaction

In physics, pair production refers to the formation of two charged particles,
one negative (electron) and the other positive (positron), from a pulse of
electromagnetic energy moving through matter, generally near an atomic
nucleus. It is a direct conversion of radiant energy to matter. Pair production is
one of the principal ways in which high-energy gamma rays are absorbed in
matter. Only photons with an energy of more than 1.02 MeV may cause it. This
process is allowed above the threshold energy of four times the rest-mass
energy of an electron (4 X 0.511 = 2.044 MeV) for interactions in the field of
an electron (figure 2.3 (a)) and of twice the rest-mass energy of an electron
(1.022 MeV) for interactions in the field of a nucleus (figure 2.3 (b)). The
interaction produces a pair of charged particles (electron and positron) with the

same mass, each equivalent to a rest mass energy of 0.511 MeV [63].

,
/ e
W\/\»-\‘».ku-\-.

s
(a) Electron Field (a) Nuclear Field

Figure 2. 3. Pair production interaction. The process is threshold limited at (a) 2. 044
MeV in the field of an electron and at (b) 1.022 MeV for an interaction in the field of a

nucleus
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The existence of a third body that will collect recoil momentum is needed
for momentum conservation. The energy threshold for this interaction may be
calculated using the same equation that was used to calculate the photoelectric
effect in equation (2.8). To make this a two-body interaction, the emitted
positron and electron will be considered as a single particle with twice the mass
of the electron (2M,). The energy threshold can be calculated with M; = 0 as
follows [63]:

_ (ZMe + Mz)z - Mzz _ ZMe(Me + Mz)

- Eq. (2.11
t 2 M, M, q- (2.11)

For the interaction in the field of an electron field interaction, M, = M,
gives E; = 4 M,, and for a nucleus M, > M,, the threshold energy is E; = 2 M,.

Energy conservation can be expressed as:

hv = 2m,c? + EE* + Ef~ + Ef~ (electron field) Eq.
hv = 2m,c* + Ef* + Ef~ + EJ* (nucleus field) (2.12)

where hv is the energy of the incident photon, m,c? is the rest mass energy for
an electron or positron, Ef " and Ej~are the kinetic energies of the positron and
electron, respectively, and Ef™ and E7* are the kinetic energies of the electron
and recoil nucleus, respectively. The excess energy of the incident photon will
be shared as kinetic energy by the electron, positron, and third body. In the
nuclear field case, the Ef* term can be ignored, given the significant difference
in momentum between the incident photon and the nucleus. Although the
energy split between the positron and the electron is not always equal, all
energy distributions are allowed with similar probabilities. The exception is the
limiting case in which one of the particles receives all the excess energy of the
photon. The interaction in the electron field is also known as triplet production,
as three particles appear from the interaction point due to the significant recoil

energy transferred to the first electron. In this case, not all the possible
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combinations of kinetic energy are allowed. The possible values can be
calculated and are dependent only on the first photon energy [53]. Following
pair production interaction, the electron travels through the material as a
charged particle, dissipating its energy before coming to rest. When a positron
collides with an electron in the medium, it loses energy and annihilates. Two
0.511 MeV photons will be released in opposite directions during the
annihilation process. If the symbol z shows the atomic number and the symbol
a refers to the fine structure constant, the following formula may be used to

approximate the total cross-section of this process [63].
oy ~ a z? Eq. (2.13)

2.2.2.3 Compton scattering effect

In the process of Compton scattering, a photon interacts with a weakly
bound outer shell electron. Instead of being completely absorbed as in the
photoelectric interaction, in the Compton process, the photon is deflected from
its original direction and continues to exist but at a lower energy [64]. Only a
portion of the energy is absorbed in this interaction, and a photon is scattered
with less energy. This photon leaves the interaction point in a different
direction from the initial photon. This form of interaction is classed as a
scattering process due to the change in photon direction [63]. In this interaction,
the material located on the initial beam path scatters a portion of the incoming
radiation. This is necessary for some circumstances because this material
functions as a secondary radiation source. If the energy of the incident photon
is high compared with the electron binding energy for a photon-material
interaction, the electron at rest assumption becomes valid. Figure 2.4 shows a

diagram of the Compton scattering effect of a photon with an electron [65].

27



CHAPTER 2 RADIATION-MATTER INTERACTION

ﬁ{‘ecoﬂ electron

Incident photon Ve

Outgoing photon

Figure 2.4. Compton scattering effect
Compton scattering's energy conservation law may be written as [66]:
hv + m,c? = hv' + E, Eq. (2.14)

where hv and hv' refer to the energy of the incident and scattered photon,
respectively, m, is the rest mass of the electron, c is the speed of light, and E, is
the total recoil energy of the electron. On the other hand, the momentum

conservation laws can be written as follows:

{ Py = Py cos 8 + p, cos ¢ (incident photon's direction) Eq. (2.15)

0 = —p, sin6 + p, sin ¢ (normal to incident photon’s direction)

where p, and p,, are the initial and scattered photon momentum, respectively,
De is the electron momentum, and 8 and ¢ are the scattering angles of the
photon and electron, respectively, with respect to the initial propagation
direction of the photon. The well-known Compton wavelength shift relation

may be calculated using the prior two formulas as follows:
AM=1—-2=2,(1—-cosB) Eq. (2.16)

where 1" is the wavelength of the scattered photon, 1 is the wavelength of the

incident photon, and 4. is the Compton wavelength which can be defined as:

= 0.0243 A Eq. (2.17)
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where h symbol refers to the Plank's constant. It is worth noting that the
scattering photon's wavelength changes solely as the scattering angle changes
6, not as the initial photon energy changes. The energy transfer can range from
zero to a considerable proportion of the initial energy, with the largest value
reached when the scattering angle (6) equals 180°, also known as a
backscattering interaction. The Klein-Nishina formula may be used to calculate

the interaction cross-section for this process as follows [67]:

2 2 2
((il_; =re 1+ a(ll—cos 0 )] <COSZ O+ Z[f-l-(tc(lco_scgs)e )]) Eq. (2.18)
where 7, refers to the classical electron radius, [@ = hw/m,c?], and 8 is the
scattering angle. Figure 2.5 illustrates a polar coordinates plot of the Klein-
Nishina formula for various values of incident energy [67]. As the incident
photon's energy increases, the cross-sections collapse to a 0° scattering angle.
By integrating on the solid angle, the total Klein-Nishina cross-section for

Compton scattering on a free electron may be calculated as:

dn Eq. (2.19)

8e-030

g0

Figure 2.5. The Klein—Nishina distribution of scattering-angle cross-sections over a

range of routinely measured energies [67]
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In the case where the incident photon energy is large in comparison to the
electron binding energy, the total cross-section may be computed inside a
material by using the total integrated cross-section of the above equation (2.19),
in which the probability of scattering is proportional to the atomic number z.
Compton backscattering is known as the interaction of a photon with a moving
electron in which the photon gains energy after the scattering. The photon's
energy after the collision may be estimated using the original electron and
photon energies as well as the scattering angle. The maximum energy transfer
is attained when the electron collides with the photon in head-on mode. The

following formula may be used to estimate the photon energy after a collision:
E, ~ 4|’E; Eq. (2.20)

where | refers to the Lorentz factor of the electron and E; refers to the initial
photon energy [68]. In the case of relativistic electrons, the energy gain of the
photons can reach high values, making this interaction a very efficient energy
amplification process. Compton backscattering is the mechanism used by LCS
gamma-ray sources to produce high-intensity, quasi-mono-energetic photon

beams, which will be discussed in depth in Chapter 4 of this dissertation.

2224 Elastic scattering

Two terms make up the differential cross-section for elastic scattering;
coherent (coh) and incoherent (incoh), which can be written as the following

formula [69]:

do exp do coh do incoh
- =(— — Eqg. (2.21
(d!)) (d!)) * (d!)) @21

Each term will be discussed separately in the following sections.
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22241 Coherent scattering cross-section

The coherent term in equation (2.21) of the differential cross-section for
elastic scattering can be calculated as:

do coh , , i -
(E) = 05X “Aparl + |Aper| ] q- (2.22)

where A,,, refers to the scattering amplitudes parallel to the scattering plane
and A, is the scattering amplitudes perpendicular to the scattering plane. The

scattering amplitudes are calculated according to the following formula:
A=AT + AR + AP + AN Eq. (2.23)

where the indexes T, R, D, N refer to the nuclear Thomson, Rayleigh, Delbrtick,
and nuclear resonance scattering, respectively. The individual contribution of

each process to the total elastic cross-section is summarized in table 2.1 [70].

Table 2.1 The importance of nuclear Thomson, Rayleigh, Delbriick, and nuclear

resonance scattering on the total elastic cross-section

Energy range | < 0.1 MeV 0.1 ~1MeV > 1 MeV

Insignificant at 116
nsighificant at sma Important at all, but

AT N I tant at medi dl 0
on mportant at medium and large smallest 6

Dominates at large 6 for smaller z

Importance restricted to

Dominates Dominates at small 6
AR smaller 6 as energy

atall 6 Important at medium and large 6 .
increases

Important at all, but

AP Non Important at medium 6 for large z

smallest 8

Increasingly important at
AN Non Non medium and large 6 as

energy increases
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2.2.2.4.2 Nuclear Thomson scattering

The classical scattering of electromagnetic radiation by a free-charged
particle is known as Thomson scattering. The case of nuclear Thomson
scattering occurs when the charged particle is an atomic nucleus. It is the low-
energy limit of Compton scattering, in which the particle's kinetic energy and
photon frequency remain unchanged [71]. This limit holds true if the photon
energy is significantly lower than the particle's mass energy: v « [mc?/h], or if
the photon wavelength is much longer than the particle's Compton wavelength
[71]. Nuclear Thomson scattering amplitudes can be calculated analytically by

using the following expressions [70]:

2 Me
Aper = —T,Z i Eq. (2.24)
Apar = Aper o5 0 Eq. (2.25)

where 7, refers to the classical electron radius, m, is the mass of the electron, z
is the atomic number, M is the mass of the nucleus, and 8 is the scattering angle.
Nuclear Thomson amplitudes have no fictitious portion and are energy
independent. The angular distribution is contained by A, in the form of cos 6 .
A retardation coefficient can be added to formula (2.24) to correct for the actual

size of the nucleus:
Aper = —1, 22 22 [1 = 2k2 1 Eq. (2:26)
par - re M 3 (r ) q' *

where k refers to the wavenumber of the incoming photon, and (r?) is the root
mean square (RMS) charge radius of the nucleus [72]. The inclusion of the
retardation correction coefficient gives the nuclear Thomson amplitudes an
energy dependency, resulting in differences of up to 2%. Figure 2.6 shows a

schematic depiction of Thomson scattering.
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Figure 2. 6. Nuclear Thomson scattering

2.2.24.3 Rayleigh scattering

Rayleigh scattering can be defined with several expressions. In our case, it
is the scattering of an electromagnetic wave of the bound atomic electrons in a
collective and coherent fashion, in which the whole atom recoils to achieve
conservation of momentum. A thorough theoretical explanation of the process
would need to account for each electron's contribution to the scattering process,
but this can become computing-intensive. As a consequence, two
approximation approaches for calculating Rayleigh scattering amplitudes have
been utilized in the following. The first method is based on atomic form factors
and Thomson amplitudes [70], whereas the second method considers the
individual contributions of the significant electrons as well as a general

description of the rest of them [73, 74].

In the first method, the scattering amplitudes are determined as follows:

Aper = -1, f(x,2) Eq (2.27)

Apar = —1, cos (8) f(x,z) Eq. (2.28)
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where —1, is related to Tomson scattering and f'(x, Z) refers to the atomic form
factor standing for the electronic charge distribution. I addition, the form factor

is a function of z and x defined as [70]:

8
_sin® Eq. (2.29)

x 2

where A refers to the photon wavelength in angstroms. Several types of form
factors have been proposed in previous studies. Kissel et al. [75] studied the
non-relativistic, relativistic, modified, and anomalous, and their validity. Many
works of literature have tabulated form factor values for various ranges of x
and z values. For example, ]J. H. Hubbell et al. [76,77] made comprehensive
form factor tables available for a wide range of x values. When it comes to low
energy photons and for low z scatterers, the form factor approach produces
satisfactory results. On the other hand, it deviates from experimental results
when high z elements and high energy are concerned. The most precise
calculations of Rayleigh scattering amplitudes based on form factors are

obtained by combining modified form factors with anomalous corrections [70].

The second method uses the estimation of the second-order scattering
matrix (S —matrix) [73,74]. Although the S —matrix formalism is
computationally demanding; it gives the best results. L. Kissel et al. [70]
established a simple approach to generating Rayleigh scattering amplitudes in
the correct manner, based on S — matrix calculations for the inner-shell
electrons that contribute the most, and form-factor-based amplitudes for the
outer electrons. The Rayleigh scattering database (RTAB) [78] contains data
tables of scattering amplitudes calculated using (S — matrix) calculations for
photons up to 2.754 MeV. Figure 2.7 shows a schematic diagram of Rayleigh

scattering.
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Figure 2.7. Rayleigh scattering

22.24.4 Delbriick scattering

Delbriick scattering is the deflection of high-energy photons in the
Coulomb field of nuclei due to vacuum polarization, which is one of quantum
electrodynamics' nonlinear effects. It is also defined as the production of virtual
pairs in the nuclear field followed by their annihilation and the emission of a
single photon [79]. Delbriick scattering has been extensively studied both
theoretically and experimentally up to a point that its fundamental features are
by now well understood. Delbriick scattering has been seen at energies ranging
from below the pair production e* —e~ threshold to 7 GeV [80]. The
amplitude is purely real in the low-energy limit and may be explained as being
owing to some form of Coulomb field refractive index. H. Falkenberg et al. [81]
estimated and tabulated the results of the Delbriick scattering amplitudes up
to 102 MeV using the first-order Born approximation. In the high-energy limit,
the amplitude is purely fictitious, which may be seen as a shadow scattering
process related to e™ —e~ pair production. To get zero-degree scattering
amplitudes in the limited case of forwarding scattering, analytical formulas can
be used [63]. A comparison of theoretical and experimental data for high
atomic numbers reveals the limits of the first-order Born approximation, with

differences up to 40% due to the exclusion of multiphoton exchange [82, 83].
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To improve the agreement between experimental and theoretical results,
Coulomb corrections must be applied. Many studies proposed empirical
[84,85] and theoretical [82, 83] formulations for the Coulomb corrections, with
a little advancement on the theoretical side. Some general features of Coulomb
corrections were deduced from experimental data and were shown to be small
for scatterers with z < 50, i.e., the Born approximation's accuracy is within 5%
below z = 50 [86]. The photon energy and scattering angle are also factors in
these corrections. The corrections appear to add up to the Delbriick scattering
amplitudes below 4 MeV. However, it appears to have no impact on total cross-
sections between 4 and 7 MeV. On the other hand, there appears to be a large
contribution beyond 7 MeV but with an opposite sign regarding the low
energy part [84]. The Coulomb corrections' angular dependence follows the
same pattern as the lowest order approximation, with a rapid decay from low
angles to an almost constant value at angles greater than 90° [79, 85]. Figure

2.8 shows a schematic depiction of Delbriick scattering.

/7
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Figure 2. 8. Delbriick scattering

22245 Giant-dipole resonance scattering

Nuclear resonance scattering is the scattering of the tail of a giant-dipole
resonance (GDR). The coherent and incoherent scattering cross-sections are also

influenced by this process. Depending on the shape of the nucleus, one or two
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Lorentzian lines can be used to approximate the photonuclear absorption cross-
section. The dispersion relations and the optical theorem can be used to

calculate scattering amplitudes as follows [79]:

2

E? (E2 — E? + iET,)
AV = Z r, - v Eq. (2.30
P = Arher, Z2%7 YV (B2 — E2)2 + E2I2 q- (2:30)

ANy = Al cos 0 Eq. (2.31)

where E refers to the photon energy, E,, I';, and o, refer to the parameters of
GDR, with v the Lorentzian line indexes. Only above the (y, n) threshold does
the imaginary part of the first equation in the nuclear resonance scattering
section produce a contribution, and it is set to zero below. The cos 8 part of the
parallel amplitude accounts for the angular contribution to the scattering
amplitude. In these references [87,88], experimental values of the GDR
parameters are tabulated for a wide range of z and A values. A schematic

diagram of nuclear resonance scattering is shown in figure 2.9.

Figure 2.9. Nuclear resonance scattering

2.2.2.4.6 Incoherent scattering cross-section

The incoherent term of the differential cross-section for elastic scattering
corresponds to the transfer of two angular momentum units [72], which can be

calculated from the following formula [89]:
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do inc L
(d_ﬂ) =1 (Io Ko 20]1 21 Ko)? [y — a)* + (281 — B2)?] 70 (13 4+ cos?9)

Eq. (2.32)

where I, feres to the nuclear spin, K, refers to the projection of I, on the
symmetrical axis of the nucleus, a;,a,,; [, may be calculated using the
formula:

2

Aper = Z(“e +iBy) Eq. (2.33)

v=1
where AJ,, is the coherent part of the nuclear resonance scattering's
perpendicular scattering amplitude. The incoherent part's contribution to the
overall cross-section is minimal below 7 MeV, but it becomes clear around the
elastic scattering cross-minimum section [72]. For nuclei with I, <1, the
contribution of the incoherent scattering cross-section to the total differential

cross-section disappears.

2.2.3 Resonant attenuation

2.2.3.1 Nuclear Resonance Fluorescence

Photons are released during nuclear stabilization steps in the gamma decay
of a nucleus, which is known to be an isotope-specific process. Photon
absorption is the inverse of photon emission, and it causes the nucleus to get
excited. As we mentioned, NRF is the process by which an excited nuclear state
emits gamma rays of specific energies to de-excite to its ground state. Herein
these photons are referred to as NRF gamma rays. NRF is commonly induced in
the context of material testing by exciting nuclear states with a photon beam.
Photon detectors like high purity Germanium (HPGe) or scintillation detectors
are used to monitor the following scatter of the NRF rays. The photo-absorption

and NRF -ray energies, which are equivalent to passive-ray spectroscopy,
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identify the nucleus that has undergone NRF since NRF states correspond to
excited nuclear levels. When the assay geometry and NRF cross-section are
known, the rate at which NRF occurs may be used to calculate the number of
atoms in the corresponding isotope. In thin targets, the rate at which a nuclide

undergoes NRF is given by:
R= f N&(E) o (E) dE Eq. (2.34)

Because the energy-dependent photon ¢(E) varies as it passes the target,
thicker targets require geometrical corrections. The Breit-Wigner distribution
[38] gives the cross-section for photo-excitation of a nuclear state as:

(hc)? FF,

o) = "9 E )2+ (05 xT)2 Eq. (2:35)

where F refers to the full width half maximum (FWHM) of the state, F, refers
to the partial width of the state for decay by gamma-ray emission to the ground
level, E; refers to the centroid energy of the resonance, and g refers to the
statistical factor equal to the ratio of the number of spin states available for the
excitation to the number of initial spin states. It is defined as follows for NRF
events when the initial nuclear state is the ground level:

2] +1

=305 D Eq. (2.36)

g

where ] is the angular momentum quantum number of the excited state, and J,
is the angular momentum quantum number of the ground state. There are
(2Jy + 1) magnetic substrates for a state of angular momentum J, and the
additional factor of 2 in the denominator is because the photons inducing
excitation can have two helicities. The probability of de-excitation of a state by
a specific mode (i.e., neutron emission, gamma-ray emission, etc.) yielding a

lower-energy state can be defined by the state's partial width for that mode:
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Eq. (2.37)

where we have used F = }; F;. Implying that the summation over j includes all
possible de-excitation modes. We conclude that the NRF cross-section occurs
via emission of a single gamma-ray photon, and de-excitation to the ground
level is given by:

Fy (hc)? F¢

Ug.s.(E) = F O-(E) =ng E2 (E — Ei)z + (05 X F)Z

Eq. (2.38)

2.23.1.1 Angular Distributions of the NRF gamma rays

NRF is thought to only occur between states with angular momentum
differences of 2 or fewer units. The scattering NRF gamma-rays' angular
distribution will be represented using correlation functions, W(8), that are
specific to multipolarities of electromagnetic radiation. In a non-fixed reference
frame, the observed gamma decay has an isotropic angular distribution. In
general, more than one electric and magnetic multipole satisfies the selection
rules governing a particular transition and can thus contribute to relative
intensities that depend upon the detailed overlap of the initial and final states
of nuclear wave functions [90 —92]. As a result, the resulting angular
distribution is a superposition of the contributing multipoles' distributions. The
mixing ratio is predicted to be unknown in many circumstances when both
electric and magnetic multipoles might contribute to the same transition. A
correlation function, W (), is used to represent the angular distribution of the
emitted NRF gamma-ray photons with respect to the incident photon direction.
The multipolarities of the electromagnetic radiation involved in the emission
transition affect the correlation function. Because the NRF interaction usually
occurs between the levels that differ in angular momenta by 2 or less, the

angular correlation function W (@) of the scattered gamma photon, y, with
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respect to the incoming photon, y; (incident beam), in cases of L < 2, can be

written as [92]:

W) = Ay(1) Ay (2) F, cos (6) Eq. (2.39)
v=124
where 6 refers to the scattering angle between the incoming and scattered
photon, and (P, cos (0) ) is the Legendre function. The coefficients 4,(1) is the
photons in the entrance channel that have multi-polarity [, or (I; = l; + 1) and
a mixing ratio 6;. Furthermore, the A4,(2) describes the scattered photons that
have multi-polarity I, or (I, = I, + 1) and a mixing ratio §,. The mixing ratios

can be written as:

_< Yy |lll(2)|l/}i >
@< Vel [vis

Eq. (2.40)

The coefficients A,(1) and A,(2) also can be expressed in terms of F-
coefficients as:

1 : .
4,(1) = (W) [F,(LjoD] + 28:F,(hiliJo]) + 8TF,(Llo])  Eq. (241)

4y(2) = ( ) B, (Lolof )] + 28, (L) + 83F, (L)) - Ed-(242)

1+ 67

In general, the angular distribution of the scattered NRF photons with
respect to the beam directions can be described by the angular correlation

function and written with the following formula [90]:

Wisjoic(6) = Z Ay (Yisg) A3 (¥j-i) Py cos (6) Eq. (2.43)

v=even

The angular distribution of photons scattered off an even—even nuclei
through pure dipole (Dip.) transitions with a spin sequence of (0 —» 1 — 0) for

a non-polarized gamma-ray beam is given by:
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3
W(O)pip, = 7 (1+ cos?0) Eq. (2.44)

Whereas the angular distribution for a pure quadrupole (qdr.) transition

with a spin sequence of (0 — 2 — 0) can be given by:
5
W(0)qar. = 2 (1—3cos?0 +4cos*6) Eq. (2.45)

Figure 2.10 shows the angular distribution function, W(8) of a dipole
transition with a spin sequence of (0 » 1 - 0) as well as a quadrupole
transition with the spin sequence of (0 — 2 — 0) for an even-even isotope, such

as U transitions, in a case in which the incident gamma-rays’ photons are un-

polarized.

