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Chapter 1

Introduction

Positrons are used in many research and industrial fields due to their fast and
wide range of energy distribution. One of the most important aspects of their use is
the creation of low-energy, slow positron beams (monoenergetic). These beams can
be generated by decreasing the energy of B+ particles to a few electron volts using
the so-called moderators. A high value of moderation efficiency defined as the ratio
between the number of thermal positrons released by the moderator and the number
of high-energy positrons provided to the moderator is an essential requirement. Rare
gas solids, such as Ne and Ar, have the highest moderation efficiencies (7x103), but
they are difficult to manipulate and the positron beam cross-section is not as narrow
as when a metallic moderator is used. Tungsten is the most effective metal
moderator, with an approximate 3x103 moderation efficiency [1]. A critical
requirement for a material to be positron moderator is its work function for
positrons, &., to be negative. For example, ®w+= - 3.0 eV [2], [3] for tungsten and
®pi+=-1.95 eV [4] for platinum.

The semiconductors with wide band gaps are attractive for use as positron
moderators because they can absorb and slow down positrons effectively due to their
high atomic mass and dense atomic structure. For instance, GaN and 6H-SiC have
work function values of - 2.4 £0.3 eV and —3.0 £ 0.2 eV respectively [5], [6].

1



New materials for positron moderation

A. Scientific motivation

The high intensity and high brightness gamma-ray beam that is planned to
be produced at ELI-NP as a result of inverse Compton scattering is expected to be
an essential research tool. To avoid material activation issues, only beam operated
at low energy will be employed for slow e* generation. A new slow positron beam
line is under development with three spectroscopic experimental measurement
stations as shown in Figure 1 [7]. Positron Annihilation Lifetime Spectroscopy
(PALS) is a powerful technique for detecting defects and determining the size (type)
and relative concentrations of open volume defects [8]. The coincidence Doppler
Broadening Spectrometer (CDBS) consists of two pairs of HPGe detectors, arranged
to detect in time and energy coincidence conditions for the 511 keV annihilation y-
rays [9]. The information obtained is vital for determining the type of defects that

are present in metals and semiconductors [10], [11].
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Figure 1 The equipment’s layout of the ELI-NP Positron Spectroscopy laboratory

Age MOmentum Correlation (AMOC) is designed to allow the HPGe
detectors to be moved to the PALS beamline, and for each of them to be set to
operate in timing coincidence with the fast BaF. detector aligned in an anti-collinear
direction [12]. Positron induced Auger Electron Spectroscopy (PAES), the
complementary technique to Electron induced Auger Electron Spectroscopy (AES),
can be used to investigate the atomic layer of a surface that is exactly the surface's
topmost layer [13], [14]. As Figure 1 shows, the positron beam created using the
gamma beam will be moderated through the converter/moderator assembly (CMA)
made of tungsten or platinum [15]. Considering that gamma beam time will be

limited by other nuclear physics experiments, the round-year operation solution of

2



Chapter 1 - Introduction

the laboratory will be to feed the beamlines with e obtained from a commercial
22Na source. Irrespective of the method by which it was created, for modification of
the positron energy, a moderator is required. For this purpose, a solid-state
moderator must fulfill numerous requirements for the structure, but at the same time,
it must be able to have a range of compositions, each of which produces a distinct
negative work function. Studies have shown that positron diffusion length is
between 200 and 300 nm in ideal lattice semiconductors, and that an electric field
can increase the number of positrons that reach the surface [16].

GaN, a semiconductor with a bandgap energy of 3.44 eV, is being considered
for use as a solid moderator in this project. Its a-hexagonal wurtzite structure
demonstrates the realistic capability of crystal growth in favored directions, with a
minimal lattice misfit in comparison to typical substrates (Si, Al2O3, SiC) [16],[17].
Experimental research on GaN has shown a positron work function of 2.4 + 0.3 eV,
a positron branching ratio of 0.48 + 0.02 on the surface, and a positron diffusion
length of 19.3 £ 1.4 nm [6], making it a suitable positron moderator.

This work was motivated by the desire to build a new form of transmission
or reflection mode moderator or a field-assisted (FA) moderator. To create novel
materials for positron moderation, high crystal quality and very low defect and
impurity concentrations are necessary. The moderator conversion efficiency is an
important factor, and this study involves the optimization of a magnetic bottle trap
in which fast positrons are captured and can interact several times with the

moderator material.

B. Structure of the thesis.

In the introduction chapter, there is a concise summary of the work's purpose

and structure, as well as an explanation of its methodology.

In the second chapter, there is an introduction to the fundamentals of positron
sources and an explanation of the roles that moderators play in the performance of the
positron beams by using these sources. In addition, the nitride and oxide
semiconductors, as well as the crystal defects, are discussed there. And last, towards

the end of the chapter, an introduction to magnetron sputtering deposition as well as an
3



New materials for positron moderation

outline of the techniques that are used to grow materials through deposition processes

is provided.

The manufacturing and characterization of the GaN as a first layer when it is
deposited to the substrate is presented in Chapter 3. A general summary of the target's
characterization and the correlation with the samples that were grown is presented here.
The following section of this chapter is dedicated to the deposition and characterization

of the various materials that can be used as buffer layers.

In Chapter 4, analysis of positron data is provided alongside the results of an

investigation of some GaN epitaxially produced samples.

In Chapter 5 a comprehensive discussion on the optimization and production of
a positron moderation device that is based on a magnetic bottle is provided. In this
section, the experiment that was conducted by Gerchow et al. [18] is fallowed in order
to provide an overview of the optimized device. In addition, the development of the
magnetic coils that support the magnetic bottle, the design of the chamber, the
construction of the experimental setup, the irradiation of the foils, the annealing of the
moderator, and the results of the experiments are discussed.

A summary of the study, including its results and perspectives, is offered in the

last chapter of the document.