2-5 T T T T | T LI L} T T T T T
- gdr.(0—>2—0) i
i q
& 18- Dip. (0> 1-0) |
I ki
0.5 _l 1 1 1 | 1 1 1 1 I 1 1 1 1 ] 1 1 1 1 I 1 1 1 1 I 1 1 1 1 IT

0 05 1 1.5 2 25 3

Scattering angle (radius)

Figure 2.10. The angular distribution function compared to the scattering angle (6)

The angular distribution of gamma rays in the case of a linearly polarized

gamma-ray beam of the Dipole transitions is given by:

3
W (8, @)pip. = W(0)pip. £ 7 (1 + cos? 6 ) cos 2¢ Eq. (2.46)
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where the minus sign for electric dipole (E1) and the plus sign for magnetic
dipole (M1). Moreover, the angular distribution of gamma rays in the case of a

linearly polarized gamma-ray beam of the Quadrupole transitions is given by:
5
WO, ¢)qar. = W(0)gar. = 2 (1-5cos?0+4 cos*0)cos2¢ Eq. (2.47)

In the general case of L = 1 a dipole transition for which there is no mixing
transition between M1 and E?2, i.e., the maxing ratio of M1/E2 equals zero, the

angular correlation function is given by:

WO, Q)pip. = 1 + (Fy)? [PZ x 0.5 P x cos 2<p] Eq. (2.48)

where the F-coefficients can be found in various compilations [93,94] and:
P, =0.5x%x (3 cos?0—1) Eq. (2.49)
PZ(Z) —3x (1—cos20) Eq. (2.50)

For quadrupole transitions with L = 2, the general equation for the

angular distribution is:

W6, 9)qar. = 1+ (F,)? [P2 + 0.5 P( )cos Zga] + (F))? [P4 P( ) X cos 2¢

Eq. (2.51)
where:
1
P, = 3 (35 cos*0 — 30 cos?6 +3) Eq. (2.52)
P(4) [ >~ cos 49 + 60 cos?0 +—] Eq. (2.53)

In case of the consideration of the E2 transition only the angular

distribution of quadrupole transitions will become:

W, )gar. = 1+ (F,)? [Pz + 0.5 P( )cos 2(,0] + (F)? [P4 P4( )cos 2<p]

Eq. (2.54)
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If there is a maxing ratio between M1 and EZ2, the dipole transition (L = 1)
is given by:

W6, @)(£1) = 1+ (42)* [Po] + 4z a; cos 2¢ P?  Eq (255)

M1

where:
1
Az = (m) [F2(ijr11)] + 28F,(jujr12) + 82F,(jujr22) - Eq. (2.56)

RV PN B DU G
a, = (152) [ Ui 10)| - 5 0F:(i12) + 562, (jp22) - Ba @57)

a21Am = 0.135%; 2°Pu = 81.9%); 2#'Pu = 1.3%. the signal from 2 gm disk of plutonium

metal, 1 cm diameter x 0.13 cm thickness.

2.2.3.1.2 NRF States

There are various methods to physically define states whose angular
momentum deviates from the ground state by one or two units of angular
momentum. The simplest example of such an idealized state is one in which a
single nucleon is excited to a higher level. The nuclear structure suggests that
these states will often have the same parity as the ground state. States with this
property are easiest to detect close to closed nuclear shells. However, the
majority of nuclear states require far more elaborate explanations. This section
provides a simple framework for understanding NRF states and does not claim
to contain an exhaustive list of all possible modes describing states that may
undergo NRF [90]. The GDR consists of the most common NRF states. As we
previously stated, the GDR is considered to be a collection of states in which the
nuclear protons and neutrons collectively oscillate with respect to one another.
The GDR is a parity-odd excitation mode because translation via the origin
would swap the neutron-and proton-rich regions. GDR excitations have large
cross-sections and effective widths because their angular momentum is unity.

Since all nuclides have a GDR and the resonances overlap in energy, the
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isotopic-specificity that may be inferred from the measurement of GDR -
scattered photons is constrained by large GDR widths. As a result,
measurement does not provide identification-relevant nucleus-specific
information. Due to increasing backgrounds brought on by subsequent neutron
capture, the tendency for neutron emission following GDR excitations further
restricts the possibility of monitoring the GDR for NRF assay applications.
Measured discrete resonances that are smaller than the GDR have been
attributed to more complex collective excitation models. In contrast to the
GDR's translational oscillation, the scissors-mode excitation model believes that
nuclear states are caused by the combined rotating oscillation of neutrons and
protons with regard to one another. A simple analysis of the mean relative
separation between neutrons and protons would imply that the scissors mode
excitation is only possible in non-spherical nuclei and that it has lower energy
than the GDR. Translation via the origin for scissors mode oscillations is parity-
symmetric, and thus scissors mode excitation is A/™ = 17 and consequently M1
[90]. A schematic drawing of nuclei undergoing GDR, scissors-mode, and PDR
excitations are shown in figure 2.11. White space inside the ellipses denotes
proton-rich space, dark-color denotes neutron-rich space, and light-dark
denotes nucleon concentrations that are similar. The nucleon oscillation's

direction is shown by the arrows.

El M1 El

Giant Dipole Scissors mode Pygmy Dipole

Figure 2.11. Schematic of nuclei undergoing GDR, scissors-mode and PDR excitations
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It has been shown that neutron-rich nuclei undergo lower-energy El
excitations known as pygmy dipole resonances. The excess neutron skin
oscillations with regard to the proton and neutron core are the model for these
excitations, which have been investigated in tin isotopes [95]. Pygmy dipole
resonances, like the GDR, are excited from the ground state via E'1 transitions.
The entire non-spherical nucleus rotating along an axis parallel to the nucleus'
symmetry axis is another paradigm for defining collective nuclear states. The
spins and parities of rotational states for even, even nuclei often follow the
following pattern: 2¥,4%, 6%, .., although odd-angular momentum excitations
are also possible for odd-A nuclei. According to quantum mechanics, a rigid
body’s rotating excitation energy is given by:

2
Erot = ml([ + 1) Eq (258)

where I refer to the rotational quantum number, and J refer to the rotational
inertia of the nucleus. If the symbols a and b are referring to the lengths of the

semi-major and semi-minor axis, respectively, the rotational inertia of an

ellipsoid of mass M can be given by:

Spes = % (@ + b?) Eq. (2.59)

M, a, and b will typically increase with increasing atomic number, which
causes the rotational excitation energies to sharply decrease. The lowest
excitation state for ?Cisa 27" state at 4439 keV [96]. This state’s pattern and that
of the 4™ state at 14.083 MeV both point to a rotational spectrum. The first four
excited states in 2%U follow the spectrum predicted by the rigid rotor model
quite closely; however, the excitation energies of these states are only 44.92,
148.38,307.18, and 518.1 keV for the 2*,4%, 6%, and 8" states, respectively. Thus,
it is clear that rotational excitation can lead to potential A/ = 2 NRF states in
nuclides with low atomic numbers and even numbers of protons and neutrons,
but in nuclides with high atomic numbers, the energies of rotational states
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become too low to be useful for applying an assay method that uses NRF to
observe these types of states. The rotating model grows more complicated for
nuclei with non-zero ground-state angular momentum. A single nucleus may
experience a number of excited states that follow rotational energy systematics
because the angular momentum generated from a purely rotational excitation
may be linked to the intrinsic angular momentum of the nuclear state. The
energy scales of the excitations are expected to stay constant despite the more
complex spectra [97]. Therefore, the utilization of an NRF assay technique for
materials with low atomic numbers is only relevant for pure rotationally
excited states. Another collective excitation model is known as nuclear
vibration, in which the shape of the nuclear matter oscillates around the
ground-state shape. The restorative force that tends to return deformed nuclear
shapes to the ground state is proportional to the amount of deformation.
Therefore, simple nuclear vibrations may be described as a form of the
harmonic oscillator problem. The nuclear shape may be described as a sum of
spherical harmonic functions, each with a given amplitude (ay,). Each

spherical harmonic (13, corresponds to a state of specific angular momentum.

R(6,¢) = R, l1 + Zl ay, Vi (6, ¢))l Eq. (2.60)
m

Any integer number greater than one (41 > 1) is possible. Because 4 =1
would require a translation of the entire nucleus, which is not conceivable
without an external restorative force, it is not allowed. The vibrational
excitation model produces distinct energy spectra, where the energy difference
between a vibration mode’s subsequent states is constant. Similar to vibrational
modes in solid crystal lattices, it is generally accepted that the excitation
between vibrational levels is caused by a single phonon. The parity of the
phonon mode follows the rule © = (—1)* [97]. With increasing atomic numbers,

the excitation energy of quadrupole vibrational states tends to decrease.
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Nevertheless, the decline is not as pronounced as for rotational excitations [98].
Another model describing collective (A] = 1) states is the coupling of nuclear
octupole (AJ™ = 37) vibrations with vibrational or rotational excitations of
(AJ™ = 2%). For even, even nuclei, this coupling results in states of spin and
parity 17,27,37,4"and 5~ whose energies are near the sum of the octupole
phonon and quadrupole state energies [99]. When the GDR is present, the
transition strength for the 17 state can be strengthened, producing potent E1
NRF resonances that frequently have energies between 2 and 4 MeV [90, 100].
The fact that the relatively straightforward forms discussed here in this section
can couple with one another, producing states that would be characterized by
considerably more complex models, complicates the explanation of NRF levels
even more. For instance, reference [101] discusses 2* NRF states of even mass
Snisotopes. The lowest phonon quadrupole vibrational states in the Sn isotopes
lie between 1100 and 1300 keV. More 2* NRF states were measured between 2
and 4 MeV that were classified as weakly collective states coupled with single-
particle states. The same experiment also found strong E1 excitations for all
isotopes between 3.2 and 3.5 MeV, which were determined as two phonons
octupole-quadrupole coupling [102]. The creation of an exchange current by
interacting nucleons within a nucleus might further complicate matters by
leading to more intricate explanations of nuclear states and transitions.
Although the difficulties in characterizing A/ < 2 excited nuclear states, the
most important characteristics are their energies and the strength by which
they are coupled to the ground state. A state's energy must be high enough for
resonant gamma rays to be seen above inelastic and non-resonant elastic
scattering background photons in order for it to be significant for NRF assay
techniques. In contrast to higher-energy states that include extremely large
admixtures of the GDR and may overlap in energy, the excitation energy of the

state must also be low enough for it to be observed as a discrete state.
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2.2.3.1.3 The strengths of the NRF transitions

Most commonly, the integrated cross-section of an NRF transition,
measured in eV barns, is used to describe the strength of an NRF transition. Due
to the singularity at E = 0, the integration of equation 2.35's total energies E >
0 does not converge. Since E = 0 photons are non-physical, the integral

converges at a tiny lower energy integration limit €.

hc)? FF,
fa(E)dEzfng(Ez) 0 7 5 dE
: o E-EH(3)
(hc)?
= 2m2 gFOE—Cg Eq. (2.61)
21 Fo
= 7648 [b.MeV?3] =2 g Eq. (2.62)

Eg

F can vary for nuclear states from virtually zero to several MeV. A state
with F ~ 0 implies it has a long live time, such as the 3.167 MeV excited state
of *Zr, which has a live time of 5.28 us, corresponding to a width, F =
1.5 x 10710 [103]. It is uncommon for long-lived states to be created from
photon excitation since they frequently contain spins that are considerably
different from the ground state. The 3.167 MeV state in *'Zr is suspected of
having a spin of 21/2, compared with the *'Zr ground state spin of 5/2. F has
high values when the state is short-lived. Relative to the ground state, the
lowest excited state in °Be has a width of F = 217 keV and energy of 1684 keV
[104]. The 1.684 MeV state can de-excite via neutron emission since °Be's
neutron separation energy is 1.67 MeV [105]. When de-excitation by neutron
emission is energetically permitted, it frequently occurs, drastically shortens
level live times, and increases F. A state must have a high chance of being
excited by ground state photo-absorption and de-excited by gamma-ray
emission in order to be helpful for NRF assay. Neither of the levels mentioned

in the paragraph above satisfies these requirements. Weisskopf et al. [106]
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have calculated the rates of unhindered photon emission based on single-
particle models for different multipolarity transitions. The shortest live times
anticipated for levels that de-excite via gamma-ray emission is provided by the

model, despite the fact that it tends to overestimate E1 transition rates.

6.76 x 107° Eq. (2.63)
E342/3

t1/25p.(E1) =
where E refers to the excitation energy of the state in keV. For the 4842 keV
level in 2%Pb, the E1 transition to the ground state, reference [106] estimate
results in a half-life of t;/s, =1.7x107'® s, and a width, F = 270 eV.
However, the actual width of this level has been measured to be 4.78 eV, which
corresponds to a half-life of 9.5 x 1077 s [107]. This state is a relatively large
NRF state. The majority of states that have been observed to undergo NRF have
widths between 5 MeV and 10 eV, and while smaller resonances are likely to
occur, it is challenging to discover them by looking for NRF gamma rays above
background levels. The previous equation (2.63) indicates that for E1
transitions, F values tend to increase as E*, whereas equation (2.35) showed
that NRF cross sections are proportional to F Fy/E?. According to this, the total
strength of NRF resonances would rise linearly with energy if obstruction were
ignored. However, the previous section (NRF states) reported that many states
excited during NRF are distinctly collective, and as a result, their transition
rates may exhibit hindrance due to structure effects. The formalism defining
equation (2.63), on the other hand, assumes single-particle levels undergoing
transitions. According to Weisskopf [106], live time estimates are also
susceptible to underestimation. It is routinely found that electric quadrupole
(E2) transitions for deformed nuclei occur at rates quicker than predicted by

the Weisskopf E2 estimate:

9.52 x 10° Eq. (2.64)

tl/ZS.p.(EZ) = E5A4_/3
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The deformed nucleus's ground state and almost all of its excited states
have high inherent electric quadrupole moments, which explains why the
matrix element, < W*|E2|¥, >, can grow when the state, |¥, >, has a
significant collective component brought on by a quadrupole phonon. The 2*
states of Sn are an example where the lowest states, thought to be
predominantly vibrational, have transition rates approximately 10 times those
predicted by equation (2.64). Theoretically, it was expected that the higher-
energy observed 2* NRF states would have a more complex particle-phonon
coupling and transition rates that are a little slower than those predicted by the
Weisskopf single particle model. Any state that is allowed by energetics and
spin conservation can be de-excited by gamma rays generated by NRF states.
According to the Weisskopf estimations [106], the highest-energy gamma rays
are preferred, although, for some NRF states, the nuclear structure may be
crucial. An additional quantum number, K, which connects the total spin, J, to
its projection onto the nuclear symmetry axis, can be used to explain the spins
of highly deformed nuclei. For even, even nuclei with low-lying rotational
states, theory indicates that the de-excitationofa/ = 1,K = 1 state is twice as
probable to occur to the ground state as to the first rotational state, whereas for
aJ = 1, K = 0 state the de-excitation is twice as probable to occur to the first

rotational state [107,108].

2.2.3.14 Nuclear recoil and thermal motion

In the case of the excited state, because the excited state's energy is not
"sharp," absorption occurs even when the gamma energy differs from the
resonant value. The energy of the emitted photon, generated in the decay
process, will also need corrections due to the recoil energy transferred to the
nucleus. Recoil energy of about 0.1 keV is expected for gamma rays in the 5~8

MeV energy range. The energy width of an excited nuclear state is defined by:
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=

h Eq. (2.65)
T

where I' is known as the state's natural width. h is the reduced Plank constant
and 7 refers to the mean live time. If we were to pass photons beam through a
collection of bare nuclei (to cut scattering and absorption processes due to
atomic electrons), then the cross-section of the resonant absorption can be

expressed as:

2
a(Ey) = 0y (7) Eq. (2.66)

[E, — (AE + Ep)]" + (g)z

where Ejy, refers to the recoil correction (Ef)/(2Mc?). Figure 2.12 shows the

plot of this distribution [109].

C’(Ey)

AE AE + Eg (Ey)

Figure 2.12. The cross section of resonant absorption

The widths will be in the range of 10 to 103 eV for typical nuclear states
with mean live times of ns to ps. However, we are unlikely to observe the
natural linewidth in practice I'. The Doppler broadening, which occurs because
the nuclei are not at rest, as we assumed, but rather in thermal motion at any
temperature T, is a major contributor to the measured linewidth. The photons

as emitted or absorbed in the lab frame appear Doppler-shifted with energies:
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E,=E,(1+5) Eq. (2.67)

where v,, refers to the velocity part along the photon direction. If the motion of

the nuclei is represented by the usual Maxwell velocity distribution:
(0.5 mv3)
e_[T Eq. (2.68)

There will be a distribution of energy in the form:

2

2 E
-|G&) () Eq. (2.69)
e
This gives a Gaussian distribution of width as follows:
2kT)"?
A=2x (2 E,)"* x [ 2] Eq. (2.70)
mc

where k refers to the Boltzmann constant and T refers to the absolute
temperature [109]. At room temperature, A takes values between 5 and 8 eV
for transitions in the 5~8 MeV range. The recoil energy loss separates the
emission and absorption peaks, excluding the possibility of resonant re-
absorption. However, a minimal overlap can be seen between the emission and
absorption lines due to the Doppler broadening effects, as shown in figure 2.13
[109].

Profile emitted by source Profile required by absorber

Doppler Width ==/ | Natural Width

_— (Ey)

Figure 2.13. Energy distribution of emission and absorption photons
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3 NON-DESTRUCTIVE INSPECTION OF NUCLEAR MATERIALS

The isotopic signature of the NRF at the MeV scale of energy allows the
technique to be applicable for a variety of applications, beyond the detection of
SNMs, with reasonable sensitivity. Concepts for potential applications of the
NRF were gathered from a wide variety of sources in this chapter. To help
distinguish NRF from other technologies, applications were evaluated to see if
they required NDI and isotopic information. We refer to NDI when we talk
about sealed measurement samples or samples that cannot be accessed directly.
For example, if a small portion of the sample could be destroyed, conventional
technologies, such as mass spectrometry, would very certainly surpass NRF
techniques. Other possible applications were chosen because NRF might
provide a faster and/or less expensive method of determining isotopic
composition. The following is a summary of a few of the most intriguing
applications with a mention of the challenges for the NRF to be commonly

applicable for each category.

3.1 Confirmation of U enrichment in UF¢ canisters

Enriched uranium is frequently delivered in canisters as UFe. The canisters
are available in a variety of sizes, ranging from a fraction of a liter to hundreds
of liters. Inspection of these containers to determine that the claimed uranium
enrichment is correct is difficult due to the low energy emissions of 2°U. The
186 keV gamma ray of *°U, for example, will be suppressed by 95% in 6.5 mm
of UFs at a density of 3 gm/cm?. When compared to the 600 mm radius of the
bigger canisters, this range is negligible. The 28U signature, at 1001 keV,
penetrates material much better than the 2°U signature. However, because 25U
is only one factor in figuring out enrichment, a direct measurement of U is
still desirable. Therefore, NRF has the potential to measure uranium

enrichment inside a UFs container. The relevant energies used in NRF allow for
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substantially more material penetration. NRF's relevant energies allow for far
higher material penetration. The attenuation length of the 186 keV line is
30 times higher than the 1733 keV line, which is the strongest NRF line of 2°U.
The second reason is that by increasing the intensity of the photon source, the
NRF signal intensity may be raised, which is not possible with a passive
measurement [110,111]. The application's scenario is an in-field standoff
measurement to determine the uranium enrichment in the canister. The
canister will be around 3 meters away from both the source and the detector.
The measurements will have to be completed in one hour. However, this
technique has significant technological challenges, such as sensitivity across
vast amounts of materials, several layers of materials, and sensitivity to small

amounts of isotopes in a larger matrix.