Chapter 2

Theoretical aspects

2.1 Positron sources. Positron moderators

The most commonly used B+ sources in positron spectroscopy are ?Na, *Co,
%4Cu and ®8Ga [19]. The most recent study is centered on the development of high-
intensity, slow positron beams by producing electron-positron pairs using powerful
gamma rays. Pairs are created by the interaction of gamma rays with energies larger
than 1022 keV with the electrical field of the nucleus or, although the chance is
minimal, with that one of an electron [20]. The sole difference in the notion of
positron generation through pair formation is the mechanism for producing high-
energy gamma rays. Neutron-induced Positron source MUniCH (NEPOMUC) in
Germany is the most powerful positron source in the world. It uses the nuclear
reaction 3Cd (n, y)'**Cd to create high-energy gamma quanta after thermal neutron
capture [21]-[23]. At contrast to NEPOMUC, the research reactor in Delft,
Netherlands, exploits the flow of gamma radiation produced by the fission process
at the nuclear reactor's core [24]. The third and most commonly used technique is
the LINAC-based positron source, which employs high-energy bremsstrahlung
radiation to form an electron-positron pair in a high-Z material [25], [26].
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Positrons may also be generated by gamma beams with high energy, which
are produced by the inverse Compton scattering of photons with electrons [15], [27].
This is yet another method of producing positrons that is planned to be implemented
at Extreme Light Infrastructure - Nuclear Physics (ELI - NP) facility located in
Romania [15].

A material (convertor) having a high nuclear charge Z, such as W, Ta, or Pt,
is required for the gamma-positron-electron pair conversion to efficiently take place.

The cross section, (o.-.+) dependance is as follows:

Og—et = sz(E’Yl Z), 2.1
where f(E,, Z) is a function that depends on the energy of the gamma ray (E,) and the

atomic number of the target material.

Thus, the probability of pair formation is direct proportional with gamma’s
energy, Ey, and the squared atomic number of the material, but as observed in the
experimental setup planned in the Ref. [15] and optimized as described in Ref. [28],
at high Z values, the cross section and by default the e'e™ creation increase, but the
positron moderation efficiency decreases. Therefore, for the optimum slow positron
production the Convertor-Moderator Assembly (CMA) follows the compromise
between the geometric design and the choice of the moderation material. It is desired
that the emphasis of this effort be placed on monoenergetic positron beams within
the scope of this research. It is important to note that the terms slow, moderated, or
low-energy positron beam is used synonymously with the phrase monoenergetic
slow positron beam [20]. Monoenergetic positron beams are used to differentiate
between the information contributed by the surface/subsurface and the bulk,
allowing for the study of layers that are just a few tens of nanometers thick and

certain surface properties.

The process by which positrons interact in a volume of gas or of a solid is
similar. The fundamental difference is that in gases no excitation of collective
modes such as plasmons or phonons exist because of the lack of long-range
correlation. Pending the development of sustainable materials for moderation,
experiments were carried out with coated foils, as well as with other materials and

geometries, as described in [29]-[31].



Chapter 2 - Theoretical aspects

Besides the criteria mentioned in the Introduction, in the case of
semiconductor materials, the moderation can be improved by an applied electric
field, which gives a drift velocity to the positrons. This FA moderation is based on
the idea that the thermalized positrons will be moved into the vacuum interface and
emitted spontaneously [32]. The diffusion equation was solved by Beling et al.[33]
for a Si moderator (see Figure 2.1), and they obtained formulas for the fraction of
positrons that drift from the barriers placed at x = 0 and x = d. In the situation of a
high electric field, when the drift velocity is v(E) » + D*r, where D* is the
positron diffusion constant, and 7 represents the positron lifetime, thus v D+
represents the positron diffusion coefficient, the diffusive components may be

ignored, and the equation that describes the e* fraction that reaches x = d is as

follows:

_—d_
ad_ov(E)T

x(d) = Tav(E)e . 29

1-tav(E)

Schematic representation of the positron implantation profile used in the
theoretical calculations for FA moderation is presented in Figure 2.1. The positron that
was thermalized at the position (r, 0), represented by the depth x = rcos8, within 10
ps follows the direction of the applied E-field, eventually reaching a thin epitaxial

silicide contact (20 A) and being emitted in vacuum.

surface

fe— X —=le——d-x —>}state
]
' Ps
H
P

Drift in
E-Field

Fast
thermalization (<10ps)

\Epﬁaxial
—t silicide

contact

Figure 2.1 The FA moderation schematic diagram of a silicon moderator from
ref. [33]. The positron thermalizes to a position (r, 6) in 10 ps at an implantation depth
of x = rcos®. It then follows the direction of the applied E-field, eventually reaching

a thin epitaxial silicide contact (20 A) and being emitted in vacuum

Finally, Beling et al.[33] proved that FA-Si present many advantages, one
being the self-supporting into the vacuum. Also, they showed that a silicide (NiSiz, PtSi,
7
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etc.) layer can be used to facilitate the contacts for the electric field. Some years after,
a theoretical research was undertaken by Beling et al. [34] where they established that

positron emission is favored by some semiconductors as GaN, GaP, ZnSe, SiC, etc.

Experiments in electric and magnetic fields were also carried out with the
goal of improving the positron moderation efficiently [35]-[37]. Gerchow et al. [18]
published the development of an magnetic bottle trap that improve the W
moderation efficiency by 1.8(2)%. The design of the magnetic bottle device is shown
in Figure 2.2. This device is based on the idea that fast positrons from a source are
captured by the magnetic field and undergo multiple passes through the source and

moderator foils thus increasing the chance to be moderated.

extracted moderator

slow e+

SOUNCE

e+

Bmax

gnd vacuum tube

Bmin

Figure 2.2 Development of a magnetic bottle trap device of Gerchow et al. [18],
designed with two Ti irradiated foils (source), a W (110) foil illustrated as moderator,
and a extraction grid placed inside a magnetic bottle. The positrons are confined and
lose their energy by multiple passes through the moderator foils. The extraction grid is
kept at ground potential in order to maximize the moderated positron efficiency

2.2 Nitride- and oxide-based materials. Crystal

defects.

After the invention of the transistor in 1948 [38], interest in the development
of silicon technology grew along with the success of electronics. Nevertheless,
nitride and oxide semiconductors have gained importance due to the enormous
demands on their specific properties. An essential reason for this interest is the direct
wide bandgap (0.7 eV InN, 3.4 eV GaN, 6.2 eV AIN [39], [40]) continuously tunable
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by changes in the doping concentration. Table 2.1 summarizes some of the properties

of these materials and their crystal structure.
Table 2.1 Basic parameters of some advanced semiconductors

Structure AIN InN GaN Zn0O TiN

a[A]/c[A] 3.112/4.982 3.548/5.760 3.189/5.185 3.2495/5.2069 4.241

Density [g/cm?] 3.255 6.81 6.095 5.606 5.21
Melting Point 2500 1100 1600 1974 2947
[°C]
band gap [eV] 6.2 0.7 3.4 3.3 3.4
Crystal structure wurtzite wurtzite wurtzite wurtzite cubic

The growth of nitride/oxide semiconductors is a challenge due to the
technical provocation linked to the processing and growth of these materials. The
first steps are to choose the material and transport it over the chosen substrate.
Subsequent to that is the particles condensation. Contaminants, crystal structure,
etc. of the substrate surface directly influence the deposition rate. There are three
different types of growth modes for thin films [41], [42], which are represented in
Figure 2.3.

Figure 2.3 Growth modes. (a)VVolmer-Weber growth; (b)Stranski-Krastanov growth;
(c) Frank-van der Merwe growth [43]

The final physical and chemical properties of the new material growth are
strongly influenced by the chosen substrate. The film-substrate mismatch parameter

is the first criterion, and substrates with substantial discrepancies in the physical

9
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properties increase the threading dislocation concentration, the stress of the growth
layers, and the misfit. A.Kukushkin et al. review the most used substrates for GaN
epitaxy [44], and reported an asymmetry around 16% between sapphire and gallium
nitride, a thermal conductivity coefficient of 0.25 Wt/cmK at 100 °C, a high
concentration of dislocations of the mismatch (10'°cm2), and a biaxial compressive
strain that arises upon cooling due to the thermal expansion coefficient of Al.O3
which is higher than that of GaN. Nitridization of the Si substrate surface leads to a
significant decrease in dislocation density, and deposition of a few Al monolayers

as a buffer after nitridization decreases the nitridization barrier [44].

Defects, as induced in the deposition process, are the arrangement of atoms that
contain imperfections that have a profound effect on the property's behavior of the
materials as seen in Figure 2.4. These defects can be categorized into 0-dimensional
defects (OD) or point defects, line defects (1D), plane defects (2D), grain boundary,
twin boundary, stacking faults, and volume defects (3D). Edge dislocation is a type
of line defect in crystal lattices in which the defect results from either the presence
of another atomic plane or the loss of half an atomic plane in the middle of the
lattice. When stress is applied to a crystal with this defect, the dislocation area
moves parallel to the direction of the stress, but the motion in the region where one
half of an atomic plane occurs is extremely slight compared to the region where the

other half of that atomic plane is absent. This defect can glide in any plane [45].

edge disloutiun dislocation loop substitutional
vacancy-type  impurity atom

"ltfrm“ﬂl ““IJU”“ self-interstitial dislocation loop

atom atom interstitial-type

Figure 2.4 Several types of lattice defects [46]

The other type of line defect is screw dislocation that occurs when the planes of
atoms in the crystal lattice follow a helical path around the dislocation line. Unlike
an edge dislocation, when stress is applied on a crystal containing this defect, the

dislocation area moves perpendicular to the direction of stress. However, the stress
10



Chapter 2 - Theoretical aspects

caused by screw dislocations is comparatively less complex than that of edge

dislocations.

2.3 Thin film deposition. Magnetron sputtering

The thin film research field has developed various methods of deposition and
growth, which can be classified as physical and chemical processes. The first
includes physical vapor deposition (PVD) such as sputtering, laser ablation, etc.,
whilst chemical vapor deposition (CVD) such as metal-organic deposition, etc. is
part of the chemical process.Via the PVD method, thin films are grown by
condensing on the substrate surface the evaporated material from a target material.
Nowadays, some of the commonly used methods to grow GaN are metal-organic
vapor-phase epitaxy (MOVPE) [47], Molecular Beam Epitaxy (MBE) [48], and
magnetron sputtering [49]. Magnetron sputtering is the PVD method applied for thin
film deposition described in this research thesis. Gaseous plasma is used to erode
the surface of the target, followed by the movement of atoms through the vacuum
and their deposition on the substrate.

Magnetron sources were created in the 1970s and are a considerable efficiency
improvement for the sputtering technique. Strong magnetic fields, mostly from
permanent magnets, are used to restrict secondary electrons near the target surface,
leading to a stronger ionization of the sputter-gas atoms, a higher deposition rate,
and dense plasma [50]. The strong electric field generated by applied voltage at the
cathode in a magnetron sputter source accelerates secondary electrons in the
direction normal to the target surface. The magnetic field is designed to align in a
direction parallel to the surface of the target, as shown in Figure 2.5, causing
electrons to move in cycloidal trajectories. This leads to an increase in plasma
currents and collisional ionization of the sputter-gas atoms, which condense on a

substrate as a thin film.

Direct current (DC), pulsed DC, radio frequency (RF), and high-power impulse
magnetron sputtering are some of the modes that can be operated to get the best
possible outcomes. Additionally, a reactive gas (nitrogen, oxygen, hydrocarbons,

sulfur, etc.) can be added to the plasma, which then goes through a chemical reaction

11
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before depositing on the sample. This process is known as reactive sputtering, and
it enables the production of a compound between the target material and the reactive

gas.

00000000000000 000000
N % @
@

Sputtered atoms

Sputtered atoms

Figure 2.5 Schematic of magnetron sputtering process

12



Chapter 3

Moderator. Fabrication and

characterization

The goal to create a novel transmission or reflection mode moderator or a field-
assisted, FA, moderator drove this research. A full scheme of the steps followed
during the research described in this thesis in Figure 3.1. Current publications on
the production of GaN films reveal that heteroepitaxial GaN films are developed on
a variety of substrates [51], [52]. Particularly, chosen substrates for this research are
Si, TiO2, ZnO, and Al20s. Prior to the deposition, the substrates were ultrasonically
cleaned through 10 min baths in isopropanol, acetone, and ultrapure water, annealed
at 700 °C, and investigated by different techniques, such as X-ray Diffraction
(XRD), Scanning Electron Microscopy (SEM), Energy Dispersive X-ray
Spectroscopy (EDS) Transmission Electron Microscopy (TEM), Atomic Force
Microscopy (AFM), Optical Profilometer (OP), and X-ray Photoelectron
Spectroscopy (XPS) in order to see the surface and bulk characteristics.