311  Geo-sourcing of material (Cu, Pb)

In many cases, the geographic provenance of material can provide crucial
information to decision-makers. Examining isotope ratios is one method of geo-
sourcing a material. K. J. Moody [46] discovered a relationship between the
27Pb/**Pb ratio in aerosols and gasoline and their geographic origins.
According to the same reference, the *O/'°O ratio in uranium oxide fuel is
dependent on the geographic region where the UFs was converted to uranium
oxide. For many of the isotopes of interest, the NRF process generates isotopic
signatures. For example, the responses of **Pb and Pb are around 4 MeV,
while the responses of °O and ®O are around 7 MeV and 6 MeV, respectively.
The laboratory measurements of lead and copper are the scenarios envisioned
for this application. We will look at two different scenarios: a lead sheet and a
copper pipe. The measurement will have to be done on a specific day. The
question being investigated is whether NRF may provide a response more

quickly and simply than present approaches, which may entail extensive
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laboratory work. T. Hayakawa et al. [41] reported that they could measure the
ratio of 2C/“N in the shielded melamine (CsHsNe) by comparing the NRF
spectra of 12C with that of “N. O. Beck et al. [45] proved that the NRF technique
was able to detect the content of *C in diamond with a sensitivity that agreed
well with Raman spectra. The sensitivity to lesser amounts of isotopes in a

larger matrix is the technical challenge of such an application of NRF.

3.1.2  Dismantlement verification of the explosives

The NRF may be able to supply invaluable verification capabilities at two
critical stages in the explosive’s dismantlement process. The first stage is to
confirm that the explosive that has been manufactured is indeed a threat. In
general, the NRF procedure may be used to confirm the presence, form,
geometry, isotopic content, and fissile mass of SNMs, as well as the presence,
geometry, and separation of high explosives from fissile material. The second
stage, where NRF might be incredibly valuable, is confirming that the
components of the dismantled explosives are consistent with the nuclear
material. Direct access to the dismantled components is not feasible since they
are kept in sealed containers. NRF techniques, on the other hand, may permeate
the container walls. Another benefit of NRF is the ability to achieve individual
isotope selectivity. The isotopes of interest must be present in the secondary
target for transmission measurements, which we call the witness target. By
selecting appropriate samples, one may reduce the quantity of isotopic
information available from these sorts of measurements. This capability may
be critical as the isotopic content of nuclear material is considered classified by
some governments [112]. The scenario for this application is a resolute, fixed
system installed at a facility. Measurements need to be conducted on a time
scale of hours, and the geometry can be as close as allowed by the sample

geometry. However, this technique has considerable technological obstacles,
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including sensitivity through numerous layers of materials, minute amounts of
isotopes in the broader matrix, and enormous quantities of materials. In
addition to the absence of understanding of NRF signatures of specific isotopes,
such as plutonium isotopes other than ?Pu, °Li, and °Be, this technique

confronts a barrier in 3D isotopic mapping.

3.1.3  Direct measurement of Plutonium in spent fuel

The appropriate accounting for the *Pu content in nuclear fuel is a critical
concern in safeguarding nuclear fuel. To deduce the isotopic content of the fuel,
current methodologies depend on observations of long-lived and non-fissile
isotopes (e.g., ¥Cs) combined with burn-up code calculations. The
measurements confirm the operator-provided information. This method falls
well short of the IAEA's need for direct and operator-independent
measurements of 2°Pu in spent fuel [113]. The tremendous activity of spent
fuel, which may potentially overwhelm an HPGe detector if suitable collimation
and shielding are not addressed, is one of the obstacles to conducting
experiments on it. It has been demonstrated that by carefully selecting the beam
energy, NRF signatures may be generated that can be observed against the
background of spent fuel [114, 115]. The inspection of a Westinghouse 17 x 17
pin assembly is the scenario for this application. The fuel is an oxide with a
density of 11 gm/cm?3. Without any constraints on the measurement time, the
nominal target measurement uncertainty is 2%. The distance between the
detector and the used assembly is considered to be 1 meter. The technical
hurdles of this approach can be summarized as the limitation of the high
background rate from spent fuel, the sensitivity through massive quantities of

materials, and the lack of knowledge of the NRF signatures of isotopes.
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314  Self-irradiating samples

Consider a sample that is highly radioactive and has a wide range of
isotopes, causing gamma rays of varying energies to be emitted. If the sample
is large enough or if it is in a matrix of material, there will be a substantial down
scattering of those gamma rays, resulting in a quasi-continuous distribution of
photons. Those photons might trigger NRF within the sample in this situation.
This geometry differs from the more common NRF setup, which involves a
pencil photon beam being incident on a sample. The NRF process isotopically
redirects the pencil beam such that geometry may be used to differentiate
between incoming and fluorescence photons. This will not be the case in the
self-irradiating sample, for instance, because the sample and source are
the same. There are two techniques for resolving this scenario. In the first
technique, a transmission-like measurement is used to take advantage of the
energy difference between incident and fluorescent photons. If the isotope of
interest is present in the sample, the energy of the photons on the resonance
will be slightly below the resonance due to the nucleus's recoil. This process
will create a notch in the transmitted spectrum, which can be exploited by
looking for resonant scattering on a witness target, like how transmission
measurements are conducted. The second technique takes advantage of known
geometrical discrepancies between the sample and the matrix of material that
surrounds it. Consider a sphere of 2°U surrounded by lead as an example. By
determining the difference between spectra with a collimated detector focused
on the lead and those with the same detector focused on the 2*U sample, one
may be able to extract information about the sample’s isotopic content. This
approach assumes that the source releases gamma rays with energies much
surpassing the resonance energy. The 9/2 state at 46.2 keV, which is produced
by the down scattering of lines from the 186 keV level, might be the resonant

state in the case of 2*U. For this application, two situations are foreseen; first,
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consider the 2°U sphere inside a Pb shell for a moment. Second, consider a solid
sphere of material that is mostly formed of iron but also contains a lot of fission
products and »°U. We will suppose that the measurements are done in a
laboratory setting with no significant time constraints in either situation (up to
a day may be taken to figure out whether or not a particular isotope is present).
However, there are some technological challenges with this technology, such
as establishing a mechanism to utilize the NRF signature and determining
whether the scattering of the initial gamma rays generates an appropriate

spectrum for NRF processes or not [111].

3.1.5 Gas samples

Air sampling and analysis can provide valuable insight into operations that
produce considerable gas or aerosol outputs. The present approach typically
entails treating the sample for measurements such as chemical separation. In
such cases, the NRF may provide a speedier method of figuring out the isotopic
content of a sample. The identification of stable isotopes is another advantage
of NRF over passive measurements. There are two scenarios: a compressed air
sample within a container and an aerosol sample collected on filter paper. The
measurement will take place in a laboratory with a one-day measurement time
limit. In terms of geometry, it will be as compact as possible [111,116]. The
sensitivity to tiny amounts in a larger matrix and to small samples is a technical

challenge for such an approach.

3.1.6  Suspect material identification

When a potentially hazardous sample of material is first acquired, the first
step in investigating it is to perform an initial survey to determine what the
sample contains. This method can be challenging since the sample may have
numerous layers of material and the specific components present may be
unknown. It may be possible to conduct an initial survey of the sample using
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NRF as a screening tool to acquire some insight into its contents in an NDI
manner. In such a scenario, a laboratory measurement is conducted on a
sample. K. J. Moody et al. [46] provided two examples of probable samples.
Both of which were genuine samples that were subjected to forensic analysis.
The first example was of an HEU powder that was contained in a glass ampoule
that was wrapped in paper, covered by wax, and encased in a lead pig. The
HEU consisted of 1.1% 24U, 11.9% %¢U, 13.9% 23U, and 72.7% 2*°U. The second
example is a bottle of thorium nitrate, with a uranium/thorium ratio of around
4%. Other isotopes orders of magnitude lower than the actinide material itself
were found at trace levels in both samples. If one has direct access to this
material, he might be able to employ other methodologies to conduct more
sensitive testing of these minor substances. However, it is crucial to figure out
how little of a sample NRF can detect in a sample. The approach's technological
problems are confined to sensitivity to small amounts of isotopes in a larger
matrix and through layers of materials. This approach also has a challenge in
3D isotopic mapping, in addition to a lack of understanding of NRF signatures

of specific isotopes.

3.1.7  Verification of SNMs in a cargo container

The possibility of detecting dangerous nuclear material in intermodal cargo
containers was one of the primary motivations for studying the potential of
NRF. This application is challenging because of the cargo container's enormous
dimensions; the unknown matrix of materials around the suspected SNMs, the
requirement to conduct the tests fast, and the low tolerance for false-positive
alerts. In this case, we will presume that another method, such as photofission
or radiography, was used to locate a suspicious zone within the cargo container,
and that all that remains is to confirm that the region contains SNMs [28,117].

A stationary facility at a domestic border crossing is envisioned in the scenario.
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The measurement must be conducted ina ten-minute period. The
measurements will be focused on a physical region of interest inside the
container that has previously been appointed. Acceptable geometries
acceptable for cargo container inspection will be assumed. The SNMs will be
surrounded by three different types of material matrices; an empty container
to provide a baseline sensitivity; a container filled with 1.4 gm/cm?® Celotex as
an approximation for shielding from incidental material; and finally, an
engineered shield made up of a moderate amount of lead and borated-
polyethylene. The shielding proposed would be effective in removing 95% of
plutonium neutrons and 95% of 28U's 1001 keV gamma rays. 2°U and *Pu
materials will be considered. The sensitivity to small amounts of isotopes in a
larger matrix, as well as sensitivity through layers of materials, are

technological obstacles in using the NRF for SNMs.

3.2 NDI techniques for nuclear material

Radiation-based methods have become standard procedures for material
studies and characterization over the last century. Radiation can now be used
for a wide range of applications due to technological advancements in radiation
production and detection. The imaging techniques based on particle
attenuation in the matter have evolved into a well-established family of
treatments known as radiography. This series of procedures tries to supply
information on an item's internal structure while inflicting the object with as
slight damage as possible. Many radiography branches have been established
based on the probing particles and their interaction with the material.
Radiography attempts have been made with a variety of particles. The most
popular incident probes are photons and neutrons. To obtain specific
characteristics of the investigated material, the specific mechanism by which

the particle interacts with the material can be utilized. The non-resonant
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attenuation part can supply information on the areal density and effective
atomic number, while the resonant attenuation part can supply isotope-specific
information. The NDI for nuclear material refers to a set of nuclear fuel material
measurement procedures or techniques. The techniques check radiation
generated or emitted spontaneously from nuclear material, and they are non-
destructive in the sense that they do not change the nuclear material’s physical
or chemical state [16]. The emitted radiation is unique to the isotope or isotopes
of interest, and the intensity of the radiation is often related to the mass of the
isotopes. Other methods for measuring nuclear material include taking a
sample and analyzing it using destructive chemical operations. The necessity
for increasing nuclear material safeguards was the primary driver for NDI
development. As more nuclear material measurements were required by
safeguards agencies around the world, it became clear that quick measuring
procedures that did not affect the status of nuclear material objects were needed.
Rapid non-destructive measurement procedures are required by the
safeguards inspectors who must verify the inventories of nuclear material kept
around the world. NDI techniques of SNMs are classified as passive or active
depending on whether they measure radiation emitted by the material's
spontaneous nuclear decay or radiation emitted by an external source. The
active non-destructive inspection (ANDI) supplies an external probing means
such as a neutron source or gamma-ray source, and the detection is dependent
on the material's response to that probe. In passive non-destructive inspection
(PNDI), the detection of SNMs is based on the natural radioactive signatures of
the material. Therefore, if the material has a faint radioactive signature, b- or a-
emission, the PNDI becomes unhelpful. If the signatures of the material are of
high energy to penetrate any possible shielding conditions, the PNDI may be
beneficial and cost-effective in the case of neutron or gamma-ray emission.

Because the natural radioactive signature of the materials is uncontrollable, the
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ANDI is more dependable than the PNDI. The different methods of the ANDI are
described in the following sections, which will focus on photon-based

radiography and will target both non-resonant and resonant methods.

3.2.1 Non-resonant attenuation-based methods

The mass attenuation coefficient is the basis for imaging methods that rely
on photon interactions with matter. The relationship between the coefficient
with the incident photon's energy and the material atomic number can be
utilized to obtain the data needed to differentiate between various material
samples. The mass attenuation coefficient for photons in the MeV energy range
may be explained by three physical processes: the photoelectric effect;
Compton scattering; and pair creation. When photons with energies of more
than 1 MeV are considered, the photoelectric effect is ruled out. If the atomic
number z > 25 is considered, the mass attenuation coefficient is dominated by
Compton scattering for photon energies between 1 and 10 MeV and by pair
production for photon energies above 10 MeV [109]. Figure 3.1 shows the
mass attenuation coefficient vs incident photon energy for a wide range of

atomic numbers [118].
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Figure 3. 1. The mass attenuation coefficient versus photon energy for many atomic
number values
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3.2.1.1 Photon attenuation radiography for cargo inspection

Non-destructive techniques based on x-ray or gamma-ray non-resonant
attenuation are now widely employed in medical, industrial, and border
control applications [119]. Cargo screening systems are used all over the world
to prevent illegal items from being disguised in lawful cargo movement [120].
The photon source, the object, and the detector are the three factors that define
the configuration of the measurement setup in every radiography
measurement. A typical photon attenuation image is generated by counting the
photons that pass through an unmodified sample material. The object is split
into discrete pixels, which can be defined by the beam or by the detection
system. The cone beam and the pencil beam are two limit scenarios for this kind
of measurement. In the cone-beam configuration, the beam fully covers the
object, and the physical discretization of the detector defines the image pixels.
In the pencil-beam configuration, the image is constructed using single-point
attenuation measurements collected by scanning across the width and height
of the object. In addition, the image resolution is defined by the size of the beam.
In practice, a combination of the two techniques is employed for cargo scanning
applications. Photon attenuation radiography is now an effective technique for
studying an object's internal structure. The method performs well across a
broad range of atomic numbers and areal density values. Concerning the
atomic number, the method does show shortcomings for complex materials, in
which high z components shield low z components. There are obvious
restrictions for objects that entirely attenuate the incident beam on the areal
density side. Figure 3.2 shows how structural information may be extracted
directly from the obtained images, which can also supply quantitative
geometrical details if the measurements are performed using a well-defined

setup [121].
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Figure 3. 2. Example of cargo x-ray images of cargo transport containers from
different views [121]

Due to the tiny size of probable contraband goods in comparison to the
container size, cargo screening images supply extra challenges in terms of
object detection. Automated image segmentation and object identification for
x and gamma-ray attenuation images is an active topic of research. There are
some critical limitations to the method's ability to be widely effective. Such
obtained images may show a large region of increased attenuation. However,
no details about individual items can be extracted. The described method is
unable to solve the atomic number, areal density, or uncertainty, meaning that
it is unable to discriminate between thick-low z and thin-high z objects. This

flaw leaves the method vulnerable to being deceived by a competent criminal.

3.2.1.2 Effective z-assessment with dual gamma attenuation

The dual-attenuation method is one solution to the atomic number-areal
density uncertainty. The method requires taking measurements of attenuation
at two different photon energies. This measurement can supply additional
information about the object's atomic number and density. Figure 3.3 shows an
example of a four-color segmentation used for such a measurement. Each color
stands for an atomic number value. Orange stands for hydrocarbons, green
stands for aluminum, blue stands for iron, and lilac stands for lead. Similar
images with an areal density-based segmentation of the scanned object may

also be generated using this method [122].
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Figure 3. 3. Dual-attenuation radiography colorized image of a shipping cargo

container with color assignment [122]

3.22  Isotopic analysis using NRF

NRF has been offered as an NDI technology that can provide a sample
object's isotope-specific characterization. The method is based on detecting
resonant photons created when an incident beam interacts with sample
material. The photons are generated in specific nuclear transitions that can be
assigned to isotopes. Typical NRF transitions are excited by photons in the MeV
energy range, with increasing energies as the atomic number decreases [28].
Bremsstrahlung, which is caused by high-energy electrons colliding with a
converter target, has traditionally been used to create these photon beams. Due
to the continuous nature of the process, high-intensity bremsstrahlung beams
may be generated with relative simplicity but with significant limits in terms
of energy bandwidth. Recent technological improvements have enabled the
production of quasi-mono-energetic photon beams through laser-electron
scattering. The LCS gamma rays are obtained due to the interaction between a
laser pulse and a relativistic electron beam through inverse Compton scattering.
The photon's energy obtained after colliding with the relativistic electron can

be calculated using the following formula:
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where | refers to the Lorentz factor, 6, and 6, are the angles of the incoming
and outgoing photons, E} is the energy of the incident photon, m, is the rest

mass of the electron, and a, is defined as:

_ ¢k Eq. (3.2
ao_mocwo q-(3.2)

where Ej is the electric field, e refers to the elementary charge, c refers to the
speed of light, and wj is the laser frequency [68]. The interaction shows a
strong energy-angle correlation that can be used to obtain small bandwidth
beams through collimation. The incident energy of the electrons and the
collimator hole may be adjusted to optimize the beam's spectral parameters,
mean energy, and bandwidth. As such, the incident photon beam can be tuned
to target individual NRF resonances allowing the detection of specific isotopes
inside the material. As a result, the incident photon beam may be tuned to
target individual NRF resonances allowing specific isotopes to be detected
within the material. The scattering setup and the transmission setup were
proposed as measurement configurations for NRF isotope analysis. It will be

described in full below.

3.2.21 Scattering measurements

The detectors in this configuration will be positioned around the object to
record the beam-sample interaction. The photon flux reaching the detectors
will be composed of resonant scattering, non-resonant scattering, and
radioactive decays from the target. To minimize the non-resonant scattering
contribution, the detectors can be positioned at backward angles to diminish

the background. The inclusion of high-atomic-number filters in front of the
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detectors can help minimize the low-energy element of the background even
further. The scattering setup has benefits in terms of simplicity of deployment
and measurement speed. However, it has some drawbacks. One of the
method's major flaws is that it requires a lot of shielding to suppress the
additional background for highly radioactive sample materials. Another
drawback is that the method might give mistaken results for large non-
homogeneous samples due to the attenuation of the resonant photons inside
the material. The NRF rate for incident (E) energy from a position r within a

target volume can be calculated using the following formula [123]:

= NO(E, ) ayrp (E)W, () el~#(Ey)ro] e(Ey)%?Pf(Ey) Eq. (3.3)

d?Rygr
dVdE

where N is the number density for the atoms with an NRF cross-section
onrr(E), (E,r) is the photon flux at the position r, W,(0) is the angular
correlation function, E, is the energy of the emitted NRF photon with total
attenuation el=#()7ol, e(E,) is detection efficiency, 2(r) is the solid angle of
the detector, and P;(E, ) is the probability that a photon E, passes through the
radiation shield. The isotopic concentration may be figured out for material
analysis by finding the number density of atoms N. The precision with which
the parameters of the previous equation may be assessed is attributed to the
errors associated with these methods. Simulation-backed proposals for non-
destructive analysis for radionuclide inspection or nuclear waste using
scattering measurements have been reported in the literature [124, 125]. On the
experimental side, the method has been successfully employed for the
detection of ?®Pb shielded by iron in a single [44] and multi-pixel configuration
[126], using LCS sources. O. Beck et al. [45] employed the scattering
configuration to measure the 3C isotopic content of natural and artificial
diamonds. Figure 3.4 shows a schematic illustration of the scattering

configuration.
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Figure 3. 4. Scattering set-up configuration for NRF-based isotope analysis

3.2.2.2 Transmission measurements

The transmission configuration, or the notch detection configuration, was
developed to address some of the scattering method's limitations for NDI
measurements of the isotopes of interest [28]. In this configuration, the gamma-
ray beam is transmitted through the sample material and injected into a
material made of the isotope of interest (witness target). The detecting system
is arranged around the witness target, which is shielded from the sample
material's background. The sample decay is removed from the background
spectrum by decoupling the detecting system from the measured sample.