13



New materials for positron moderation
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Figure 3.1 Step-by-step diagram showing the fabrication of the positron moderator
based on GaN film

3.1 Experimental setup

The ELI-NP Targets Laboratory UHV (ultra-high vacuum) deposition cluster
was used to grow thin films. It has three main vacuum chambers: i) the loadlock
chamber in which physical etching with Ar ions can be done; ii) the sputtering

chamber dedicated to metals and; iii) the chamber dedicated to oxides.

Before the experiment, some aspects require exhaustively research in the
literature. Besides the sputtering target characteristics and the proper substrate
material, there are other specific equipment parameters such as the operating regime
(DC/RF), target-substrate distance, magnetron tilt, gas atmosphere, sputtering
power, working pressure, substrate temperature, and rotation that should be adapted

to the desired experiment.

The vacuum profile of the UHV chamber was the first important factor
monitored during each deposition. The thicknesses of the deposited films were
assessed using QCM, and it was calibrated by measuring the resulting film thickness
with X-ray reflectivity (XRR). The actual temperature of the substrate and its
behavior during deposition was studied. Additionally, plasma and target parameters
were monitored. Direct current voltage (DCV) monitors the stability of the plasma
profile and it is used for power regulation feedback for the RF unit. Variations in

target surface resistance are often indicated by the reflected power.
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This study does not cover the unsuccessful trials or equipment failures,
atmospheric contamination, interrupted depositions, repetitions, deposition sets

with small changes, setup difficulties resulting in vacuum loss, etc.

3.2 A short introduction to the characterization

methods.

Further, the resulting samples were analyzed at the surface as well as in the
bulk. XRD was used to characterize the microstructure of the samples. The
fundamental idea behind this method is founded on Bragg's law of diffraction nA =
2dy; sinf, where n is an integer, dna is the distance between atomic planes, 1 is the
X-ray wavelength and 4 is the diffraction angle. When a collimated X-ray beam is
incident on a crystal, the X-rays interact with the atoms in the crystal lattice and are
scattered in various directions There is no evidence of diffraction peaks until the
criterion for constructive interference is met, 6 = nl [563]. A Rigaku SmartLab
diffractometer was used, characterized by a four-circle goniometer with an in-plane
arm, a 9 kW rotating anode, a hybrid multi-dimensional (0D, 1D, 2D) pixel HyPix
3000 detector, 0.4 mm? microfocus area, SAXS (Small-Angle X-ray Scattering),
and USAXS (Ultra Small-Angle X-ray Scattering) options, Ge (220)

monochromators on the incidence and receiving optics.

SEM, along with Energy Dispersive X-ray (EDS), and Electron Backscatter
Diffraction (EBSD) can be used to determine the chemical composition, texture
(external morphology), crystalline structure, and material orientation of sample
compounds. The SEM technique operates on the idea of hitting a sample with a
focused electron beam and then analyzing the deflected electrons collected by a
detector. As shown in Figure 3.2 (reflected part), when an electron beam hits a thick
probe three types of electrons (SE-secondary electrons, Auger electrons, and BSE-
backscatter electrons), X-rays, and cathodoluminescence are produced. For imaging
of the samples, backscatter electrons and secondary electrons are used, i.e., BSE

demonstrates the compositional difference in multiphase samples while SE reveals
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the topography and morphology of materials. In reality, the picture is a distribution

map of the signal intensity emitted by the scanned region [54].

Incident electron beam

X-rays (atomic composition) Backscattered electrons
Auger electrons Y j(atomic number and phase differences)
(surface atomic composition) \\ yi

\ r Secondary electrons
h e 4 ’

(topographical information)
A Reflected

\ & Transmitted

Elastically scattered electrons \
(structural analysis and HR imaging) Inelastically scattered electrons
(composition and bond states)

Cathodoluminescence
(atomic states information)

Transmitted electrons
(morphological information)

Figure 3.2 Summary of various signals obtained by electron interaction with matter

The measurements were performed using a High-resolution SEM (HR-SEM)
Tescan MAIA-3. Elemental and chemical analysis, mapping, and line scans of the
samples were performed by means of the EDS integrated into the HR-SEM chamber.
In addition, TEM provides information about the arrangement of atoms in the
sample and defects in the crystalline structure. Compared with the SEM technique
which collects the deflected electrons that hit the sample, TEM reveals information
after the electrons are transmitted through a thin sample, as shown in Figure 3.2.
The crystalline structure of the samples was analyzed using a Cs-corrected Titan
Themis 200 microscope (Thermo Fisher Scientific, Waltham, MA, USA) designed
with a high-brightness electron source. Elemental line profiling was performed
using a STEM detector and a Super-X EDS detector for Selected Area Electron
Diffraction (SAED). EDS data processing was performed using ImageJ software
[55], while SingleCrystal® (Oxford, UK) and CrystalMaker® (Oxford, UK) were
used for simulating the SAED data and crystal structures [56].

In addition, topographic investigations were done by using AFM and OP
(optical profilometry). There are three modes of measurement available on the
AFM. (i) Contact or static mode: The probe is in proximity to the sample surface
and does not oscillate; (ii) A mode in which the probe is not in touch with the sample
(non-contact or dynamic mode). The probe oscillates over the surface of the sample
without making contact with the surface; and (iii) Tapping, semi-contact or
intermittent contact mode: At the bottom of the probe's oscillation, the tip comes

into close contact with the surface of the sample [57]. In contrast, optical
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profilometry exploits light rather than a physical probe. This may be accomplished
in several ways. The key to this technique is redirecting the light such that it can
detect the surface in three dimensions. Examples include optical interference,
confocal aperture use, focus and phase detection, and the projection of a pattern onto
an optical picture [58]. In semi-contact AFM images were recorded by the NTEGRA
scanning probe microscope, while the surface profiling characterization with 3D
images and 2D profiles was collected using the interferometric method by the
specific DI 50x objective of the Optical profilometer SENSOFAR S-neox.