Figure 3.5 shows the transmission configuration.
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Figure 3.5. Transmission set-up configuration for NRF-based isotope analysis

To minimize incoherent scattering, the detectors are positioned at
backward angles, like the scattering configuration. A two-step measuring
technique is needed for the analysis of the transmission configuration. In the
reference run, the sample object is not part of the measurement setup. The
detectors will measure the photons generated by the incident gamma-ray beam
on the witness target. The incoming beam is initially attenuated by the sample
object before hitting the witness target. This interaction will be recorded by the
detection system. So, the number of resonant photons collected from the two
measurements is used to obtain the isotope composition of the sample material.
The separation of the sample from the detection system improves the signal-to-
background ratio, which is one of the advantages of the transmission
configuration. Decoupling is particularly useful if scanning a variety of
different-sized items is necessary because the detection system does not require

any adjustments. Two significant limitations must be considered for the
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transmission configuration. First, the method needs photon transmission
through the sample, which is constrained by the object's size. Second, witness
material made of the same material as the isotope of interest is needed, limiting
the method to isotopes for which a witness target is available. Resonance
widths are less than the energy width of an incident gamma-ray beam,
generally 1 eV after Doppler broadening, with gamma-ray absorption by
nuclear resonance happening solely in the nuclide of interest [38]. When an
isotope of interest is already present in the measured sample, resonant
absorption reduces the spectral flux of the transmitted photons at the resonant
energy, resulting in a narrow and severe drop (known as a notch) in the
transmitted gamma-ray energy spectrum [127]. This process is
illustrated in figure 3.6. Gamma rays are released from the isotope of interest
when the transmitted gamma rays irradiate witness material that holds the
same isotope of interest. The amount of isotope in the sample along the beam
path determines the NRF yield from the witness, which is a negative

exponential function of the amount of isotope in the sample.
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Figure 3. 6. NRF transmission method. (a) Detect resonantly absorbed portion of

gamma ray by witness material. (b) Detect resonantly scattered gamma ray
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To account for the notch filling, more corrections are required as compared
to the scattering method. The notch filling describes the process in which
photons are down-scattered from the sample to the resonant energy and
interact resonantly with the witness material. The true content of the isotope of
interest in the sample is underestimated if notch filling corrections are not
applied. The NRF rate at the witness target position can be evaluated starting
from the equation defined for the scattering measurement. An additional
attenuation term must be included to account for the attenuation of the incident
beam through the sample object. The attenuation in the sample holds resonant
and non-resonant factors that can be calculated according to the following

formula:
$o(E) = d;(E) el=Nonrr(E)x] ol-ratom X1 Eq. (3:4)

where N refers to the atom number density, x refers to the sample thickness,
and pUgtom refers to the non-resonant attenuation coefficient. The rate can be
calculated by substituting the flux obtained from the previous equation as the
incident flux in the scattering rate equation. The above equation can be
simplified for a rectangular-shaped witness target and written as the following

formula [56, 123]:

dR Ae
= A(E, trp) [N * owrr Ol gy (B)] X | Ny (E) e W, (0) 7—
dE ATy
Eq. (3.5)
where A is the detector's surface area with a and A(E) defined as:
@ = (14 =) Eq. (3.6)
1 — el-(at+unrr(®)trp]

a + pngr(E)
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where 6 refers to the angle between the photon path and the detector.
Experimental transmission measurements for the detection of U in depleted
uranium samples have been tried using both LCS and bremsstrahlung beams
[128,129]. The waste canister scenario is one of the applications that takes
advantage of the separation between the sample target and the detection
system. Experimental measurements using realistic spent fuel storage canisters
with lead as a proxy material for uranium have been demonstrated by C. T.
Angell et al. [130]. The transmission setup is not necessarily limited to isotopic
analysis. For instance, NRF thermometry has been proposed as a method to
measure ion temperatures in laser-induced plasma [131]. The principal NDI
techniques are classified as gamma-ray assay, neutron assay, and calorimetry

[16].

3.3 NDI — CT imaging for nuclear materials

CT is an imaging technique for reconstructing a sample's cross-sectional
image from multiple projections obtained at various projection angles. CT
scanning produces cross-sectional images that can be reformatted in several
planes and even two or three-dimensional images that may be seen on a
computer display, printed on film, or transmitted to electronic media. Gamma-
ray CT scanners that use atomic interaction to attenuate x-rays are used in a
variety of medical applications. It is usually the most effective way
of identifying a variety of malignancies since the images allow the medical
check to confirm the presence of a tumor and determine its size and location.
CT scans are quick, painless, non-invasive, and accurate. It can disclose internal
injuries and bleed quickly enough to save lives in emergency situations [132].
On the other hand, CT systems are used for checking luggage at airports
worldwide to detect explosives [133 — 136]. Furthermore, gamma rays from

radioisotopes [137], Bremsstrahlung gamma rays in the MeV energy region
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[138], and quasi-monochromatic gamma rays [139] have been employed for
CT scanning of high-density and high-industrial objects. Earlier studies have
proposed a method for measuring CT images for high density and high-z
objects using NRF to identify a specific nuclide [140,141]. The NRF
transmission method can be integrated with the CT, known as “NRF — CT”,
using gamma rays in the MeV energy region to obtain isotope-specific CT
images, which can be used for isotope imaging inside massive materials. The
NRF with LCS gamma-ray beams has been proposed as an effective modality
for the NDI of hidden materials [28,43,137,142,143]. Kikuzawa et al. [44]
used LCS gamma-ray beams to perform a proof-of-principle experiment for
NRF nondestructive inspection. They experimentally used NRF activated by a
quasi-monochromatic LCS gamma-ray beam with energy up to detect a lead
block hidden beneath thick iron plates. The study was based on measuring the
gamma-ray line scattered from 2%Pb and obtaining its one-dimensional (1D)
mapping in the iron box (figure 3.7). Due to the low gamma-ray flux, this
experiment was limited to the detection of a single nuclide, 2®Pb, and the

mapping of its one-dimensional profile.
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Figure 3.7. Experimental result of isotope mapping in 1D for target made from a lead

block concealed in an iron box [44]
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T. Hayakawa et al. [41] proposed an inspection method for measuring
molecules and chemical compounds hidden by heavy shields, such as iron, at
a thickness of several centimeters using the LCS gamma rays provided from an
electron storage ring TERAS [144,145]. They measured a shielded chemical
compound of melamine, CsHeNe. H. Ohgaki et al. [146] used the LCS gamma-
ray beam available in the UVSOR facility to conduct a preliminary NRF — CT
imaging experiment. They were able to generate LCS gamma rays with a
maximum energy of 5.4 MeV and a flux of 107 photons/s without collimation.
The gamma rays irradiated a natural lead to obtain an NRF level of 5292 keV
[107] for measuring an NRF — CT image for a sample made up of aluminum,
stainless steel, and 8 mm diameter lead rods arranged ina 5 X 5 rod array. The
image of the isotope of interest distribution was successfully created. However,
the reconstructed images (figure 3.8) were not of sufficient quality to discuss

NRF — CT's capabilities.

Figure 3.8. NRF — CT imaging experiment for a sample made up of aluminum,
stainless steel, and 8 mm diameter lead rods arranged in a 5 X 5 rod array [146]
One of the most impressive features of the NRF — CT imaging technique is
the ability to identify the specific isotope from a sample holding several
isotopes. The NRF — CT technique was developed further until H. Zen et al.
[127] presented the experimental results of NRF — CT-based isotope imaging of
a sample holding a lead isotope (***Pb) in a natural lead rod concealed inside an

iron cylinder filled with aluminum, as well as an iron rod and a vacancy. Using
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the LCS gamma-ray beams available in the UVSOR —1III facility, a clear
tomographic image for the isotope of interest (**Pb) was successfully obtained
(figure 3.9). H. Zen's study clearly proves the possibility of isotope-specific CT
imaging based on nuclear resonant attenuation, which they expect to become a
practical approach once the next generation of incredibly powerful LCS
gamma-ray sources becomes accessible. They also discussed the expected
measurement time in the next generation of extremely high flux LCS gamma-
ray sources, because increasing the gamma-ray flux is the key to reducing the
required measurement time at one observation point and obtaining CT images

with higher resolution at a reasonable measurement time.
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Figure 3.9. 2D NRF — CT image of the 2°Pb isotope in a natural lead rod concealed

inside an iron cylinder filled with aluminum [127]
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4 EXPERIMENTAL PROCEDURES

41 Implementation of NRF measurements

The photon source and the detecting system are the two most important
components of the NRF technique. Proper selection of those components is
essential for the implementation of the NRF technique in the NDI
measurements. In the following sections of the current chapter, we will go over

these components in more detail.

411  Source of photons

The optimum source of photons for the NRF measurement should meet the
following criteria: high flux density, high monochromaticity, and photon
energy tunability. There are many methods to generate gamma rays with these
kinds of features. The source of photons to investigate NRF has traditionally
been a high-energy bremsstrahlung source [37]. The bremsstrahlung source's
photon spectrum is a continuous energy distribution that extends to the
electron beam's maximum energy in which photons are produced because of
an electron beam with energy in the MeV range colliding with a heavy material
(radiator), causing them to slow down. Therefore, severe background and high
Compton continuums are always seen in an NRF measurement. However, this
source has the drawback of being unable to create an NRF signal using a
significant portion of the photon flux. Furthermore, this flow enhances the
sample dosage as well as the background of the measurement. Gamma rays
released by radioactive sources or nuclear reactions could provide a high-flux
photon source with limited bandwidth. However, there was a problem that the
energy and the width of the resonant level did not match the gamma-ray
energy and width of the photon's source [90]. Many researchers have utilized
Compton scattering to tune the energy of a gamma-ray source by changing the

scattering angle. However, the source's intensity is reduced. One of the more
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common techniques is the LCS gamma rays, which will be described in the

following section.

4.1.1.1 Laser Compton Scattering Interaction

In the laser Compton scattering interaction, the collision between a high-
power laser beam and a relativistic electron beam generates gamma-ray
photons [147]. Figure 4.1 shows the mechanism of the laser Compton
scattering interaction. Let us assume that a laser photon with an energy of E,
collides with a relativistic electron with an initial energy of E, at an incident
angle of 6,,. The energy of the incident laser photon is up-converted to the
scattered gamma-ray photon (E,) which is expressed as the following formula:

E, [1 + %cos (6,) ]

Ey, = Eq. (4.1)

= ” E
1-—- - Ccos (Hy) + [m:cz [1—cos (6,) ]

where m, is the rest mass of the electron, v is the electron velocity within the
storage ring, c is the speed of light, 6, is the scattering angle of the emitted
gamma photons, 6, is the is the angle between the incident laser photon and
the scattered gamma photon, and | is the Lorentz factor which can calculated
as:

1

1— (%)2 Eq. (4.2)
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Figure 4. 1. laser Compton scattering interaction

recoil ¢

78



CHAPTER 4 EXPERIMENTAL PROCEDURES

To obtain the maximum energy of the scattered gamma-ray photons, the
head-on collision, as shown in figure 4.2, between the incident laser beam and
the relativistic electrons [148] will be considered in which the photons from the
laser are deflected 180° by the high-energy electron beam with hundreds of
MeV in energy to create MeV-scale photons in these sources. Therefore, the LCS
gamma-ray energy in equation (4.1) can be simplified as the following

formula:
E]/ max = 4 Ep 1.2 Eq (4.3)

According to the previous equation, the energy of a laser photon is up-
converted to approximately 4|* times greater energy by interacting with the

relativistic electrons.

e Collision point

o - 3l < o
’.Ey

Figure 4. 2. The incident laser photon colliding head-on with a relativistic electron

The LCS gamma ray is a quasi-monochromatic photon source that provides
an energy-tuning photon beam as well as a monochromatic energy distribution
with 1% energy speared [147,149]. The energy of the electron beam, the
energy of the laser wavelength, and the scattering geometry, which includes
the collision and scattering angles, all influence the energy of the generated
gamma rays [150,151]. Although this source of photons provides a
significantly higher fraction of incident photons within the resonance than a
bremsstrahlung source, it is also a far more complicated instrument. A ruby

laser was used to generate the LCS gamma rays (600 MeV) in the first
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demonstration experiment at the Lebedev Physical Institute of the Academy of
Science synchrotron [152]. The LCS gamma rays in the MeV energy range are
currently available at many facilities around the world for basic research and
applications. These facilities can fix scattering geometry and laser wavelength.
Thus, the energy of the generated-ray beam is controlled solely by the electron
beam energy [142,153 — 160]. In a different installation, the energy of the
generated gamma-ray beam is adjusted by the scattering geometry that uses a
set electron beam energy and laser wavelength [161, 162]. The unique features
of the LCS gamma rays, such as quasi-monochromaticity, energy tunability,
excellent directivity, and high polarization, lead to a wide range of usage in
nuclear physics and the NDI analytical applications. One of the most intriguing
uses for the LCS gamma rays is non-destructive isotope imaging using NRF
[43,142]. Such kind of isotope imaging techniques was demonstrated at the
electron storage ring TERAS at the National Institute of Advanced Industrial
Science and Technology in Japan (AIST) [44]. Unfortunately, the TERAS facility
was damaged and shut down after the Great East Japan Earthquake in 2011.
The High-Intensity Gamma-ray Source (HIyS) located at Duke University in
North Carolina, USA, is the most powerful facility for generating LCS gamma
rays [151,163]. It is an example of a narrow bandwidth source. The electron
beam energy and laser wavelength are both variables in this facility, while the
geometry is fixed to the backscattering case. It can generate gamma rays with
energies up to 100 MeV and a flux density of 1000 photons/s/eV. A very high-
intensity LCS facility based on an energy recovery linear accelerator has
recently been proposed at the Los Alamos Shufflers with a photon flux density
of 107 photons/s/eV [164]. BOL1 is a beamline in the NewSUBARU at the
University of Hyoho, Japan, dedicated to the development of novel light
sources and their applications [165]. It is being used to generate LCS gamma

rays with energies ranging from 1 to 40 MeV. The NewSUBARU's gamma-ray

80



CHAPTER 4 EXPERIMENTAL PROCEDURES

beam 1is a one-of-a-kind light source with tunable energy, quasi-
monochromaticity, tunable polarization, and beam directivity that has been
employed in a variety of research, including photonuclear reaction, electron
pair production, nuclear transmutation, and CT imaging [165]. The Extreme
Light Infrastructure—Nuclear Physics (ELI — NP) in Romania is currently
building a new LCS gamma-ray facility. The spectral density flux of the LCS
gamma-ray beam is expected to be in the range of 5000 photons/s/eV, which is
suitable for practical application [166]. The development of the LCS gamma-
ray source in the UVSOR —III facility has been proposed to perform
fundamental research on the NDI for isotopes. Since the experimental
procedures for the current studies were conducted at the beamline BL1U in the
UVSOR — III facility, we will describe the details of the LCS gamma-ray beam

generation within this facility in the following sections.

4.1.1.2 LCS gamma rays in the UVSOR — III facility

The phrase “UVSOR” is an acronym for "ultraviolet synchrotron orbital
radiation." It is a compact and low-energy synchrotron light source located in
the Institute of Molecular Science of the National Institutes of Natural Sciences
in Okazaki, Japan. It is regarded as the world's brightest low-energy
synchrotron light source. The third-generation synchrotron “UVSOR — III"”
features an electron storage ring with a circumference of 53 m and
experimental stations on 6 undulators and 8 dipole beamlines. The energy of
the electrons circulating in the ring is designed to be 750 MeV. This facility is
used by many researchers all around the world for a broad variety of
applications and experiments. UVSOR —III is made up of 4 long straight
portions (4 m) and 4 short straight portions (1.5 m). One of the long straight
portions of the UVSOR — III facility is the beamline named “BL1U”. It focuses on

the research and development of novel photon sources such as free-electron

81



CHAPTER 4 EXPERIMENTAL PROCEDURES

lasers (FEL) in the visible to deep UV range, coherent harmonic generation in
the deep UV and VUV, LCS gamma rays, and undulator radiation with various
polarization properties such as optical vortex beam and optical vector beam.
The BL1U has a dual polarization variable undulator system with a buncher
section that can be used for both an FEL oscillator and a VUV CHG. It also has
a synchronized femtosecond laser system, which is utilized for a variety of
applications, including LCS gamma-ray beams [148]. The development of the
LCS gamma-ray source at the UVSOR —III facility's storage ring has been
proposed to conduct the experimental procedures for the current dissertation's
studies for non-destructive isotope imaging research. Recently, we upgraded
the old laser source used in the prior system [127] with a new one capable of
doubling the laser power by ten times as a kind of development for the
parameters of the generated LCS gamma rays, where the generated flux was ten
times higher. The new laser source is a Tm-fiber laser (TLR-50-AC-Y14, IPG
Laser GmbH, Kottinger Weg 188, Wissen, Germany). This laser source has
advanced parameters for the laser beam compared with the old system [127],
such as the lasing wavelength of 1.896 um, the spectral linewidth of 0.7 nm,
the beam quality M? of 1.05, and the maximum average power of 50 Watt (W).
The laser beam was randomly polarized during the run in the continuous-wave
(CW) operation mode [168]. The development of this isotope imaging system
was based on a first-generation CT scanner [169]. Figure 4.3 shows a schematic
of the beamline BL1U [167] followed by table 4.1, including a list of the main

parameters of the UVSOR — III storage ring.
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Figure 4. 3. Schematic of the beamline BL1U in the UVSOR — III facility [167]

Table 4.1 The UVSOR — III storage ring's main parameters

The electron beam energy 746 + 1 MeV* (measured)
e Current in the normal operation e 300 mA (multi-bunch)
e (Top-up Mode) e 50 mA (single-bunch)
Natural Emittance 17.5 nm-rad
Storage Ring's Circumference 53.2m
RF Frequency 90.1 MHz
Harmonic Number 16
Bending Radius 22m
® 4 portions (4 m)
Straight Section
® 4 portions (1.5 m)
Energy Spread 5.26 X 10% %
Natural Bunch Length 128 ps

The generated LCS gamma-rays' distinctive characteristics, such as
maximum gamma-ray energy and total flux at the beamline BL1U in the

UVSOR — III facility, are discussed below.
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4.1.1.2.1 Energy of the LCS gamma rays in the UVSOR — III facility

In the case of electromagnetic waves, the relationship between wave speed

(V), wavelength (1), and frequency (v) can be expressed as follows:
V=AXv Eq. (44)

where the speed of the electromagnetic waves V = 2.99792458 x 10'° cm.s™?,
and the laser wavelength of the new source 4 =1.896 um. As a result,

frequency v can be calculated as:

V  2.99792458 x 1010
=—= = 1.58 x 10* Eq. (4.5
v 1 1896 < 10-2 1.58 X 10** Hz q. (4.5)

The energy carried by a single photon is known as photon energy. The
quantity of this energy is directly proportional to the photon's electromagnetic

frequency according to the following formula:

E, =hv Eq. (4.6)

where h = 6.626 x 1073*].Hz™! is the Planck constant. Then, the energy of the

incident laser photon can be calculated as:

E, = (1.58 x 10™) x (6.626 x 1073*) = 1.05 x 1071°] Eq. (4.7)

By converting the obtained energy value from Joule (J) unit to eV unit, the

energy value of the laser photon will be as follows:

E, = 1.05 X% 1071 x 6.242 x 108 = 0.6539 eV Eq. (4.8)

Since the rest mass of the electron my, = 9.12 x 10728 gm, and the energy of
the electron beam E, = 746 MeV [148], we could calculate the electron beam

speed within the storage ring as:

mac?
V=cx |[1-—2" =299792387 x 10'° cm.s~! Eq. (4.9)
E, + myc?
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Therefore, the Lorentz factor can be calculated as:

| = 1460.8856 Eq. (4.10)

According to the obtained values of the laser photons' energy in equation
(4.8) and the Lorentz factor in equation (4.10), we could calculate the energy
of the scattered gamma-ray photons in the case of the head-on collision from

equation (4.3) as:

Eymax = 5.54 MeV Eq. (4.11)

This energy of the generated gamma rays is able to excite the J/* = 17 state

at 5.512 MeV of 2%Pb (the isotope of interest in our studies).

4.1.1.2.2 The flux of the LCS gamma rays before collimation

To compute the total flux (F,) of generated gamma rays, we shall utilize T.

Suzuki's formula [170] as follows:
0,1 (*
E, = [2cfN.A, [711 pe (x,y,2,t)p, (x,y,2) dx dy dz dt | X 0(0],) Eq. (4.12)

where c refers to the speed of light, f is the collision’s number per unit time, N,
is the electrons’” number in bunch, 4, is the density of laser photons, p, is the
electron beam’s distribution function, p, is the laser beam’s distribution
function, and 0(9],) is the Compton scattering’s cross section in the scattering
angle of 6. In the case where the electron beam and laser beam have a gaussian
distribution and make a head-on collision on the z-axis, the previous equation

(4.12) can be rewritten as:
fN.2,0(6,) (2 1
F= 2 (o + o) (o +ofp)] Pdz Ea (413
2

where oy, and gy, refer to the RMS electron beam size in both horizontal and
vertical directions, respectively, and oy, and g, as well refer to the RMS laser
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beam size in the horizontal and vertical directions, respectively. Under the
experimental conditions of the UVSOR —III facility [148], the number of

electrons in a single revolution per unit current may be given as follows:

N,
I—e =1.1x102 471 Eq. (4.14)
e

where I, is the beam current. The collision rate f is a value of 5.635 MHz.

Therefore, the laser photon line density can be expressed as:

P

where the symbols P and e refer tolaser power and elementary charge,
respectively. According to the previous equation (4.15), the laser photon line

density per unit of power is figured out as follows:

A

?” =3.3 x 10'° (m~w~1) Eq. (4.16)
For simplicity, we assume constant electron beam size and laser beam size

in the collision region as gy, = 420 um, o, = 15 um, oy, = 1.5 mm, and g,,, =

1.5 mm [171]. Then the flux equation can be written as:

N, 1,0(6 -1
Fy _ f e pno-( V) r x [(o_ge + O_)?p) (O—_’)%e + O_;p)] 2 Eq (417)

where r is the length of the interaction region, which in the UVSOR — III storage
ring is 6.3 m. In the case of laser Compton scattering with a high-energy
electron, we may assume the cross-section of the Compton scattering is almost
equal to the cross-section of the Thomson scattering, which is the low energy
limit of the Compton scattering, 6.652 x 107%° m?. The highest overall gamma-
ray flux is estimated to be 1.6 X 108 photons/s with 100% energy bandwidth
under the maximum condition of operation in the UVSOR — III facility with an

electron beam current of I, = 300 mA and the maximum power of the laser
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source is P = 50 W. Under current developments in the gamma-ray source in
the UVSOR —1III facility, the quality of the generated LCS gamma rays is
sufficient to execute a basic investigation into non-destructive isotope imaging.

The characteristics of the upgraded LCS gamma rays are shown in table 4.2.

Table 4.2 The upgrading of the LCS gamma-ray beam source in UVSOR — III

Parameter Old conditions [127] Current conditions
Model AP-Tm-1950-SM-05-LP TLR-50-AC-Y14
Company AdValue Photonics Inc. IPG Laser GmbH
1.94 um 1.896 um
wavelength
(E, = 0.6375 eV) (E, = 0.6539 eV)
Maximum
Laser source s W S0W
power
Polarization Linearly Randomly
Spectral line
< 1nm 0.7 nm
width
Beam quality M?< 11 M? < 1.05
Maximum
LCS gamma-ray 5.414 MeV 5.54 MeV
energy
beam
Total flux! 1.6 x 107 photons/s 1.6 x 102 photons/s
4.1.1.2.3 The total flux of the LCS gamma rays after collimation

The energy of the scattered LCS gamma-ray beam photons depends on
their scattering angle [171]. Therefore, a lead collimator with a quadrangular

prism shape and a circular hole (1 mm diameter) was positioned in the path of

! The total flux refers to the calculated values before the collimator
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the gamma-ray beam to define the diameter and energy spectrum of the LCS
gamma-ray beam on the investigated sample and obtain a quasi-
monochromatic gamma-ray beam. The dimensions of the quadrangular prism
shape were 200 mm in length, 100 mm in width, and 100 mm in height. In a
subsequent investigation of this dissertation, we upgraded our experimental
set-up system to include a new collimator with a wider circular hole (2 mm
diameter), which resulted in an increase in the LCS gamma-ray beam flux. The
LCS beam has a tiny divergence (order of 1073). Therefore, the LCS gamma-ray
beam diameters at the examined sample were roughly 1 mm and 2 mm,
respectively, while employing the collimator with a hole diameter of 1 mm or
2 mm. Figure 4.4 depicts the gamma-ray spectrum and flux of the LCS gamma
rays at the investigated sample as determined by the EGS5 Monte Carlo
simulation [172], which considers the electron beam emittance, energy spread,

special angular distributions, and linewidth of the laser beam [173].

Flux (photons.s™t.ev?)
w
1

0'|'|'|'|'|'|'|'\|'|'
40 42 44 46 48 50 52 54 56 58 6.0

Energy (MeV)

Figure 4. 4. Simulation of LCS gamma-ray spectra after 1 mm collimation using EGS5

Monte Carlo simulations [173]
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After collimation of 1 mm, the flux of the LCS gamma-ray beam was
calculated to be 5.5 photons/s/eV at the maximum energy of 5.54 MeV, with a
1.1% energy bandwidth at the FWHM. The energy distribution in the gamma-
ray spectrum reveals characteristic properties of the LCS gamma-ray beam,
such as a steady increase at low energies and a dramatic decrease at high
energies. The flux of the LCS gamma-ray beam was predicted to be 10
photons/s/eV at the maximum energy of 5.54 MeV after collimation of 2 mm,
with 2.9% energy bandwidth at the FWHM. Reference [171] lists the predicted
gamma-ray spectra for different hole sizes of collimators calculated from

numerical simulation.

4.1.2 Measurements system

Gamma rays, like visible light, are made up of photons, which are energy
packets. On the other hand, gamma-ray photons have millions of times the
energy of visible light photons. The detection of gamma rays can be performed
by observing their effects on the matter [174]. A gamma-ray photon can either
collide with an electron and bounce back, or it can move an electron to a higher
energy level (photoelectric ionization). Furthermore, because gamma rays
contain so much energy, some of it may be directly transformed into matter by
forming an electron and another particle called a positron (pair production).
All of these interactions cause electrons to move in some way, creating an
electric current. The energy and direction of the original photon may then be
estimated by amplifying and measuring these currents. There are two main
categories of gamma-ray detectors. Detectors in the first category are known as
spectrometers or photometers, which can be used in optical astronomy. These
detectors are basically "light buckets," capturing as many photons as possible
from a region of the sky that includes the object of interest. In these detectors,

scintillators or solid-state detectors are often utilized to convert gamma rays
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into optical or electrical signals that may be recorded. Detectors in the second
category, which are called imagers, are capable of performing the difficult task
of gamma-ray imaging. These detectors either depend on the nature of the
gamma-ray interaction process, such as pair production or Compton scattering,
to compute the arrival direction of the input photon, or they use a device like a

coded mask to allow an image to be reconstructed [48].

4.1.2.1 The high purity germanium detectors (HPGe)

In general, the detectors for gamma rays measure the photons generated
by the interaction of the incident photon beam with the target material [174].
Both the NRF process and normal electronic processes in which the incoming
photon interacts with the sample's atomic electrons produce scattered photons.
The typical NRF measuring setup uses HPGe detectors due to the narrow
energy width of the resonances. For the requisite MeV range of photons, these
detectors provide both excellent resolution and great intrinsic efficiency.
However, because the HPGe's typical energy resolution is roughly 2 keV, which
is 3 to 6 orders of magnitude wider than the NRF level, far superior energy
resolution detectors are required. Unfortunately, even with HPGe detectors,
there is another constraining factor: detection rates. HPGe detectors have a
typical maximum counting rate of roughly 10 kHz. An NRF interaction, on the
other hand, provides a high background that rapidly boosts the counting rates
when employing the available photon sources. The type of photon source is
limited by the rate constraint of HPGe detectors. Estimating the photon's energy
is essential for NRF measurements. A pileup event, or accumulation, occurs in
the detector if the scattered photon rate is too high. This pileup lowers
measurement quality by eliminating events from the peak and increasing the
background levels. A continuous photon source on the time scale of detector

response time is widely utilized to minimize the problems of pileup events
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(time structure faster than a microsecond). As a bremsstrahlung gamma-ray
source, a CW electron beam is usually utilized. Unfortunately, because most
electron accelerators are pulsed, with a temporal structure on the millisecond
scale, this constraint limits the research facilities in which these measurements

may be performed.

41.2.2 The Scintillation detectors

Although scintillation detectors may operate at frequencies up to MHz,
their energy resolution is an order of magnitude poorer than the HPGe
detectors [175]. The development of lanthanum halide scintillation detectors
has been influenced by recent developments in scintillation materials, resulting
in improved energy resolution. We preferred the LaBrs(Ce) scintillation
detector due to a better energy resolution, 2.7% at 0.662 MeV, than the Nal(T1)
scintillation detector, whose typical energy resolution is approximately 6% to
8% at 0.662 MeV. In addition, the availability of a high counting rate of the
LaBrs(Ce) scintillation detector due to the short decay time is suitable for our
measurement. The intrinsic radiation of the LaBrs(Ce) scintillation detector
contributes significantly to the background radiation in the region below 1.6
MeV [176], which is far below our energy of interest (~ 5.5 MeV). On the other
hand, scintillation detectors run at room temperature, and detector arrays make
it simple to create large detection areas. Consequently, the LaBrs(Ce) detectors
meet several criteria for a reliable NDI detection system in NRF measurements
with the LCS gamma rays, despite their low energy resolution. Another
essential factor that should be considered is the detector time resolution,
especially when the photon source has a noticeably fleeting time structure
(nano-second scale). The time resolution of the LaBrs(Ce) detectors is around

300 ps, whereas the time resolution of the HPGe detectors is about 500 ns.
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4.2 CT Sample description

A cylindrical aluminum container of 20 mm in height and 25 mm in
diameter was used as a specimen holder for the CT sample in all of the
experiments in the current dissertation. Three circular holes of a similar size of
6.1 mm were drilled into the holder body at a pitch angle of 120°. Different
types of materials have been used to conduct the experiments, such as iron (Fe)
and aluminum (Al). In addition, two enriched lead isotopes (**Pb purity >
93.3% with less than 1% of 2%Pb and 2%Pb purity > 97.8% with less than 1% of
26Pb). Furthermore, some of the holder apertures were left empty, and the air
was considered a material among the examined materials. These varied
materials were filled inside the holder's body in a different arrangement
according to each requirement goal. These arrangements will be discussed
further in the following chapters of this dissertation. Figure 4.5 shows the (a)

structure and (b) a photo of the CT sample holder.

20mm

25mm

4

6.1 mm

Figure 4. 5. (a) CT sample holder structure. (b) CT sample picture
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5 ISOTOPE IMAGINING IN TWO-DIMENSIONS

5.1 Overview

The goal of this work was to verify the isotope selectivity of the NRF — CT
imaging technique for two different enriched lead isotope rods (**Pb and 2*Pb).
Because these two materials have the same gamma-ray attenuation in atomic
processes, the standard CT imaging techniques based on the atomic attenuation
of gamma rays cannot differentiate them. Since the NRF cross-section at 5.512
MeV of 2%Pb is 2 times wider than that at 5.292 MeV, the energy of the gamma-
ray beam was raised to permit excitation of J* = 17 state at 5.512 MeV of 2%Pb.
In comparison to the prior system [127], we were able to generate a 10-fold
intensity of the LCS gamma-ray beam after upgrading the laser source to a new

one with advanced capabilities.

5.2  The experimental procedures for the 2D NRF — CT imaging

52,1  The CT sample and scanning plan in 2D

The cylindrical aluminum holder was utilized as a CT sample after filling
two of its apertures with two rods of 2Pb and 2%Pb, while the third aperture
was left as an air vacancy. Each lead rod was cylindrical, measuring 6 mm in
diameter, 18 mm in height, and 6 gm in weight. The sample was positioned on
a controllable two-axes traveling stage for scanning in 2D. The scanning was
performed in the horizontal direction (x-direction) with a step size of 2 mm in
the range of —14 to 14 mm, and in the rotational direction (6-direction), with
30° increments from 0° to 150° around the y -axis. Figure 5.1 shows the
scanning geometry of the sample in both directions of (x and ). In addition to
one scan in the absence of the investigated sample, 90 data points, (15 steps
along x-direction x 6 steps along 6 -direction), were acquired. The average

measurement time for a single position of scanning was 40 minutes, and the
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overall measurement time for the 2D NRF — CT image was 60 hours. Table 5.1

summarizes the scanning procedures for the NRF isotope CT imaging in 2D.

6 direction
x <
00

z
rotation axes (y)

SN— g
LN HON© oA
’

25Ph 206Pb Air Al +14mmp?”

Figure 5. 1. CT sample geometry for the NRF — CT imaging in 2D, including scanning

geometry in the x-direction and 6-direction

Table 5.1 Scanning procedures for the CT sample in 2D

Step size Range No. of points
0 30° 0°~150° 6
x 2 (mm) —14 ~ + 14 (mm) 15
Acquiring Time for one position 40 minutes
Overall measurement time 60 hours

5.2.2  The parameters of the LCS gamma-ray beam

We employed the Tm-fiber laser source with a typical power of 36 W (CW)
with random polarization to generate an LCS gamma ray with a maximum

energy of 5.54 MeV via a head-on collision with an electron beam at a
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maximum energy of 746 + 1 MeV and beam current of 300 mA at the UVSOR —
III storage ring's beamline BL1U. The energy of the generated LCS gamma-ray
beam was able to excite the /™ = 1~ state at 5.512 MeV of 2%Pb. To define the
LCS gamma-ray beam diameter and energy on the sample, we used a lead
collimator with a 1 mm diameter hole. Therefore, the diameter of the LCS
gamma-ray beam at the sample was approximately 1 mm. Before the
collimator, the flux of the LCS gamma-ray beam was estimated to be 1.15 x 10°
photons/s with a 100% energy bandwidth at the FWHM. After the collimator,
the LCS gamma-ray flux was calculated using the EGS5 Monte Carlo simulation
code [172] to be 5.5 photons/s/eV at maximum energy 5.54 MeV with 1.1%
energy bandwidth at the FWHM.

5.2.3 Detectors

The measuring setup of the present experiment included four types of
detectors: a plastic scintillator (Pl), an HPGe, a LaBrs(Ce) detector, and a flat
panel detector (FPD). The PI scintillator with a 5 mm thickness, manufactured
by OHYO KOKEN KOGYO Co., Ltd. In Kumagawa, Fussa City, Tokyo, Japan,
was used to measure the flux of the incident LCS gamma-ray beam. To measure
the scattered gamma rays from the witness material, two HPGe detectors with
efficiencies of 120%, manufactured by AMETEK ORTEC, Tennessee, USA, and
130%, manufactured by Mirion Technologies (CANBERRA), Connecticut, USA,
were used. The efficiencies of the HPGe detectors were relative to a 3" 3" Nal(Tl)
scintillator. The energy calibration of the HPGe detectors was conducted using
energy lines coming from the natural background gamma rays of 2*T1 (2614.5
keV) and “K (1460.8 keV). The energy calibration was extrapolated to the
energy line of 5.512 MeV with a 2- 4 keV deviation, which was validated by
both the energy peak of 5.512 MeV and its single escape at 5.001 MeV. The
3.5” x 4” LaBrs(Ce) scintillation detector, manufactured by SAINT-GOBAIN,

Courbevoie, France, was employed to measure the flux of the transmitted
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gamma rays from the witness material, which was used to evaluate the atomic
attenuation in the CT sample. The position of the gamma-ray beam and CT
sample was verified using the FPD detector. The spectra of all detectors were
recorded using an 8-channel digital signal processor (APU8008) manufactured
by Techno-AP Co., Ltd. Mawatari, Hitachinaka-shi, Ibaraki, Japan, and a
conventional multichannel analyzer (MCA8000D), manufactured by Amptek,
Deangelo Dr, Bedford, MA 01730, USA. The dead time of each of the detectors

was less than 1% of the total real time.

524  Experimental set-up

Figure 5.2 shows the experimental setup of the NRF — CT imaging in 2D.
The collimated LCS gamma-ray beam was injected into the CT sample after
passing through the Pl scintillator detector. The Pl was installed 145.5 cm
downstream of the collimator. The CT sample, which was positioned on the
controllable traveling stage, was 198.5 cm downstream of the collimator. The
witness target was manufactured from the isotope of interest (**Pb) with a
purity greater than 97.8 % with a longitudinal length and diameter of 12 mm
and 6 mm, respectively. The transmitted gamma-ray photons beyond the CT
sample were then projected onto the witness target, which was 43 mm
downstream from the CT sample on the LCS gamma-ray beam path. The two
HPGe detectors were positioned at an angle of 120° to the LCS beam axis. The
LaBrs3(Ce) detector was placed 113 cm downstream from the CT sample to
receive the photons transmitted by the witness target. A bismuth attenuator (Bi
absorber) with a thickness of 10 cm was placed in front of the LaBrs(Ce)
detector crystal surface to prevent pile-up events caused by the high flux of the
LCS gamma rays. We used bismuth as an absorber because of its high density.
In addition, in the NRF — CT imaging technique, we measure the scattered NRF
gamma rays from a witness material made from the isotope of interest, such as

the lead isotope *®Pb in our experiments. If we used lead material as an
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absorber, the NRF gamma rays would be contaminated by the NRF gamma rays
scattered from the absorber material. Therefore, it is preferable to avoid using
the isotope of interest material as an absorber. Other high-density materials,
such as tungsten, can be used as absorbers as well. However, bismuth is less
expensive than tungsten. The FPD was likewise placed in front of the LaBrs(Ce)
detector at 60 cm from the witness target. Figure 5.3 shows a photo of the
experimental setup during the experiment at the beamline BL1U in the UVSOR
facility.

Witness target LaBr;(Ce)

shields (205Pb)

Colllmator (1mm)

. >

PL scmtlllator CT sarnple

Bi absorber

Figure 5. 2. Schematic of the experimental setup of the 2D NRF — CT imaging
technique at the beam line BL1U in the UVSOR — III facility

Figure 5. 3. Photo of the experimental setup to measure the 2D NRF — CT at the beam
line BL1U in UVSOR — III
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5.3 Results and discussion of the 2D NRF — CT isotope imaging

In the following steps, we will use the gamma-ray transmission factor
measurements to measure an isotope selective CT image of the 2%Pb
distribution buried within an aluminum holder, considering both atomic effect
and nuclear resonance attenuation. Increasing the number of the scanned
positions by employing an LCS gamma-ray beam (1 mm) with a scanning step
of 2 mm in the x-direction, resulted in a clear image with higher spatial
resolution compared to prior investigations conducted by H. Zen et al. [127].
The difference between the NRF yields obtained with and without the CT
sample is used to determine the depth of the notch in the spectrum of
transmitted photons through the sample caused by the isotope of interest
(figure 5.4). However, these NRF yields are affected by atomic attenuation as
well as nuclear resonant attenuation in the investigated sample [177]. The
attenuation produced by atomic processes partly influences the transmission

of incident gamma-ray photons through the measured sample.
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Figure 5.4. Energy distribution of the LCS gamma-ray beam along the beam path

The energy spectra obtained with the LaBrs(Ce) detector and the PL
scintillator, respectively, are shown in figures 5.5 and 5.6. The colored area in
each spectrum stands for the region of interest (ROI). The LaBrs(Ce) detector's
energy resolution was sufficient to discriminate between the LCS gamma-ray
peak and its single escape. As a result, the ROl was chosen to cover the energy
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range of 5260 to 5885 keV in order to include the whole energy peak. In
contrast, the PL scintillator exhibited limited energy resolution and no visible
peak in the spectrum. Therefore, the ROI was chosen to cover channels 650 to
7100 to get the relative flux of the incident LCS gamma-ray photons. For each
measurement circumstance, the ROI's integrated count was divided by the

measurement system's live time.
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Figure 5. 5. Typical spectra recorded by the LaBrs(Ce) scintillation detector
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Figure 5. 6. Typical spectra recorded by the PL scintillator
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The transmission factor of the off-resonance gamma ray is a function of the
CT sample's rotation angle () around the y-axis and its horizontal location (x)
along the x-axis. Therefore, it can be calculated using the formula below for

each scanning position (x, 8) as:

-5, < pave x| Eq. (5.1)

ave

Eoff = €

where €, is the transmission factor of the off-resonance gamma rays, (14/p)ave
is the mass attenuation coefficient on average, paye is the average density, and
L is the length of the path through the sample [127,178]. The transmitted
gamma rays were attenuated by the bismuth attenuator, but this absorption
was neutralized throughout the treatment. The normalized count rate of the
transmission detector was calculated by dividing the count rate of the LaBrs(Ce)
detector by the total integrated count rate of the PL scintillator. As a result, the

€ofr at each position is as follows:

Cofr (sample on)
= Eq. (5.2
Eort Coss (sample off) q-(52)

where, Co¢ (sample on) is the normalized count rate of the transmission
detector in the presence of the sample, and C,¢ (sample off) is the normalized
count rate of the transmission detector in the absence of the sample. Because
the ROI was 4-5 orders of magnitude broader than the NRF resonance, the
effect of resonance attenuation on the yield recorded by the LaBrs(Ce) detector
was insignificant and can be neglected. The acquisition time of the
measurements for each position was insufficient to obtain the requisite high
statistics of the recorded spectra by the HPGe detectors. Therefore, each
spectrum was compressed with a numerical re-binning process along the
energy axis from 1 keV per channel to 2 keV per channel. Furthermore, to

maximize statistics, each two-spectrum recorded by the HPGe detectors in one
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position (x,0) was summed up into a single spectrum with a 2 keV energy
interval. Figure 5.7 shows a spectrum generated by merging two energy
spectra recorded with the two HPGe detectors. There were several energy levels
appear in the spectrum, including the NRF level of the ?®Pb at the energy of
5512 keV, in addition to two clear energy levels at 1460 keV and 2614 keV that

originated from the naturally unstable isotopes of “K and 2T, respectively.

1460 keV

2614 keV

5512 keV

102 .

10t

T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000 8000
Energy (keV)

Figure 5.7. Combination of two spectra recorded by the HPGe detectors with 2 keV
energy intervals

Figure 5.8 shows a zoomed-in plot of the region around the energy level of
the NRF of 2%Pb at 5512 keV. The NRF peak's FWHM values were 7.6, 7.8, and
8.8 keV for the 120% HPGe detector, 130% HPGe detector, and merged spectra,
respectively. A least-squares Gaussian function was used to fit the NRF peak of
28Pb at 5512 keV. The area under the peak was used to determine the NRF
yield. The ROOT C++ scripts [179] were used for all data analysis and

calculations in this investigation.
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Figure 5.8. The NRF peak corresponding to the 5512 keV level of 25Pb

The normalized NRF count rate can be calculated by dividing the NRF yield
by the measurement live time and then normalized by the total count of the PL
scintillator. The transmission factor at the resonance energy is a function of the
rotation angle (#) and the horizontal location (x). Therefore, it can be
calculated using the formula below for each scanning position (x, 8) during the

measurements:

Eon = e[_((%)ave X Pave X L + ONRF X Nt) ] Eq ( 53)

where €, is the transmission factor at the resonance energy, oygr is the isotope
of interest's NRF cross-section, and N; is the nuclide of the sample's areal
density in the direction of the LCS gamma-ray beam. The €, at each position

can also be stated as follows:

_ Con (sample on)

Eon Eq. (5.4)

"~ C,, (sample off)

where the normalized NRF count rate obtained in the presence and absence of

the sample, respectively, is denoted by C,, (sample on) and C,, (sample off).
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We assume that the atomic effect causes the same attenuation of resonant
photons as it does for beam photons. We converted the transmission factor to
a logarithmic expression and calculated nuclear resonance attenuation by
subtracting atomic attenuation using the following equation to obtain the

NRF — CT image of the isotope of interest:

_ln(SNRF) = _[ln (Son) —In (Soff)] Eq (5-5)

Because the number of isotope or scattering sources in the CT sample is
proportional to the sign-inverted natural logarithm of the attenuation factor

[-In(€)], the images in 2D — CT are reconstructed using the sign-inverted

natural logarithm of the attenuations [—In(Exgrg), —In(Eyy), and —In(Eqyg)].