Electronic Structure for Chemical Analysis (ESCA), or XPS is the method
used in this research for determining the chemical composition of the sample
surfaces (from 1 to 5 nm). A constant energy X-ray radiation (in practice, one uses
excitation radiation K, emitted by the anode of Al with 1486.7 eV or Mg with 1253.6
eV) excites electrons from the shells of the sample's constituent atoms, which are
then emitted as free electrons with kinetic energy (KE) equal to the difference
between excitation radiation energy (hv), binding energy (BE), and the work
function of the electrons from the material [59]. The diagram of the photoelectric
effect in XPS is presented in Figure 3.3. The measured KE provides the elemental
analysis due to the specific BE for a given charge number. Sigma Surface Science
photoelectron spectrometer was used to record XPS spectra. This equipment uses a
160-mm hemispherical energy analyzer with a 1D detector (ASPECT) and an Al
Ko/Mg K, X-ray source.

KE=hv—BE—-®
Vacuum level
B [_conduction band | ®
“F
[ valenceband |

X-ray —/—H—‘._.—_;_
hv D
\‘L;t‘

- o o

Figure 3.3 Diagram of photoelectric effect in XPS
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3.3 Gallium nitride deposition

The targets that were used in this research are GaN commercially available
targets. First polycrystalline target, noted further as Tean-pa, Was purchased from
American Elements. The last two targets were bought from SurfaceNet GmbH, one
as polycrystalline GaN, noted as Tgan-pb, and one monocrystalline GaN, noted as
Tcan- m. Before the sputtering procedure, each target used for GaN deposition was
subjected to XRD and HR-SEM/EDS measurements in order to get a clear image of

the crystal structure, preferred orientation, and chemical composition.

Using the ultra-high-vacuum (UHV) deposition cluster, GaN thin films were
grown by radio frequency (RF) sputtering. Si, TiO2, ZnO, and Al2O3 substrates were
used for deposition. Before deposition, the substrates were cleaned as it was
explained prior in this chapter. Further, they were fixed with silver paste on the
sample holder, then heated at 100 °C for 20 minutes to evaporate the silver paste's
solvent. To eliminate any residual impurities, samples were annealed for 1-2 hours
at 300-550 °C under vacuum (~10° mbar). The parameters for GaN deposition
include a working pressure (Pq) from 8x10 3 to 1.15x10°2 mbar, which is comprised
of a mixture of argon and nitrogen in the plasma volume. The temperature of the
substrate was set from 450 °C to 700 °C, and its distance (dis) from the target was
set to 10-20 centimeters. The magnetron operated at a power (Ps) of 50 to100 watts,
and a presputtering procedure, which aimed to clean the target, was carried out for
30 minutes while the shutter in front of the substrate was closed. In addition to this,
the GaN target was RF sputtered with for a period (t) between 30 and 90 minutes.
After the deposition was complete, the sample heating was switched off, and the
sample was allowed to return to ambient temperature while still contained inside the

deposition chamber.

The X-ray reflectivity (XRR) was applied to evaluate numerous
characteristics of the films, such as the layered structure, the density, information
on the thickness of the interfaces, and the film thickness, which was also used for
QCM calibration.
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The ex-situ AFM characterization, which was performed in the semi-contact
mode, showed the growth mode. This growth type is characterized by 2D-islands
growth for R1/Al203, R2/Al;03, and R4/Zn0O, and transition to a 3D growth for
R3/Al203, R5/Zn0, and R6/TiO2. AFM images of thin and thick GaN films produced

on an Al>Ogz substrate are shown in Figure 3.4.
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Figure 3.4 AFM images of the GaN films with different thickness growth on Al>Os
substrate (a) thin film, (b) thick film

SEM-EDS investigations were needed to assess the clear view of the surface
morphology and the qualitative elemental composition of the films. The SEM
examination revealed smooth, uniform, crack-free surfaces with a homogenous

morphology at a few micrometers scale.

For a more accurate surface analysis XPS measurements, in the binding energy
range of 0-1200 eV were done. The ratio obtained was approximately Gai N3 O for
all the Tean-pa Samples. This behaviour was assigned to the cooling down of the
samples in the nitrogen atmosphere from the deposition temperature to the room
temperature which result in surface nitridation. The assumption is sustained also by
the EDS measurements of GaN films which show contradictory Ga:N ratios with
XPS results. Ga:N ratio obtained for the Tean-pn Samples was approx. Gai N o9,
while Tean-m samples present approx. 1:1 Ga:N ratio. As well as, the EDS results

reflect these ratios for the GaN films obtained with Tgan-py and Tean-m targets.

Moreover, some of the samples have been structurally investigated by TEM. The
interface presents defects such as linear dislocation and point defects. At the surface
of the substrate, the samples manifest a disordered microstructure that results in a

high density of dislocation defects found inside the polycrystalline film.
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In summary, the as-deposited films correlate with the chemical composition
of the GaN targets. Different deposition parameters were implied in the attempt of
getting a defect-free GaN film. Unstable, sporadic glow discharge was observed
when the used Ar:N> ratio was 10% Ar - 90% N2 and 40% Ar - 60% Na. It was
discovered that an atmosphere with a composition of 70% N, and 30% Ar would

have an approximate Ga:N ratio of 1:1 and significantly lower oxygen content.

3.4 Buffer layer

Literature reviews reveal that a buffer layer is needed between the substrate and
the GaN film to assist the film's relaxation from stress and strain that might occur

during film growth caused by lattice mismatch [60], [61].

3.4.1 Aluminum nitride (AIN)

Fallowing the same cleaning procedure as that was used for GaN films
deposition, efforts are made to create an AIN buffer layer using a 1- inch Al target.
These attempts were undertaken on Si (111) substrates. In Figure 3.5 are presented
the 2-theta scans of samples SA1 (purple), SA2 (yellow), SA3 (orange), SA4 (dark
green), SA5 (blue), SA6 (light green), a spectrum belonging to the untreated Si(111)
substrate (grey), and a Si(111) substrate treated at 7000C (black - monochromator
measurement). In these spectra no peaks belonging to AIN could be observed,
instead, the (222) reflection of the silicon substrate could be observed. The peaks

~42° are attributed to the signal that came from the Al sample holder.