Reconstruction algorithm

Two kinds of CT reconstruction algorithms could be used for the NRF — CT
images: an analytical algorithm and an iterative algorithm. The analytical
algorithm has the advantage of being fast, but when there are few observation
angles, significant disturbances, or "artifacts," degrade the quality of the
reconstructed images. Artifacts are commonly generated during the sample
scanning process because of the limited number of observation angles. Due to
the limited number of measured projections in the studies of this dissertation,
one of the iterative algorithms, called the algebraic reconstruction technique
(ART) [180 — 182], was employed for the image's reconstruction. The ART
algorithm is defined as a sequential approximation method for image
reconstruction from a series of projections (sinogram). Since attenuation in
NRF — CT is always positive in principle, it is preferable for the CT
reconstruction algorithms used for image reconstruction to be free of non-
negative restrictions, such as the ART algorithm. To implement the ART

algorithm, the data points within the sinogram were processed in a series of
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steps as follows: First, we created a primary image in the form of a 2D matrix
with zero value in each cell. The primary image was given the name
image, (x,y). The number of cells in the matrix was figured out based on the
projection numbers obtained throughout the sample scanning. In our study,
each primary matrix was in the dimensions of 14 x 14. If the symbol character
k refers to the primary image's iteration number, then the processed image with

k iterations for the primary image is first rotated by the observation angle as:
image,(x,y) = Agj,k [x cos 6; —ysinb;,xsinb; +ycos 6?]-] Eq. (5.6)

If Agj(x,y;) and p(x,6;) are the projections corresponding to the x-axis,
and observation angle 6;, respectively, and where N is the number of data
points in a single projection date, the difference matrix Dg;,(x,y) can be

calculated as:

1

N
Dok, y) =+ p(x6;) - ZAej,k(x, )’i)] Eq. (5.7)
i=1

If the matrix Dg(x,y) has no y dependence, the difference matrix in

equation (5.6) is rotated back as:
ng,k(x, y) = D;,j,k (x cos 0j +ysinf; —xsin6; +y cos 0]-) Eq. (5.8)

At the current step, the image starts to be constructed. The reconstructed
image for the next iteration (k + 1) can be calculated by adding the summation

of the difference matrix as the following formula:

M
r ,
image+1)(x,y) = image,(x,y) + ;Z Dej,k(x, y) Eq. (5.9)
j=1

where 7 refers to the relaxation parameter used to control the strength of the

teedback, and n is the total number of observation angles. The value of r
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should be smaller than one. Therefore, it was set as 0.7 in the CT reconstruction
of the NRF — CT images for the studies in this dissertation. The convergence of
the reconstruction is evaluated by the root-mean-square-difference (RMSD)
between reconstructed images of the iteration k and the iteration (k + 1) is

given by the following formula:

N N
1
RMSD = mz Z[image(kﬂ) (xi,y;) — imagey(x;, y;)] Eq. (5.10)

i=1j=1

Subsequently, the iteration process for the image will continue until the
value RMSD gets smaller than the user-specified value. At that point, the
iteration process will be stopped and the final reconstructed image
image(+1)(x,y) can be obtained. The developed ART algorithm requires
matrix rotation using the previous equations. This matrix rotation is
astonishingly easy and may be applied to any size of the reconstructed image
or projection data. However, when the quantity of data points is minimal, the
matrix rotation's accuracy suffers. To address this issue, we included two
additional steps before and after reconstruction. These two steps are the
preprocessing and the postprocessing stages [127]. During the preprocessing
stage, we split the attenuation value of each projection point into a minor grid
of a certain number of points to increase the points within the matrix. As a
result, the matrix rotation's precision will be enhanced. In our case, each
projection data point was divided into 4 points with the same value as the
original grid point before the division. Consequently, the spatial frequency of
the data fed into the ART reconstruction procedure was artificially boosted
fourfold. Once the image reconstruction is complete, we restore it to the initial
resolution by implementing the postprocessing stage, which combines all 4 X 4
points in the reconstructed image. Therefore, the resulting reconstructed image

will have the same grid size as the original projection data. Figure 5.9 shows a
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schematic for both the preprocessing and postprocessing stages during the CT
reconstruction using the ART reconstruction algorithm. Our research group at
Kyoto University developed a framework in LabVIEW software (National

Instruments, Austin, Texas, USA) to reconstruct CT images based on the ART

algorithm.
—X 4 2 0 2 -4 + X
pre-processing post-processing

1 1
JE BN

Figure 5.9. A flowchart for both preprocessing and postprocessing steps of a CT

reconstruction using the ART algorithm

Three reconstructed images (14 X 14) with a pixel size of 2 mm were
created. The geometry of the CT sample utilized in this investigation is shown
in figure 5.10 (a). The reconstructed gamma — CT image due to the off-
resonance attenuation measured by the LaBrs(Ce) detector is shown in figure
5.10 (b). These images clearly display two regions of strong attenuation
generated by the atomic process, which correspond to the locations of the
enriched lead isotope rods (*®Pb and 2*Pb). Because the intensities at the 2Pb
and 2°Pb rod’s locations within the CT sample measured via atomic attenuation
were virtually equal, distinguishing between these two isotopes was nearly
impossible. Figure 5.10 (c) shows the reconstructed image of the on-resonance
gamma-ray attenuation measured from the calculation of the transmission
tactor In(€,y,). While the 2%Pb rod was clearly visible, the 2%Pb rod, while visible,

was fainter. The absolute magnitude of the on-resonant attenuation
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(=In(€,p) = 0.23) at the 2Pb rod position was approximately 3 times as high

as that of the off-resonant attenuation (—In(€,¢) = 0.08). In contrast, the on-

resonant attenuation at the 2°Pb rod position was nearly equal to that of the off-

resonant attenuation, implying that the 2°Pb intensity seen in figure 5.10 (c)

might be attributable to atomic attenuation. Figure 5.10 (d) shows the

reconstructed CT image of the NRF attenuation distribution (pure NRF) caused

only by the 2Pb isotope. While the 2%°Pb rod is just slightly visible in figure 5.10

(), it totally disappeared here. On the other hand, the white area refers to the

location of the 2%Pb rod.

(a) CT sample geometry
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Figure 5.10. Geometry of the CT sample under investigation. Reconstructed CT

images of (b) atomic absorption, (c) on-resonance, and (d) pure NRF

From the obtained images, we conclude that the NRF — CT imaging

technique can clearly differentiate between the two enriched lead isotopes

(*%Pb and *°Pb) hidden inside the same volume and that isotope-selective CT

107



CHAPTER 5 ISOTOPE IMAGINING IN 2D

imaging is achievable. Because a 2D NRF — CT image of a sample with a
diameter (height) of 25 mm (20 mm) with a resolution of 2 mm/pixel took
about 60 hours to be created, a 3D NRF — CT image of the same sample with
equal pixel resolution should take roughly ten times as long (600 hours). For
the NRF — CT imaging technique to be used in industrial applications, at least 3
orders of intense gamma-ray flux and an immense number of detectors must
be provided. Furthermore, the current sample's NRF level (J® = 1~ state at

5.512 MeV) in 28Pb has a large NRF cross-section, I'° = 28.3 [107], whereas a

+
standard NRF level, i.e., JT = (g) state at 2.212 MeV in Al (I'° = 17.1 meV)

has a 3 order smaller NRF cross-section [183]. As previously stated, the ELI —
NP in Romania is now constructing a new facility for LCS gamma rays [166].
The LCS gamma-ray beam's spectral density flux is projected to be in the
5 x 10% photons/s/eV zones, allowing for practical usage of the NRF — CT

imaging technique.
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6 ISOTOPE IMAGING IN THREE DIMENSIONS

6.1 Overview

In principle, if a 3D visualization of a particular isotope hidden inside an
assay volume is available, the hidden isotopes are fully perceived. In the
preceding study of this dissertation in Chapter 5, we performed the NRF — CT
proof-of-experiment for isotope selective imaging using an LCS gamma-ray
beam accessible at the UVSOR —III facility's beamline BL1U [173]. We
measured a 2D NRF — CT image of a 2®Pb rod implanted in a specimen holder
manufactured from aluminum based on the NRF transmission method. The
reconstructed image had a resolution of 2 mm/pixel and an acquisition time of
60 hours. Obviously, the NRF — CT imaging technique is time-consuming.
Therefore, we should clarify the limitations of the NRF — CT imaging technique
for isotopes using the LCS gamma-ray beams to perform the imaging in 3D
under the current experimental conditions of the UVSOR —III facility and
improve the measurement and analysis procedures accordingly. In the present
study of this dissertation, we demonstrate the NRF — CT imaging technique in
3D with three layers of 2D NRF — CT images within the time constraints of the
machine (60 hours). To accomplish this, some upgrades in the previous
system's experimental setup were made, including increasing the flux intensity
of the LCS gamma rays and lowering the number of scanning steps for the 2D

images in each layer of scanning.

6.2 The experimental procedures for 3D NRF — CT imaging

6.2.1  The upgrading in the LCS gamma ray’s source

The experiment of isotope selective CT imaging in 3D was also
conducted at the beamline BL1U in the UVSOR — III facility. Similarly, the LCS
gamma rays were generated by a head-on collision between the randomly

polarized intensive laser beam generated by the Tm-fiber laser source (50 W,
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CW) and the high-energy electrons in the UVSOR — III storage ring (electrons
energy of 746 £ 1 MeV and beam current of 300 mA) in the top-up mode
[148]. In the present condition of the experimental setup, the maximum energy
of the generated gamma rays was 5.54 MeV with a 100% energy bandwidth at
the FWHM and a total flux of 1.15 X 10® photon/s before collimation. This
maximum energy, as mentioned, is capable of exciting the state /* = 1~ at
5.512 MeV in 2%Pb [107]. A lead collimator (20 cm X 10 cm X 10 cm) with a
hole diameter of 2 mm was positioned in the LCS gamma-ray beam path to
define the LCS beam diameter and the energy spectrum in the investigated
sample. The gamma-ray flux density flowing through the collimator was
determined to be 10 photons/s/eV at the resonance energy of 5512 keV, as
calculated using the EGS5 Monte Carlo simulation code [172]. The duplication
of the gamma-ray flux density in the current setup was due to the utilization of
a collimator with a hole diameter twice that of the earlier collimator [173].
Table 6.1 summarizes the upgrades to the LCS gamma-ray source during the

current experiment.

Table 6.1. The upgrading in the LCS gamma rays’ source for NRF — CT imaging
technique from 2D to 3D

LCS beam parameters 2D NRF - CT 3D NRF - CT
LCS beam diameter 1 mm 2 mm
e~ energy 746 + 1 MeV 746 + 1 MeV
e~ current 300 mA 300 mA
Inputs
Laser power 36 W (CW) 36 W (CW)
Laser wavelength 1.896 um 1.896 um
Polarization Random Random
Outputs LCS intensity 5.5 photons/s/eV 10 photons/s/eV
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6.2.2  CT sample and scanning plan in 3D

The sample container was the same cylindrical aluminum holder described
in Section 4.2 of Chapter 4. The sample holder's apertures were filled with a set
of cylindrical rods measuring 6 mm in both diameter and height. One of the
enriched lead isotope rods (**Pb) was inserted in the bottom hollow of hole 1,
followed by a Fe rod, and the third hollow was left unfilled. One of the enriched
lead isotope rods (**Pb) was placed at the bottom of hole 2, followed by a
hollow Al rod and a 26Pb rod. The bottom of hole 3 was filled with a 2Pb rod,
followed by a Fe rod and a **Pb rod at the top. Figure 6.1 shows the

arrangement of the rods within the sample holder.

20 mm  ===—————>

P [ ——

Figure 6.1. The CT sample used in 3D NRF — CT imaging consists of a set of dissimilar
materials (**Pb, 25Pb, Fe, Al, and Air) implied in a thick aluminum holder

The sample was mounted on a three-axis controllable traveling stage
that could scan in three directions: vertical (z), rotating (8), and horizontal (x).
Figure 6.2 shows the CT sample's scanning directions. We choose the smallest
number of scanning locations and step sizes in each scanning direction that will
allow us to obtain a 3D NRF — CT image with an adequate resolution by
utilizing the available LCS gamma rays while considering the CT sample

geometry and the machine time constraints. Since the gamma-ray beam
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diameter (2 mm) was half the size of the reconstructed image’s pixels, it was
sufficiently smaller than the item being investigated (6 mm). Because there
were 3 rows of rods in the z-direction, 3 layers were chosen at the vertical
distances of z = 3, 11, and 17 mm measured from the sample holder bottom to
reconstruct the 2D NRD — CT image for each horizontal row of rods. The sample
was rotated around the rotational axis (f) with an angle step of 30° from 0° to
150°. The scanning was also conducted in the x-direction, with a step size of 4
mm in the range of —12 to +12 mm. Therefore, we recorded 126 data points of
measurements (7 steps along x-direction, 6 angles along 6-direction, and 3
layers along z-direction). In addition, we recorded one data point for each
horizontal scan in the x-direction in the absence of the investigated sample
from the LCS beam path. As a result, a total of 144 positions were scanned with
an average measurement time of 20 minutes for each position, and a total
measurement duration of 48 hours. Table 6.2 summarizes the scanning

procedures for the NRF — CT isotope imaging in 3D.
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Figure 6. 2. Scanning geometry of the NRF — CT imaging in 3D

112



CHAPTER 6 ISOTOPE IMAGINING IN 3D

Table 6.2. The scanning procedures for NRF — CT imaging in three dimensions

Direction Step size Range No. of points
0 30° 0° ~150° 6
X 4 mm —12 ~+ 12 mm 7
VA @z=311,17 mm 3 Layers
Acquiring Time for one position 20 minutes
Overall measurement time 48 hours

6.2.3  Experimental set-up

The experimental setup for the isotope selective CT imaging in 3D was
comparable to the preceding setup [173] except for the inclusion of one
dimension of scanning in the z-direction. Figure 6.3 shows a schematic
diagram of the experimental setup. One recommendation for reducing the
acquisition time of the measurements was the ability to control the scanning
process, data analysis, and storage of the recorded spectra automatically.
Therefore, we developed an automated scanning system that was programmed
with LabVIEW software. The scanning system includes: (i) a controller for the
traveling stage in 3D; horizontal (x), vertical (z), and rotational (8), (ii) a live
data processing system, and (iii) storing for the recorded spectrum. The lead
collimator was positioned in the path of the LCS gamma-ray beam. The flux of
the incident beam was measured using the Pl scintillator detector installed 1.6
meters downstream from the collimator. The CT sample was positioned 2.14
meters downstream from the collimator. The transmitted gamma rays were
injected into the sample after passing through the Pl scintillator. The LCS
gamma-ray beam then irradiated a witness material (**Pb) in diameter and
height of 6 mm located 0.65 meters far from the CT sample. Two HPGe

detectors (100% and 130%) were placed in two positions at an angle of 120° to
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the gamma-ray beam axis and at a vertical distance of 8 cm from the witness
material. Like in the earlier study [173], the HPGe detectors were utilized to
measure the scattered NRF gamma rays from the witness material. To protect
the HPGe detectors from the photon buildup and reduce the dead time, heavy
lead shields were installed around the gamma-ray beam axis. In addition, lead
absorber plates with a thickness of 6 mm were inserted between each HPGe
detector and the witness material. We measured the flux of gamma rays
transmitted from the witness material using the LaBrs(Ce) scintillation detector
placed 0.4 meters downstream from the witness material to evaluate the atomic
attenuation in the investigated sample. To prevent signal pile-up on the
LaBrs(Ce) detector, a bismuth absorber with a thickness of 10 cm was placed in
front of the detector. The gamma rays transmitted from the witness target were
attenuated by the Bi absorber, but this attenuation was negated during image
reconstruction. The signals from each detector were independently recorded

by a multichannel analyzer, USB-MCA4 (APG7400).

Witness target LaBr;(Ce)

shields (205Pp)

Collimator (2 mm)

_-I—.j%( o/—> --

Pl scintillator CT sample

Bi absorber

Figure 6. 3. Schematic of the experimental setup of the 3D NRF — CT imaging
technique at the beam line BL1U in the UVSOR — III facility

6.3 Results and discussion of the 3D NRF — CT imaging

The numerical method used to measure the 2D images for each layer
measured in the z-direction was detailed in Chapter 5 of this dissertation.
Therefore, we will discuss it in less detail in this section, but in accordance with

the current measurement conditions. The 2D NRF — CT images of the 2*Pb rods
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for each layer in the z-direction were obtained by measuring the gamma-ray
transmission factors, which included the effects of atomic absorption and
nuclear resonance attenuation [173]. Figure 6.4 shows a typical LCS spectrum
recorded by the Pl scintillator. Because the Pl scintillator had no energy
resolution within the 5 MeV region, the ROI was chosen in a wide channel
range from 50 to 7000, to measure the relative flux of the incident gamma ray

beam.

10 4

Count rate

0.1
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0.001 +————1——7— L
0 500 1000 1500 2000 2500 3000 3500 4000
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Figure 6. 4. Part of the spectrum recorded by the PL scintillator (0: 4000 channel)

Figure 6.5 shows a typical energy spectrum recorded by the LaBrs(Ce)
scintillation detector. The ROI, shown by the colored area, covered the energy
range from 5.36 MeV to 5.885 MeV to consider the counts under the full energy
peak. By integrating the counts in the ROIs and dividing them by the
acquisition live time, we determined the count rates of the PL scintillator and
the LaBrs(Ce) detector for each location of scanning (x, 8). Then, we calculated
the €,¢ according to the following: The count rate of the LaBrs(Ce) transmission
detector was divided by the total integrated count rate of the PL scintillator
within the ROI. The €,¢ was calculated by normalizing the count rate of the
transmission detector in the presence and absence of the CT sample. The
influence of resonance attenuation on the yield measured by the LaBrs(Ce)
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detector was likewise minimal in this investigation, as the ROI was 4-5 orders

of magnitude broader than the resonance attenuation.
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Figure 6. 5. Typical gamma-ray spectrum recorded by the LaBrs(Ce) detector

The recorded spectra by the HPGe detectors were summed after the energy
axis was re-binned by 2 keV per channel to enhance the statics of the NRF signal
scattered from the witness material. Figure 6.6 shows a typical summed energy
spectrum by those detectors in the 2 keV energy interval. There were several
energy levels that clearly appeared in the summed spectra as follows: The NRF
level of 2%Pb at 5.512 MeV, another NRF level of 2®Pb at 5.292 MeV, the single
escape peak of the 2°Pb NRF level (5.512 MeV) at 5.001 MeV, the double escape
peak of the 2%Pb NRF (5.512 MeV) at 4.490 MeV, the naturally unstable
isotopes of 2¢T1 at 2.614 MeV, and the naturally unstable isotopes of “K at
1.460 MeV. The two energy lines of 1.460 MeV and 5.512 MeV have been used
to perform the energy calibration for the HPGe detectors. The NRF peak of 2%Pb
at 5512 MeV was fitted using the least-squares method of the Gaussian
function (figure 6.7 ). Thus, the NRF yield was calculated using the area
resulting from fitting. The normalized NRF count rate was derived by dividing

the NRF yield by the acquisition live time and the P1 scintillator's count rate.
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The €,, at the resonance energy was then calculated for each (x,6) by the
normalized NRF count rate obtained in the presence and absence of the
investigated sample. Furthermore, we followed the same calculation to
estimate the Exgrr which we detailed in Chapter 5 of this dissertation. Due to
the limited number of scanned projections in the current study, we also used

the ART algorithms for the image’s reconstruction.
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Figure 6. 6. HPGe detector spectra (summation of two spectra) in a 2 keV energy

interval
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Figure 6.7. Gaussian fitting for the 2Pb NRF energy level at 5.512 MeV
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Three images for gamma — CT, on-resonance attenuation, and pure NRF
attenuation were reconstructed with a resolution of 4 mm/pixel for each layer
of scanning in the z-direction. Figure 6.8 (a) shows a cross-sectional view of the
sample taken at z = 3 mm. It shows the rods **Pb and ?*Pb were inserted into
two holes of the holder, while a Fe rod was inserted into the third one. The
gamma — CT images of the off-resonance attenuation detected by the LaBrs(Ce)
detector are shown in figure 6.8 (b). The 2*Pb and 2®Pb rods correspond to the
two high-attenuation zones created by the atomic process. However,
differentiating between these two isotope rods is challenging due to the almost
similar atomic attenuations of both materials. The Fe rod vanished in the
gamma — CT image because the atomic attenuation induced by the Fe rod was
lower than that caused by the lead rods. Figure 6.8 (c) presents the distribution
of on-resonance gamma-ray attenuation. Although the 2®Pb rod was clearly
visible, the 2°Pb rod had a much lower intensity. Furthermore, the Fe rod had
almost vanished. After atomic attenuation is eliminated, figure 6.8 (d) shows
the NRF — CT image for the 2®Pb distribution. The **Pb rod was clearly visible,

while the other rods (**Pb and Fe) were almost invisible.
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Figure 6.8. (a) CT sample cross-sectional layer image at a vertical distance of z = 3 mm
(b) gamma — CT image, (c) on-resonance attenuation image, and (d) NRF — CT image
The rod’s configuration is shown in figure 6.9 (a) at a vertical distance of
z = 11 mm. This row of rods contains the rods of 28Pb, Fe, and Al, which are
placed into the sample holder’s first, second, and third holes, respectively. The
gamma — CT image, which indicates the high-attenuation zone owing to the
atomic process related to the 2Pb rod, is shown in figure 6.9 (b). The Fe and Al
rods vanished from the reconstructed image because their atomic attenuation
was smaller than that of the lead rod. In the on-resonance image as shown in
figure 6.9 (c) and the pure NRF image as shown in figure 6.9 (d), only the *Pb

rod was visible, while the Fe and Al rods completely vanished.
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(a) CT sample geometry
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Figure 6.9. (a) CT sample cross-sectional layer image at vertical distance of z = 11
mm (b) gamma — CT image, (c) on-resonance attenuation image, and (d) NRF — CT
image

The rod’s configuration is shown in figure 6.10 (a) at a vertical distance of
z = 17 mm. This row of rods contains 2%Pb, and 2°Pb, which are placed into the
sample holder’s first and second holes, respectively. The third drilled hole was
left empty. The gamma — CT image is shown in figure 6.10 (b). The **Pb and
208Pb rods correspond to the two high-attenuation zones created by the atomic
process, but the low intensity at the third hole refers to the empty space. The
distribution of the on-resonance is seen in figure 6.10 (c), in which the 2°Pb rod
was plainly visible, and the 2°Pb rod seemed blurry. Figure 6.10 (d) shows the
NRF — CT image of the 2%Pb distribution. The *®Pb was clearly apparent,

whereas the 2°°Pb rod and empty space were invisible.
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Figure 6.10. (a) CT sample cross-sectional layer image at vertical distance of z = 17
mm (b) gamma — CT image, (c) on-resonance attenuation image, and (d) NRF — CT

image

The NRF — CT imaging technique with isotope-selective capabilities, as
proven in previous work [173], can clearly differentiate between two enriched
lead isotope rods in the same investigated sample in 3D. In principle, any 3D —
CT image may be created by assembling a series of 2D — CT scanned at different
positions. Therefore, the 2D NRF — CT images produced in this investigation
were combined to create a single 3D NRF — CT image using the visualization
tool (MicroAVS) [184]. The visualized image had a horizontal resolution of 4
mmy/pixel and a vertical resolution of 8 mm/pixel. Figure 6.11 shows a single
view of the visualized 3D gamma — CT image captured at an oblique angle.
Figure 6.12 (a-1) shows a series of shots of the visualization captured at a side
angle of 20° from the movie of the 3D gamma — CT image (see Video S1 in the
supplementary information of the reference [185]). The five zones of high

attenuation caused by the atomic process, which correspond to the positions of
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the five lead rods inside the investigated sample, are clearly visible in these
series views. The atomic attenuation caused by the Fe rod, Al rods, or vacant
space, on the other hand, was non-existent, making pinpointing their positions

impossible.

Figure 6.11. A single view from the visualization of the 3D gamma — CT image
captured at an oblique angle in a resolution of 4 mm/pixel for the vertical plane and 8
mm/pixel for the horizontal plan.

Figure 6.12. (a — i) Consecutive views of the visualized three-dimensional movie of

the gamma — CT imaging due to the off-resonant attenuation
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Figure 6.13 shows a single view of the visualized 3D NRF — CT image
captured at an oblique angle. Figure 6.14 (a-i) shows a series of shots of the
visualization captured at a side angle of 20° from the visualized 3D NRF — CT
images caused only by the ?®Pb (pure NRF). These views clearly show the
locations of the three 2%Pb rods. In contrast, 2%Pb, Fe, and Al rods and the empty
areas were invisible (see Video S2 in the supplementary information of

reference [185]).

Figure 6.13. A single view of the 3D NRF — CT image caused by the distribution of
28Pb at a resolution of 4 mm/pixel for the vertical plane and 8 mm/pixel for the

horizontal plane.
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¢
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Figure 6.14. Consecutive views of the movie of the visualized 3D NRF — CT image for
the distribution of 2°Pb isotope

In the current study of this dissertation, we upgraded our measurement
system. Consequently, we demonstrated isotope-selective CT imaging based
on the NRF transmission method in 3D. The first presentation of the NRF — CT
technique in 3D led to widespread usage of the technique in nuclear safeguards.
It also aids in the quantification of hidden isotopes within the SNMs,
particularly by enhancing the quality of the acquired images. A single
3D NRF — CT image of the investigated sample with a horizontal pixel
resolution of 4 mm and a vertical pixel resolution of 8 mm for 3 vertical layers
took roughly 48 hours to acquire. Although the horizontal resolution of the
3D NRF — CT image in this study was lower than that of the 2D NRF — CT image
in the previous study (2 mm/pixel) [173], the improvement in the experimental
set-up was positively reflected in the image acquisition time. One of the aims

of this study was to see if the NRF — CT technique could be used in 3D with the
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existing experimental setup at the UVSOR — III facility. As a consequence, the
lack of image resolution acquired has not proven to be an impediment thus far.
The 3D NRF — CT imaging method is still time-consuming. However, several
solutions have been suggested to improve the image quality and reduce
measuring time. One of the possible options is to improve the detection system
by increasing the number of HPGe detectors used to measure the NRF signal
scattered from the witness material. Increasing the gamma-ray beam intensity
is another option. Although this is challenging under the current conditions for
the UVSOR — III facility, the ELI — NP project is currently being built as a new
LCS gamma-ray facility [166], with an expected flux density of the LCS gamma
rays of 500 times higher than the current one. This upgrade will offer new and
exciting possibilities in nuclear science research and 3D NRF — CT applications.
Furthermore, various approaches to enhance the quality of the measurements
based on a specific numerical treatment have been proposed. The employment
of these approaches depends on the combination of two different CT images
into a single image. We have already had success in developing this numerical
technique, which has resulted in an immensely substantial improvement in the
quality of the obtained 3D images without a considerable increase in
measurement time. The implantation of these treatments will be discussed in

greater depth in chapter 7 of this dissertation.

125



CHAPTER 7 FV TECHNIQUE

7 FUSION VISUALIZATION TECHNIQUE

7.1 Overview

In the first experimental study of this dissertation, we acquired an isotope-
selective CT image in 2D based on the NRF transmission method for the
distribution of enriched isotopes (**Pb and ?**Pb) inserted into a cylinder holder
made of thick aluminum. The resolution of the 2D NRF — CT image was 2
mm/pixel, and the data acquisition time was 60 hours [173]. As an outcome,
those isotopes could be clearly distinguished. In a subsequent study [185], we
added a one-dimensional scan in the vertical direction to measure an NRF — CT
image in 3D with horizontal and vertical resolutions of 4 and 8 mm/pixel,
respectively. The data acquisition time was 48 hours. In the case of the NDI for
the hidden isotopes within an assembly volume, scientific visualization
involves representing complex raw data as 2D or 3D images to understand the
shape of the hidden isotopes that may be overlooked by standard methods
alone. Increasing the image resolution acquired through the employment of the
NRF — CT imaging technique is critical for realistic applications. Upgrading the
detection effectiveness of the NRF measuring system and raising the gamma-
ray intensity are two possible approaches for improving image resolution while
maintaining a tolerable data acquisition time. However, applying these
approaches is challenging under the current conditions of the UVSOR — III
facility. Therefore, we developed an alternate technique that applied a
numerical treatment, called the fusion visualization (FV) technique [186 —
190], to enhance the quality of the NRF — CT images. We applied this technique
to the obtained 3D NRF — CT image in the previous chapter [185]. The term
"data fusion" refers to a numerical data processing technique that combines
multiple data sources to provide more meaningful, consistent, and accurate
information. In our case, the FV technique is based on the integration of

multiple data sources. One of the sources is the primary 3D NRF — CT image
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[185], which provides the necessary isotope distribution but has poor image
quality. Another data source is a 3D gamma — CT image in high-resolution
measured for the same sample at the UVSOR — III facility under comparable
experimental conditions, but with minor changes to the parameters of the LCS
gamma rays [191]. In the current chapter, we describe the numerical treatment
procedures of the FV technique to improve the quality of an isotope-selective
3D NRF — CT image. Furthermore, we evaluated a few alternative numerical

treatments for the FV technique and talked about the obtained image quality.

7.2 Experimental procedures

The images used for these treatments were obtained utilizing the available
LCS gamma-ray beams at the beamline BL1U in the UVSOR — III facility. Using
an LCS gamma-ray beam at low intensity, we first measured the 3D gamma —
CT image based on atomic absorption. Second, we measured the isotope-
selective 3D NRF — CT image based on the NRF transmission method using an
LCS gamma-ray beam in relatively high flux. In the following sections, after
describing the details of the 3D gamma — CT image, we will briefly describe the
experimental procedures for the 3D NRF — CT measurements because the
details of its experimental procedures were described in detail in the previous

chapter of this dissertation.

7.2.1 3D gamma — CT image measurements

Figure 7.1 illustrates the experimental setup used to measure the
3D gamma — CT image. A lead collimator (1 mm) was positioned in the path of
the LCS gamma-ray beam to define its diameter and energy spectrum on the
investigated sample. We operated the laser system at a typical average power
of 2.4 W to generate an LCS gamma-ray beam with an intensity of 7.6 x 10°
photons/s with 100% energy bandwidth at the FWHM before collimation

[192]. After collimation, the LCS gamma-ray beam’s properties were calculated
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using the EGS5 Monte Carlo simulation code [172]. The calculated flux was 0.7
photons/s/eV at a maximum energy of 5.54 MeV with a 1.1% energy
bandwidth at the FWHM. The beam diameter on the investigated sample was
almost the same as the size of the hole in the collimator: roughly 1 mm, due to
the modest divergence of the LCS gamma-ray beam (about 1073). The PL
scintillator placed 1.8 m downstream from the collimator was used to measure
the flux of the incoming LCS gamma-ray beam. After passing through the PL
scintillator, the transmitted gamma rays were injected into the sample, which
was mounted on the three-axis traveling stage 213 cm downstream from the
collimator. The LaBr3(Ce) scintillation detector positioned 0.82 m downstream
from the sample was used to estimate the flux of transmitted photons. This
transmitted flux was analyzed to measure the sample's atomic attenuation. A
5-cm thick Bi absorber was installed in front of the LaBrs(Ce) scintillation

detector to minimize the pileup events on the detector.

Collimator PL scintillator CT sarnple Bi absorber  LaBr;(Ce)

T

Figure 7. 1. The experimental setup to measure the 3D gamma — CT image

722 3D gamma — CT image scanning plan

We have used the same cylindrical aluminum container for the CT sample
as previously described in figure 6.1 with the same concealed rods, including
the isotope of interest (*®Pb). The developed scanning system, which was
implemented with LabVIEW software, was used to perform the scanning of the
3D gamma — CT imaging. The CT sample was scanned along three axes as

follows: (i) the vertical position (y) was fixed at a set position; (ii) 2D gamma —
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CT images were scanned in the x-direction along the range of —12 to + 12 mm
with a step size of 1 mm. The sample was scanned in each horizontal position
in the #-direction along the range from 0’ to 150" degrees with a step size of
30" degrees; (iii) (i) and (ii) were repeated for different vertical positions (y)
1to 22 mm with a step size of 1 mm. We gathered 3300 data points in the
presence of the CT sample by measuring 25 locations along the x-direction, 22
layers in the y-direction, and 6 rotational angles (). In addition, we measured
one data point for each scan in the x-direction in the absence of the CT sample.
Therefore, a total of 3432 data points were measured with an average
measurement time of 5 seconds per data point. The overall time needed to
obtain the 3D gamma — CT image from all data points was approximately 5
hours. Table 7.1 summarizes the scanning procedures for the 3D gamma — CT

image.

Table 7.1 The scanning procedures for NRF — CT imaging in three dimensions

Direction | Step size Range No. of points
0 30° 0° ~150° 6
X 1 mm —12 ~+ 12 mm 25
y 1 mm 0~21 mm 22
Acquiring time for one position 5 seconds
Total measurement time 5 hours

7.2.3 3D NRF — CT image measurements

We used an LCS gamma-ray beam with a relatively high flux to measure
the 3D NRF — CT image. As shown in figure 7.2, since the total flux of the
gamma-ray beam was proportional to the average power of the laser with a
proportional constant of 3.5 X 10® photons/s/W, we used the laser system with

a typical power of 36 W to generate the gamma rays. As a result, a total flux

129



CHAPTER 7 FV TECHNIQUE

higher than 10® photons/s with a 100% energy bandwidth could be generated.
We used a collimator with a hole diameter of 2 mm, which is twice as wide as
that of the collimator used for 3D gamma — CT image measurement. The flux of
the LCS gamma-ray beam traveling through the collimator was numerically
estimated using the EGS5 Monte Carlo simulation code [172], and thus, we
found that the flux density was 10 photons/s/eV and that the maximum energy
was 5.54 MeV with 2.9% energy bandwidth at the FWHM, which was able to
excite the J/® =1~ NRF level at 5512 MeV in 2%Pb. Although the isotope
imaging with the NRF — CT technique is time-consuming, we were able to
shorten the image acquisition time for each location during the scanning, which
had been measured in our earlier study by adjusting the CT sample scanning
pattern and increasing the LCS gamma-ray beam’s intensity flux [173]. The
overall time needed to acquire a 3D NRF — CT image was approximately 48
hours. The previous chapter gives more details on the experimental setup, the
CT sample scanning plan, and a schematic diagram of the 3D NRF — CT image.
Table 7.2 summarizes the difference in the LCS gamma-ray source for both

3D — CT images.

Flux for 3D NRF-CT imageg————=

LCS gamma-ray flux (Ph./s)

o
w
I

/F|UX for 3D gamma-CT image
|

0.0 L I
0 5 10 15 20 25 30 35 40

Laser source average power (Watt)

Figure 7.2. The average power of the Tm-fiber laser source vs the generated gamma-

ray intensity
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Table 7.2 The differences in the LCS gamma-rays’ source between the 3D NRF — CT
imaging and the 3D gamma — CT imaging

beam parameters 3D gamma — CT 3D NRF — CT
beam diameter 1 mm 2 mm
’Inputs
laser power 2.4 W (CW) 36 W (CW)
Outputs LCS intensity 0.7 photons/s/eV 10 photons/s/eV

7.3 Results and discussion of the FV technique

7.3.1 3D — CT primary images

In principle, CT imaging of objects can be performed by measuring the
decrease in the gamma-ray intensity passing through the scanned sample along
a series of linear pathways and angles. The amount of reduction is influenced
by the gamma-ray energy, path lengths, and linear attenuation coefficients of
the material. Therefore, one can obtain a gamma — CT image for a sample using
the gamma-ray transmission factor measurements of the €,¢, which originate
from the atomic effect. The methodologies for gamma — CT imaging techniques
are described in detail in Chapter 5 of this dissertation [173]. Since the height
of the CT sample holder was 20 mm, we divided the sample holder into 20
layers with a vertical spacing of 1 mm (figure 6.1). We also added two more
layers, one below the holder’s bottom and the other above it, for a total of 22
layers. The layers were given their names L1 to L22 at vertical distances of y =
—1 mm to y = 21 mm, respectively. As a result, we obtained one 2D gamma —
CT image (25 x 25) with a resolution of 1 mm/pixel for each row of rods in the
y-direction of scanning. The pixel size of the measured images was determined
by the scanning step in the x-direction. In total, 22 reconstructed 2D gamma —

CT images were obtained, which we named L1 to Log22. According to our

2 The laser wavelength, spectral linewidth, and beam quality were same in both experiments
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experimental setup conditions, layer L1 was beneath the sample holder, and
layer L2 was at the holder’s bottom edge. As a result, the LCS gamma-ray beam
failed to pass through the inserted rods. Accordingly, the reconstructed
gamma — CT images for the first two layers Lyg1 and Lyg2 did not show any
characterization of the hidden rods. The cross-sectional slices of the measured
sample for the horizontal layers from L3 to L8 are shown in figure 7.3 (a). These
layers had a total height of 6 mm, which was the same as the height of each rod
within them. Two rods of 2%Pb and **Pb were inserted into two of the holes,
and a Fe rod was installed into the third one. The reconstructed CT images from
Logf3 to Loge8 due to the atomic attenuation measured by the LaBrs(Ce) detector
are shown in figure 7.3 (b). The two zones in the white-colored area of the high
attenuation caused by the atomic process corresponding to the locations of the
lead isotope rods were vividly visible in all images because these materials had
the same atomic attenuation. However, it was difficult to distinguish between
them. Furthermore, the Fe rod’s atomic attenuation was less than that of the

lead rods, causing the Fe rod to appear as a faint shadow.
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Figure 7.3. (a) Cross-sectional slice images of the CT sample in the first 6 layers from

L3 to L8 and (b) its 2D gamma — CT images with a resolution of 1 mm/pixel

The cross-sectional slices of the CT sample for the horizontal layers from L9

to L14 are shown in figure 7.4 (a). These layers had a total height of 6 mm as

well. The first, second, and third holes were filled with 26Pb, Fe, and Al rods,

respectively. Figure 7.4 (b) shows the reconstructed gamma — CT images from

Loge9 to Loge14. A high-attenuation zone induced by the atomic process of the

208Pb rod is plainly evident. Since the CT sample holder was manufactured from

aluminum, the Al rod was not visible.
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Figure 7. 4. (a) Cross-sectional slice images of the CT sample in the second 6 layers

from L9 to L14 and (b) its 2D gamma — CT images with a resolution of 1 mm/pixel
The resulted images for the layers from L15 to L20 are shown in figure 7.5.
Two rods of 28Pb and 2°Pb were inserted into the two holes, while the third
hole remained unfilled. Figure 7.5 (b) shows the reconstructed images from
Log15 to Loge20. The two high-attenuation areas corresponding to the 2Pb and
208Pb rods can be clearly observed, but they cannot be distinguished. The low-

intensity area at the third hole corresponds to the vacant space.
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Figure 7.5. Cross-sectional slice images of the sample in the third 6 layers from L15
to L20 and (b) its 2D gamma — CT images with a resolution of 1 mm/pixel

Because layers L21 and L22 were situated above the inserted rods in the CT
sample, the LCS gamma-ray beam did not pass through them. Therefore,
similar to the first two layers L1 and L2, no characterization of any material can
be seen in the images Log21, and Lyg22. The 2D — CT images collected at
various positions were principally used to create the 3D — CT image. The
obtained 2D gamma — CT images (22 layers) were visualized to create a single
3D gamma — CT image at a resolution of 1 mm/pixel. We also used the
MicroAVS tool for the visualization process [184]. The 3D gamma — CT image
can be seen in the movie S1 in the supplementary information of the reference
[193]. Figure 7.6 shows a single view of the 3D gamma — CT image captured at
an oblique angle. A series of shots of the visualization captured at 20° side

angles are also shown in figure 7.7 (a-1i).
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Figure 7.6. A single view captured from the visualization of the 3D gamma — CT

image at an oblique angle

Figure 7.7. A series of views of the visualization of the 3D gamma — CT image

captured from a side angle of 20°
As a threshold limit for the visualization of the 3D surface, we set a value
of approximately 60% of the highest intensity of the 2D gamma — CT images.
This threshold limit assured that only the lead rods appeared on the 3D surface.

Since the Fe or Al rods induced less atomic attenuation than the lead rods, this
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threshold limit ensured that only the lead rods appeared on the 3D surface.
Intensity values greater than the limit appeared in the 3D image. On the other
hand, the intensity values less than the limit disappeared from the visualized
image. The five areas of high attenuation induced by the atomic process, which
correspond to the positions of the lead isotope rods, are clearly visible on the
3D surface of the gamma — CT image. We may infer from this section that the
gamma — CT imaging technique can identify the existence of the materials to be
investigated clearly. Furthermore, compared to NRF — CT imaging, we were
able to obtain a 3D gamma — CT image with greater resolution and a quicker
acquisition time. However, it lacked the isotope-selective capability needed to
distinguish between different isotopes within the same sample. Therefore, in
the following section, we will consider the 3D gamma — CT image as an
additional information source to improve the quality of the 3D isotope-
selective CT imaging based on the NRF transmission method. This paragraph
will briefly describe the primary 3D NRF — CT image. As we described in
Chapter 6 of this dissertation, we chose the layers at a vertical distance of z =
3,11, and 17 mm, measured from the holder’s bottom, to reconstruct the
2D NRF — CT images of Lyrr4, Lnrrl2, and Lyrpl8, respectively. Each
horizontal row of rods produced one 2D NRF — CT image. We previously
reported the visualization of reconstructed 3D images with resolutions of 4 or 8
mmy/pixel for the horizontal and vertical planes, respectively, based on atomic
attenuation and pure NRF attenuation [193]. If a 3D NRF — CT image were
acquired using the current gamma-ray flux and detection efficiency available
at the UVSOR — III facility's BL1U, the total time required to obtain a single
3D NRF — CT with a spatial resolution of 1 mm would be 2640 hours (about 3
and a half months). Thus, we need an alternative method to enhance the
resolution of the 3D NRF — CT image without requiring a lengthy acquisition

time. We developed an FV numerical treatment to obtain a higher-quality
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image with a resolution of 1 mm/pixel with a measuring time shorter than that
required to get the desired resolution without this treatment. We will go

through the FV method in more depth in the following sections.

7.3.2  Post-multiply FV method (PMFV)

One of the FV numerical approaches is the so-called post-multiply FV
method (PMFV), which analyzes a 3D gamma — CT image with a resolution of
1 mm/pixel as an additional data source to improve the resolution of the
3D NRF — CT image [193]. The following steps are the procedure of the PMFV
method: sinograms adjustment, layer alignment (x, 8), 2D gamma — CT image

segmentation, 2D — CT image overlapping, and image visualization in 3D.