Si(111) mm Substrate annealed 700°C
== Substrate
1.00e+007 mm SA]

SA2 -
- Si(333)
Si(222) SA3 l

=S A4
= SA3

1.00e+005
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L
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Figure 3.5. XRD 2theta scans for the AIN layers grown on Si substrates
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3.4.2 Zinc oxide (ZnO)

Efforts are being made to create a ZnO buffer layer by using a ZnO target
that is 1 inch in diameter. All of the samples were successful in producing the zinc

oxide layer, as seen by the 2-theta scans displayed in Figure 3.6.

Copper contamination was found in both of the most recent depositions. This
feature arises as a result of a bad electric contact that melted the copper that is
located at the back of the target (back-side Cu plate) and evaporated it at the same
time as the zinc oxide. As a direct consequence of this, depositions were halted once
the target was compromised.

== Si (111)
SZ3

Si(111)

1.00e+006 Cu(111)

ps)

" 1.00e+004

Intensity (¢

1.00e+0021

2theta (deg)

Figure 3.6 XRD 2theta scans for the ZnO layers grown on Si substrates
3.4.3 Titanium nitride (TiN)

In the vacuum environment, achievements have been made in producing TiN
buffer layers by using a titanium target and an atmosphere that consists of both argon
and nitrogen. These two gases have been used in different ratios to create the proper
gas mixture to grow TiN layers. The Si(111) substrates were placed into the
deposition chamber after undergoing the identical cleaning and bonding steps on the

sample holder as indicated in the previous studies.

As an example, Figure 3.7 show the XRD results for ST4. The TiN phase
identified in the sample has a (200) orientation. Moreover, it was discovered that

the values that were used for ST4 are the optimal deposition parameters.
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Figure 3.7 XRD 2theta scan of ST4 showing TiN (200)

3.5 Summary

The goal of this research was to create a novel transmission or reflection
mode moderator or a field-assisted moderator. XRD and HR-SEM/EDS were used
to characterize the microstructure and crystallographic orientation of the samples,
while SEM and EDS were used to determine elemental composition, texture, and
crystalline structure of the sample compounds. XPS was used to determine the
chemical composition of the sample surfaces. Thickness ratios and preferred
orientations of GaN and GaN/Ga.Os were determined by the substrate's spatial
group. AIN buffer was impossible to achieved due to a highly oxidized Al target.
ZnO buffer was obtained, but cooper contamination was found in latest films. TiN
phase with (200) orientation was obtained by using a Ti target.

Based on part of these results, a paper was written and published in the Scientific
Bulletin of the University Politehnica of Bucharest [62]. The publishing of the study
was the result of a joint effort by the group Department of Science and Engineering of
Oxide Materials and Nanomaterials, UPB, and Target Laboratory group, ELI-NP.
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Chapter 4

Studies on commercially available

GaN samples

Besides being a perspective material for positron moderation [63], [64],
gallium nitride is an important wide band-gap semiconductor also used in the
fabrication of nitride based heterostructure devices for photodetectors [65],
electronics [66], [67], light emitting diodes [68], [69]. In this sense, understanding
GaN’s defect structure becomes vital since any impurities, vacancy defects, or

strains can influence its unique physical and optical characteristics [66], [70], [71].

4.1 Materials and Methods

In the present chapter, a report of the analysis of the crystal quality of a
commercially available GaN epitaxial thin film grown on (111) 3C-SiC with an
intermediate AIN buffer layer is presented, along with an analogy with other GaN
samples grown on Si (111) and Al>O3 (0001) substrates. The samples used in this
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chapter were produced at NTT Advanced Technology Corporation (Kanagawa,
Japan) for high-electron-mobility transistors. As it was presented in Ref. [72], [73],
the films’> exact growth conditions were not made available by the producer.
Complementary techniques were applied for characterization of the material in order
to study the microstructure, interfaces’ characteristics, and defects distribution. The

samples were investigated via HR-TEM, HR-XRD, SEM-EDS and DBS.

4.2 Results and Discussion

Concerning determining the sample structure of the GaN layers, out-of-plane
2theta-omega scans were undertaken. GaN was confirmed to be a single-phase
hexagonal structure, orientated along the c-axis, and present in all of the samples,
i.e., Si, Al>Os3, and SiC substrates. In the out-of-plane 2theta-omega scans, the (000I)
reflections of the hexagonal AIN (ICDD 00-025-1133) were also observed. The
omega scans of the (000l) (I = 2,4) reveal that the sample with the highest quality
(smaller amount of defects) is GaN/SiC, while the sample with the lowest quality
(bigger amount of defects) is GaN/Al>Oz, which exhibits an FWHM of 0.234°,

The SEM micrographs of GaN300/Si presents a surface with holes, while
GaN/SiC has a smooth surface. In the GaN/ Al,Os micrograph was noticed the
hexagonal shape of the GaN, which is measured on the edge of the sample. The
evaluation of the TEM cross-section images confirmed the buffer layer of aluminum
nitride (AIN), therefore, the GaN/SiC sample can be regarded as a GaN/AIN/SiC
heterostructure. Usually, such a layer aims at reducing the number of defects in the
GaN film on account of the low lattice mismatch between AIN and GaN of 2.4%
[74].

For the assessment of the threading dislocation density, pq, and the correlation
length, L, several double-axis o scans (rocking curves) were performed for selected
(h k1) planes. The obtained threading dislocation densities corresponding to the GaN
layer grown on SiC are p§= 1.37x10° cm2 and pg = 1.07x10° cm™. Consequently,
the total threading dislocation density calculated as the sum of those two component
densities is p§ = 1.47x10%° ¢cm™, With the later value, the mean distance between
two dislocations was determined as being 82 nm according to r, = 1/(p5)/? [75].
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The values of the dislocation correlation lengths, i.e., L*= 171 nm and L5 = 288 nm,
extracted from the peak profiles, can be ascribed to the low lattice mismatch
between the substrate and the film. The uncertainty of the presented values is within

the least significant digit.

According to Figure 4.1, a strong decrease in S was observed for E+ < 1 keV
due to the reduced ability of thermalized positrons to diffuse back toward the
surface. This phenomenon is induced by the local electric field resulting from the
band bending near the surface. Consequently, less Ps emission takes place at the
surface and thus the positron diffusion length is reduced. At E+ = 1 keV, S increases
slowly with E+ in the GaN film area, then seemingly reaches a plateau in the AIN
layer (for E+ = 17 keV), before finally achieving full saturation at E+ = 21 keV
within the SiC substrate layer.
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Figure 4.1 Plotted depth profiles S(E+) of GaN/SiC. The experimental errors are in
the order of the experimental point size. The stairs represent the best parameters
obtained by the fit of a 4-layer model to the experimental data by the VEPFIT
software. The values represent the cumulative thickness of the layers. The upper part
of figure is the experimental data and the best fit of the relative Ps fraction, Fps(E+)

Since Ps is not formed within the bulk GaN layers, the inequality
Sean: = 0.4576 £ 0.0004 < Scan2 = 0.4615 + 0.0004 indicates either smaller (in
size) or a lesser number of defects, as well as a longer Less within the GaN1 sublayer

[76]. Given the resulting disagreement in L‘é’?le = 13 £ 0.4 nm being smaller than

L‘g?sz =75 = 20 nm the underlying reason could be related to the presence of a local

electric field directed toward the surface.

The results which summarize the characteristics of the GaN layers, listed in

this study along with previously reported results [72], [73] are shown in Table 4.1.
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Comparing the results, one can observe that GaN exhibits an improved crystal

quality in the sample GaN/SiC, with the lowest structural defect density p§ = 1.47

x 10'° cm?, the highest value of LS2N? = 78 + 20 nm, and the narrowest omega

scans.

Table 4.1. Total defect densities, defect correlation lengths and effective positron
diffusion lengths in GaN, where d is the layer thickness, pj is the total threading
dislocation density, rq is the mean distance between two dislocations, L is the defect
correlation length (edge and screw) and Le is the effective positron diffusion length

Sample dean [PM] p§ 4 L [nm]  Lerr [nm]

-2 nm
[em] (Ml e s Gant GaN2

GaN/Al;,03[72] 189 7.49x 101° 36 155 229 124+04 56t4

GaN300/Si [73] 350 437x10" 15 27 107 143+05 22+6

GaN700/Si [73] 690 235x 10" 21 41 220 13.1+04 43+6

GaN/SiC 567 1.47x 10 82 171 288 13.0+0.4 78+20

4.3 Summary

The relationship between the substrate-buffer-film heterostructure and the
consistency of its interfaces, layer thicknesses, dislocation densities, and positron-
characteristic diffusion lengths in the GaN/AIN/SiC heterostructure was evaluated

using a several methods.

This research was completed with the contribution of V.L. Ene and B.S. Vasile
(University Politehnica of Bucharest) for the TEM measurements and analysis, I. Zai and
V. Leca for the threading dislocation densities measurements and analysis (ELI-NP)
and D. Dinescu and N. Djourelov (ELI-NP) for the positron investigation of the GaN
films. Based on these results, three articles were published, two in Nanomaterials (Basel)
[73], [77] and one in Materials (Basel) [72]. This thesis presents only the results from the
publication authored by A.B. Serban et.al. “Studies of Defect Structure in Epitaxial
AIN/GaN Films Grown on (111) 3C- SiC” [77]. This article is a comprehensive analysis of

the experimental results obtained on all three GaN samples.
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Chapter 5

Optimization and manufacture of
the positron moderation device

based on a magnetic bottle

Accelerators, ultra-intense short pulsed lasers, and nuclear reactors are used
to produce positrons. The energy spectrum of positrons emitted from source ranges
from keV to few MeV. To study subsurface regions, thin films, or layered structures,
the positron energy bandwidth must be narrowed down to a few eV. The best known
way is a two-step process involving positron moderation. The first step is energetic,
fast positrons to be converted to a beam of slow positrons and, then as a second step,
to be accelerated to a controllable energy. Single-crystalline tungsten foils and
tungsten meshes are the best work function moderators [78], [79], and frozen rare

gases are the effective moderators that take use of the extended diffusive length [80].

According to the results of Gerchow et al. [18], the magnetic bottle trap may
enhance the positron moderation efficiency of a tungsten foil by a factor of 20. This
device is made up of a vacuum chamber and two coils, which generate an

axisymmetric saddle-type magnetic field to trap fast positrons emitted from a ¢V
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foil. It is low cost and ease of operation, and can be used in the ELIPS experimental
setup. Additionally, a cyclotron is available at the "Horia Hulubei" National R&D
Institute of Physics and Nuclear Engineering (IFIN- HH) [81] and the TR19 team
already has expertise to produce the “®V radioisotope [82]. This method increases
the quantity of positrons accessible for the moderation process, which ultimately

results in a better level of efficiency.

5.1 The magnetic bottle device concept.

Positron confinement in a mirror machine was first described in 1960 by
Gibson et al [83]. Simons suggested using a magnetic bottle with a thin foil
positioned in the center as an energy degrader in the 1980s [84], [85]. Waeber et al.
[86] attempted to use the same strategy to reduce the energy of positrons to a few
keV prior to extracting them and moderating them outside the magnetic bottle to
create a mono-energetic beam. Gerchow et al. [18] recently described a positron
moderation device based on a magnetic bottle trap, also known as a magnetic mirror
machine, which traps the majority of the positrons emitted from a 1-um-thick 48V
foil made from a Ti foil activated by 12-MeV proton irradiation. The magnetic field
has a maximum value at the center of each coil and a local minimum between the
coils leading to a confinement of charged particles. The particles move along spiral

paths aligned with the axis of the trap as they go between the two coils.

5.1.1 Ideal positron magnetic bottle

The schematic of the magnetic bottle device is shown in Figure 5.1. It
consists of two magnetic mirrors. The maximum gyromagnetic radius, rg, of the
released positrons is multiplied to estimate the minimum radial dimension of the

vacuum chamber in an ideal magnetic bottle.