7.3.2.1 Sinogram adjustment

The transmission factors €,¢ and Eygg were collected in a 2D matrix which
we called a sinogram. The sinogram size was determined by the scanning steps
in the x-direction and the 8-angle. The 2D gamma — CT images were created by
scanning the CT sample in the x direction with a step size of 1 mm step size
spanning the range of —12 to + 12 mm (25 positions). We also scanned the CT
sample in the rotational direction (6) with a 30° angle step spanning the range
of 0° to 150° (6 angles). Therefore, we obtained sinograms of the €,
transmission factor M,_ ff(xi, Hj) for each image in a matrix with a size of 25 X 6.
Furthermore, the reconstructed 2D gamma — CT images had a matrix size of
25 X 25. For the 2D NRF — CT images, we scanned the sample in the x-direction
with a 4 mm step size across the range of —12 to + 12 mm (7 positions). We
also scanned the sample in the 8-direction with an angle step of 30° across the
range from 0° to 150° (6 angles). Therefore, we obtained sinograms of the Exgrg
transmission factor M, .(x;,6;) with a size of 7x 6. The reconstructed
2D NRF — CT images had a matrix size of 7 x 7. To overlap both 2D — CT

images resulting from the sinograms of the reconstructed transmission factors
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Enrr and E,¢;, the images needed to be the same size in both directions (x and
z). Therefore, we introduced a sinogram adjustment process to numerically
divide each Eygp sinogram from MsNRF(xi' 9]-) with a dimension of 7 X 6 to
Mg, s (xi, Hj) with a dimension of 25 X 6 as follows: we divided each value in
the x -direction equally into 25 values to create a sinogram (x, ) with a
dimension of 175 X 6. We then combined all consecutive 7 values together into
one value to create a new sinogram in a dimension of 25 X 6. As a result of this

process, the newly reconstructed images (2D NRF™ — CT) had a size of 25 x 25.

7.3.2.2 Layer alignment (x, 0)

We measured the 22 layers of the gamma — CT measurement (L1 to
Log22 ) in addition to the 3 layers of the NRF—CT measurement
(Lnrr4 Lnrp12,and Lyrp18), and we aligned every 2D NRF™ — CT image to a
group with 6 2D gamma — CT images measured for 6 consecutive layers. Figure
7.8 illustrates the aligned layers in the vertical direction for both kinds of
images. We aligned the 2D gamma — CT images from Ly 3 to Lo 8, which
included the rods of 2%Pb, 2%Pb, and Fe, with the 2D NRF~ — CT image of Lygrg4.
We also aligned the 2D gamma — CT images from L,g9 to Log 14, which
included the rods of 2%Pb, Fe, and Al, with the calculated 2D NRF~ — CT image
of Lygr12. The 2D gamma — CT images from Lqg 15 to Log 20, including the
206Pb, and 2%Pb rods, in addition to the vacant area, were aligned with the

calculated 2D NRF~ — CT image of Lygrr18.
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Figure 7.8. The aligned layers in the vertical z-direction between the 3D gamma — CT
image and the 3D NRF — CT image

7.3.2.3 2D Gamma — CT image segmentation

Image segmentation is the division of an image into multiple segments
or the positioning of pixels such that they do not overlap [192]. This
segmentation procedure is the first stage of visualization, object representation,
image analysis [194], and other image processing strategies used in a variety
of fields [195]. Image segmentation's major purpose is to simplify and/or
transform an image so that it can be easily analyzed [194]. In the case of
applying the segmentation procedures to a 2D gamma — CT image like in the
current study, we assumed that the atomic absorption intensities varied in
some regions of the investigated sample and that the intensity at each pixel in
a rod-containing area was almost constant. The first step of 2D gamma — CT
image segmentation is the scaling of the primary image. We scaled the intensity
scale for each primary gamma — CT image to a value between 0 and 255. This
range was chosen to provide an 8-bit representation of each pixel. The black,
and white colors were represented by the values of 0 and 255, respectively. The
second step of 2D gamma — CT image segmentation is the thresholding process.
The threshold method is one of the most extensively used image segmentation
algorithms [194, 196]. Thresholding is important in a variety of image analysis,

object representation, and visualization methods [197]. To apply the
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thresholding for our 2D — CT images, we chose a threshold value (T;) for
transforming an image from grayscale into a binary image, in which each pixel
has a value of 0 or 1, to distinguish the foreground and background of the
image [198]. Accordingly, each pixel with an intensity greater (lower) than the
T, value will be shown by a white-colored (black-colored) area. In general, there
are two kinds of threshold methods: local thresholding and global
thresholding. In the case of using local thresholding methods, various
threshold values are applied to different zones of the image. The neighborhood
of the pixel to which the threshold is applied determines each T, value
[196,199]. In the case of using global thresholding, a single T} value is used to
separate the foreground and the background for all pixels in an image
[194,200]. In the present treatment, we performed global thresholding with a
common threshold T, value of 128. The black and white 2D segmented
gamma — CT images of the scanned layers are shown in figure 7.9, with the
layers labeled from Lgg 3 to Lsz 20. The positions of the inserted rod turned
entirely white, while the residual areas turned black. The image segmentation
process produced a collection of segments that encompassed the whole image
or a set of contours that served as the object's edge. Each pixel in the inserted
rods’ positions had a common property such as color or intensity. Furthermore,
the neighboring areas differed substantially in terms of the same
characteristics. When 2D segmented gamma — CT images are created for the
employment of the FV technique with the NRF — CT images after the gamma —
CT image segmentation, the resulting contours can be used to precisely
preserve the ?®Pb rod locations within the gamma-ray images of the CT sample

and cut the surrounding noise and distortions.
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CT sample geometry (L3 : L 8)
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CT sample geometry (L15-L20)
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Figure 7.9. (a- c) Cross-sectional layer images of the sample in the layers from L3 to
L20, in addition to the binary (0, 1) 2D T, gamma — CT images due to the segmentation

process

7.3.2.4 2D — CT image overlapping

To create the 2D FV NRF — CT image, we overlapped the primary 2D —
CT images to obtain as follows: the 2D NRF™ — CT images of Layers Lyrp4,
Lyrrl2, and Lygpl8 were overlapped with the 2D segmented gamma — CT
images from Lgg3 to Lsg8, Lgg9 to Lgg 14, and Lgg 15 to Lgg 20, respectively,

according to the following equation:
[2D FV NRF — CT(x;,z))| = [2D NRF~ — CT(x;,;)] X [2D T, gamma — CT(x;,z;)]
Eq.(7.1)
We labeled the resulting 2D FV NRF — CT images as Lgy3 to Lgy20. While

the 2%Pb rod is clearly visible in the fused images from Lgy3 to Lgy8, as shown

in figure 7.10 (a), the Fe and 2*Pb rods are almost invisible. Figure 7.10 (b)
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shows the fused images from Lgy9 to Lgy14. Only the ®Pb rod can be seen
clearly, but neither the Fe nor the Al rods are visible. Moreover, we can clearly
pinpoint the location of the 2®Pb rod in the reconstructed images from Lgy15 to
Lgy20, as shown in figure 7.10 (c). The 2*Pb rod and the vacant area
disappeared. Obviously, the noise in all 2D FV NRF — CT images' backgrounds
caused by using the PMFV method was totally eliminated from the image's
background, and the images look clear. Since the overlapping process of the
PMFV method was performed by multiplying the intensity value at each pixel
in the 2D NRF~™ — CT by a value 1 within the 2*Pb locations or by a value 0 in
the surrounding regions, the method preserved the locations of the isotopes of
interest and completely eliminated the surrounding distortion and background
noise. Furthermore, it kept the intensity value at each pixel constant, making

this approach useful for isotope quantification.
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CT sample geometry (L9-L14)
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Figure 7.10. Reconstructed 2D FV NRF — CT images from for the layers from (a) L3 to
L8, (b) L9 to L14, and (c) L15 to L20 using the PMFV method with the CT sample’s

geometry for each layer group
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7.3.2.5 Image visualization in 3D

The obtained 2D FV NRF — CT images were combined using the MicroAVS
data visualization tool [184] to create a single 3D FV NRF — CT image. We also
adjusted a value within the intensity range of the 2D FV NRF — CT images as a
threshold limit, so that only the intensity values greater than the threshold limit
(*®Pb rods) appeared on the 3D surface. Figure 7.11 shows a single view of the
3D FV NRF — CT image, which was captured from the visualization of the fused
image of the NRF attenuation caused by the 2%Pb isotope within the CT sample
(pure NRF) in 3D (see movie S2 in the supplementary materials of reference
[193]). Figure 7.12 (a-1i) also displays a series of shots of the visualization
taken at a 20° side angle. The visualization clearly shows the locations of the
28Pb rods. In contrast, the rods of 2°Pb, Fe, and Al and the empty areas are not

visible.

Figure 7.11. A single view of the 3D FV NRF — CT image caused by the distribution of
208Pb isotope
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Figure 7.12. A series of views of the 3D FV NRF — CT image caused by the
distribution of 25Pb isotope captured from a side angle of 20°

We conclude that we were able to obtain an isotope-selective 3D FV NRF —
CT image with a resolution of 1 mm/pixel for the distribution of an enriched
lead isotope (*®Pb) implanted with rods of dissimilar materials within a
cylinder holder of 20 mm height and 25 mm diameter. Since the fused image
has the same pixel resolution as the primary gamma — CT image, the image
distortion and the background noise vanished, and the locations of the 2*Pb
rods were clearly apparent. In contrast, the other rods completely disappeared
since their intensity levels were less than the 3D surface's specified threshold
limit. As a result, combining a primary 3D NRF — CT image with a high-
resolution 3D gamma — CT image using the PMFV technique resulted in a
significant increase in image resolution and isotope selectivity in CT imaging

based on the NRF transmission method in 3D.
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7.3.3  Different approaches to applying the FV technique.

The numerical treatment of the FV technique can be employed in different
approaches for primary 3D — CT images. Most of these procedures are
comparable to the PMFV method, except for a few minor differences. Although
the different approaches might be effective in other applications. However, it
reveals certain limitations in our case of study. One of the approaches can be
employed by direct overlapping of the 2D gamma — CT image with the
2D NRF — CT image without the segmentation process, according to the

following formula for the overlapping process:

[2D FV NRF — CT (x;,2))| = [2D NRF~ — CT (x;,7)] X [2D gamma — CT (x;, )]
Eq.(7.2)

Although in our scenario, the quality of the 2D FV NRF — CT image obtained
using this approach was acceptable, the intensity at each pixel of the NRF — CT
image was not preserved, hence it could not be utilized for isotope
quantification. Furthermore, even if background noise were greatly decreased,
total noise elimination would be unattainable. Another approach that can be
applied is the post-sum FV method (PSFV) . Similarly, these approach
procedures are comparable to the PMFV method, but the overlapping equation

is written as follows:
[2D FV NRF — CT (x;,z)] = [2D NRF~ — CT (x;, 7)) | + [2D gamma — CT (x;, ;)|

Eq. (7.3)

The PSFV method produces a fused image that indicates the change in
intensity at each pixel while still retaining some background noise, making it
worthless for isotope quantification. Figure 7.13 shows a comparison between
the 2D FV NRF — CT images of one of the scanned layers obtained by the
methods of (a) PMFV, (b) PMFV (off segmentation), and (c) PSFV.
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Figure 7.13. (a) Fused 2D NRF — CT images obtained via the PMFV method, (b) PMFV
method (off segmentation), and (c) PSFV method

We conclude that using the preceding approaches for FV treatments of the
NRF — CT imaging may change the intensity of each pixel, making it impossible
to preserve the amount of the isotope of interest, which makes it ineffective in
the isotope quantification inspection. Furthermore, even if the noise can be
considerably reduced, it cannot be fully eliminated. As a result, we recommend
the PMFV method as the best way for the NRF — CT imaging technique, which
may be used in different fields, including nuclear safety and nuclear

engineering.
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8 CONCLUSIONS AND FUTURE PERSPECTIVE
8.1 Up to date

Non-destructive inspection (NDI) technology for nuclear materials is
important for nuclear safeguards, nuclear waste management, and nuclear
material non-proliferation. Bertozzi et al. [28] proposed the nuclear resonance
fluorescence (NRF) method for measuring isotopes of interest using
Bremsstrahlung gamma rays. The NRF inspection can provide isotope-specific
signatures for a wide variety of materials because of the dependency of the
excitation energy on the nuclear species (isotope). As a result, it may be used to
look into exotic nuclear materials, commercial contraband, and explosives. The
ability of the NRF imaging technique as an NDI technology in safeguard
applications lies in its ability to directly measure a specific isotope in an assay
volume without having to unfold or destroy the combined responses of several
tissile isotopes, as other standard NDI methods frequently require. A MeV
energy region gamma-ray beam generated by laser Compton scattering (LCS)
interaction on relativistic electron beams is an excellent probe for the NDI of
high-density materials because of its strong penetrability. Energy tunability,
quasi-monochromatic energy spectrum, adjustable polarization, directionality,
and high flux are all unique characteristics of the LCS gamma rays. The LCS
gamma-ray beams with energies in the MeV range are now accessible for
fundamental research and applications at the ultraviolet synchrotron orbital
radiation-III (UVSOR — III) synchrotron radiation facility at the Institute of
Molecular Science at the National Institutes of Natural Sciences in Japan.
Computed tomography (CT) is a type of cross-sectional imaging that has a wide
range of uses, including medical imaging. Furthermore, CT systems using x-
rays are utilized to check bags at airports all around the world. It will be
difficult to discern between isotopes in nuclear material, including a set of

isotopes with almost atomic attenuation in atomic processes using traditional
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gamma — CT techniques based on atomic attenuation of gamma rays. The
combination of CT with the NRF (NRF — CT) has been proposed for visualizing
isotopes inside massive materials. The implementation of NRF — CT as an
isotope imaging technique has been developed, allowing NDI to identify
concealed isotopic compositions. N. Kikuzawa et al. [44] used NRF gamma
rays with LCS gamma-ray beams in a proof-of-principle experiment for NDI. As
a simulant for special nuclear materials (SNMs), a lead isotope distribution of
28Pb was detected within an iron box. Our research group recently completed
a proof-of-concept for NRF — CT imaging utilizing an LCS gamma-ray beam
available at the UVSOR — III facility [127]. We measured a two-dimensional
(2D) NRF — CT image with a resolution of 5 mm/pixel for a natural lead isotope
implanted within an aluminum cylinder based on the NRF transmission
method. One of the most impressive advantages of the NRF — CT imaging
technique is that it can selectively identify the isotope of interest from a sample
containing many isotopes, which is a huge achievement in nuclear engineering.
In the first experimental section of this dissertation, and for the first time, the
isotope-selective capability of CT imaging based on the NRF transmission
method using quasi-monochromatic LCS gamma-ray beams in the MeV region
for enriched lead isotopes (**Pb purity > 93.3 % and 2®Pb purity > 97.8 %)
implied within a cylinder aluminum holder of 20 mm and 25 mm in height
and diameter, respectively, was successfully demonstrated. The gamma rays
were generated when an intense laser beam collided with relativistic electrons
via the Compton scattering interaction. The experiment was conducted at the
UVSOR — III facility's beamline BL1U with a Tm-fiber laser system (50 W, CW)
with an 1.896 pm wavelength, and maximum energy of 746 + 1 MeV for the
electron beam (300 mA beam current) within the UVSOR — Ill's storage ring.
The generated LCS gamma-ray beam had an intensity flux of approximately 5.5

photons/s/eV at a maximum energy of 5.54 MeV, which was able to excite the
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resonance energy /™ = 1 at 5.512 MeV in 2%Pb. The size of the LCS gamma-ray
beam and the spectrum energy at the investigated sample were defined using
a lead collimator with a hole diameter of 1 mm. The CT sample was scanned
with a 2 mm step size along the horizontal axis, from —14 to 14 mm, and a 30°
angle step in the rotation angles from 0° to 150°. The CT image of the 2*Pb rod
was obtained selectively with a 2 mm pixel size resolution, as determined by
the CT sample step size in the horizontal direction. Because of the atomic
attenuation effect, both the *®Pb and 2*Pb rods were visible in the preliminary
image. The signal from the **Pb rod was reduced after the atomic attenuation
effect was removed, resulting in the selected imaging of the 2Pb isotope. The
data acquisition duration for the reconstructed 2D NRF — CT image was around
60 hours [173]. In the second experiment, and also for the first time, we created
a three-dimensional (3D ), isotope-selective CT image based on the NRF
transmission method of an enriched lead isotope (**Pb) distribution hidden
inside a cylindrical aluminum holder with another enriched lead isotope (**Pb),
iron (Fe), and aluminum (Al) rods, and vacant area. The experiment was
conducted using an LCS gamma-ray beam with a 5.54 MeV maximum energy,
2 mm beam size, and 10 photon/s/eV flux density, which is available at the
same beamline in the UVSOR — III facility. We created 2D — CT images for each
row of rods using atomic attenuation and NRF attenuation. Both images had a
resolution of 4 mm/pixel. The lead isotope rods were visible in the atomic
attenuation images. On the other hand, only the **Pb rods were visible in the
NRF attenuation images. The isotope distribution of *®Pb was shown in a
3D NRF — CT image with 4 and 8 mm/pixel sizes in the horizontal and vertical
planes, respectively. The 3D isotope-selective image was accumulated in 48
hours [185]. By improving measurement efficacy, such as increasing the
number of detectors to measure NRF signals, increasing the gamma-ray

intensity, and developing advanced data processing techniques, further
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improvements in image quality and a reduction in acquisition time will be
possible, which will be a significant advancement in nuclear engineering for
using the 3D NRF — CT technique in real applications. Under the current
experimental circumstances of the UVSOR — III facility, increasing the detection
efficiency or upgrading the source of photons is a challenge. Consequently, we
proposed employing the fusion visualization (FV) methodology to increase the
NRF — CT image quality without taking lengthier measurements. In our case,
the FV methodology may be employed as an efficient numerical treatment to
improve CT imaging based on the NRF transmission method by merging a
3D NRF — CT image with a 3D gamma — CT image with better pixel resolution.
Both images were measured under the same experimental conditions as the
beamline BL1U in the UVSOR — III facility, with the exception of the gamma-ray
parameters for the same sample. For the two experiments, we used LCS beams
with different intensities and beam diameters. First, we generated an LCS
gamma-ray beam with a diameter of 1 mm and a flux of 0.7 photons/s/eV to
measure the 3D gamma — CT image with a resolution of 1 mm/pixel [191].
Next, we generated an LCS gamma-ray beam with a diameter of 2 mm and a
flux of 10 photons/s/eV to measure the 3D NRF — CT image with a resolution of
4 and 8 mm/pixel in the horizontal and vertical planes, respectively. We
applied the FV technique using the post-multiply FV method (PMFV) between
the two primary images to create a 3D isotope-selective fused CT image based
on the NRF transmission method (3D FV NRF — CT) for the distribution of 2Pb
in the investigated sample. Background noise was eliminated from the fused
3D image, while the amount of the isotope of interest was preserved. The direct
overlapping method (off segmentation) and the post-sum FV method (PSFV)
were also considered, but we eventually found that the PMFV method was the
best for isotope-selective CT imaging in nuclear engineering and other nuclear

applications [193].
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8.2  Future perspective

Although we were able to develop an isotope selective CT imaging
technique based on the NRF transmission method and identify a single isotope,
turther study is needed to measure multiple isotopes within the same volume.
In addition, for the quantitative information of these isotopes to be applicable
for practical implementation, particularly in the management of nuclear waste,

therefore, we would like to propose the following;:

(i) The development of multiple isotope identification and quantification in
the NRF — CT imaging technique using LCS gamma rays is available in
the UVSOR — 1III facility.

(ii) A simulation study on NRF — CT imaging of SNMs (*> 28U, and »°Pu)
mapping and characterization in nuclear waste and spent nuclear fuel
under highly activated conditions is underway to open up a practical

application of the NRF — CT imaging technique.

The key factor of the future plan is to get a full understanding of the hidden
isotopes within an assay volume to be applicable in a realistic application. The
tirst objective is to simultaneously measure many isotopes within a sample.
Therefore, our research group has already started to conduct the basic
experiments using the LCS gamma-ray beams at the beamline BL1U in the
UVSOR — III facility to measure multiple enriched lead isotopes such as 2Pb,
27Pb, and °Pb simultaneously, which can be achieved by preparing a
corresponding witness material. Moreover, we would need to develop the
NRF — CT imaging technique to shorten the measurement time and improve the
obtained image quality. Finally, we plan to conduct the isotope distribution
with density quantification in the natural material samples, such as the Galena.
The second objective in the future plan is to improve the simulation of the

NRF — CT imaging technique for SNMs (** U, and **Pu) mapping and
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characterization in spent nuclear fuel under highly activated conditions. The
Monte Carlo simulation (GEANT4) code for modeling and optimization of NRF
experimental parameters will be used to simulate the NRF — CT imaging in 3D
under the Extreme Light Infrastructure—Nuclear Physics (ELI — NP) facility,
where about 3 orders of magnitude higher intensity of quasi-monoenergetic
gamma-rays will be available. Professor Hideaki Ohgaki (Kyoto University)
has been appointed to conduct the industrial application program in ELI — NP
and the first day of experiments is scheduled soon. In the case of satisfying the
future plan, we will be able to investigate the feasibility of isotope mapping in
nuclear waste by developing the NRF — CT imaging technique (objective 1)
using LCS gamma-ray beams in conjunction with the GEANT4 simulation code
(objective 2) to control the SNMs under nuclear safeguards regulations in the

world and to promote their use for industrial applications.
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