The greatest rqy could well be evaluated using the positron's mass, me, the

endpoint energy of emitted positrons, Ep (Ep = 694.68 eV for “8V), the electron
charge, q, and B2V¢(z = 0) = frCh B,(z = 0, x)dx (rch denotes the chamber radius),

x=0

as.
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rg = (2meEp)°°/(qB27¢(z = 0)) : 51

The pitch-angle, @, is what determines the loss cone, and the equation that describes
it is as follows:

&= (Rm-1)°5 5.2

with Rm = B™3aX/Bmin heing the mirror ratio and BM* denoting the B(z, r = 0)

maximum, and B denoting the local minimum B,(z = 0, r = 0).

z axis

=

Source and Moderator
(atz=0)

Figure 5.1 Sectional diagram of the magnetic bottle device showing a chamber with
two coils functioning as magnetic mirrors and a transport tube [87]

To be trapped, positrons need to have a velocity component ratio of
vz/vy < tan @. An ideal two-coil trap would contain enormous coils of radius ~2ryg
delivering high Bmax simultaneously, with the coils spaced such that B;(z = 0, r)
satisfies eg. 5.1. Consequently, the construction of a powerful and, at the same time,
huge magnetic coil is quite costly, and the optimization technique should take into
account specific geometrical and budgetary elements.

5.1.2 Design limitations. Fast positron source and moderator

High-temperature superconducting strips are an excellent conductor for
creating a strong magnetic field, but they are expensive and require a lot of expertise
and guesswork. A commercial copper conductor with a cross-section of
12.5x8.5 mm? and a hollow channel of diameter g4.3 mm is suitable for building
the coils when excited by a 10 kW power supply. The maximum allowable current
is bounded by the specific resistivity of copper and the total conductor length.

Parameters of feasible coil layouts are listed in Table 5.1.
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Table 5.1 Outer radius, coil thickness, windings per coil, maximum current, and
total conductor length are calculated. The additional insulation surrounding the
conductors is included (0.5 mm) in the coil's diameter and thickness. Maximum coil

current must be lower than the power supply's maximum current [87]

Configuration | |_.8w10 L9w9 | L9w8 | L10w7 | L1iw6 | L12w5 | L14w4 | L16w3 | L20w
Parameter 2
Radial layers 8 9 9 10 11 12 14 16 20
Windings per layer 10 9 8 7 6 5 4 3 2
Outer radius, re, (mm) 945 | 104.0 | 104.0 113.5 123.0 1325 151.5 170.5 | 208.5
Coil thickness (mm) 130.5 | 1175 | 104.5 91.5 78.5 65.5 52.5 39.5 26.5
Maximum current (A) 1000 917 | 1000 985 975 1000 958 1000 | 1000
Conductor length (m) 54.3 59.6 53.0 55.4 56.0 54.3 57.0 54.3 54.3
for two coils

In order to prevent the loss of trapped positrons as a result of interaction
inside the chamber volume, the positron source foil, the moderator and mesh's

support structure must be constructed using as little material as is humanly feasible.

5.2 Numerical simulations procedure

Dryzek and Horodek presented evidence that GEANT4 algorithms produce
implantation patterns that are consistent with the results of experiments [88]. A user-
physics technique was developed for selecting the positrons that would be
moderated based on their interaction with the moderator material, and then
compelled the positrons to be pumped into the vacuum in their moderated state. The
probability of a thermalized positron diffusing to the surface is computed using the
distance d to the closest surface and the e* diffusion length i.e. p = exp(-d/L+ ).
Both the W foil moderator and fast e* sources for transmission and backscattering
mode, respectively, were established according to their respective descriptions in
references [18] and [89].

COMSOL [90] is used to calculate the magnetic and electric fields present
in the magnetic bottle device, and the 3D files of the device's geometry are compared
to those from GEANT4 to validate the simulation approach. There is no information
provided by the authors on the geometrical dimensions of the magnetic bottle. The
magnetic field with values of Bmax = 2559 G and Bmin =544 G, and 66% of the
positrons mirrored from the “8V source moderation efficiency was achieved using a
configuration of two coils with an inner radius of 78 mm, an outer radius of 200 mm,
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a thickness of 50 mm, and each providing magnetomotive force of
53300 ampere- turn. The extraction efficiency was 94%. An electric field between
the grounded chamber and the moderator-source assembly at a higher potential of
600 V guaranteed a hundred percent extraction rate. Our model estimated
&1 = (0.24 £0.02) %. The fact that the branching ratio value Yo=0.33 was
neglected in the Gerchow et al. [18] experiment might be the reason for the large
variation between the two results. Slow positron beamlines with magnetic guidance
use a series of coils or long solenoids with an axial magnetic flux density, Bf, of
around 100 G. As seen in Figure 5.1, the current arrangement includes a lengthy
solenoid.

5.3 Numerical simulations results

Moderated positrons drift down the z-axis with a small gyromagnetic radius,
and the B; has an inverse relationship with the cross-section profile of the resulting
slow positron beam. A simulated spot of moderated positrons within the solenoid
for magnetic guidance B! = 100 G is shown in Figure 5.2. The primary objective
was to examine coil configuration from setup #1 in relation to coil configurations

that would work with a 10 KW power source.

; ; . . . . "
moderated ¢” per 10° fast ¢*

w
5

Figure 5.2 Moderated positrons spot for the coils’ configuration L10w7 under
magnetic guiding B = 100 G inside the transport solenoid. The white circle marks the
central @10 mm area [87]

The simulated Bmin is set to be equal to 544 G as in setup #1, by the
adjustment of the length, hch, of the chamber. So that a comparable amount of

positrons may reach and annihilate the cylindrical wall of the chamber in each of
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the listed coils' configurations. To illustrate this, Figure 5.3 displays the calculated
(total and “useful” moderated positrons) value of Bmax as well as the proportion of
10° released fast positrons that are detected as moderated positrons in the transport
tube.
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Figure 5.3 Fraction of the total and “useful” detected moderated positrons together
with Bmax in the case of coils’ configuration presented in Table 5.1 [87]

The chamber length of hen =300mm is a reasonable compromise for
achieving total and useful moderated e* percentages near to their maximum values.
The chamber with rcn =100 mm will be chosen the most suited for the
implementation of the device because of the lower cost for lead shield protection.
The depth profiles of the simulated positrons that are emitted from the
1-um-thick “8V foil and implanted in the 1-um-thick W moderator foil before they
are annihilated are shown in Figure 5.4. This study compared the effect of setup #1
and the optimized setup on the moderation efficiency of positrons stopped in the
layer between 0.9-1 um of the moderator. The results showed that the optimized

setup had nearly twice as much moderation efficiency as setup #1.
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Figure 5.4 Simulated z-axis position of positrons from 1-pum-thick “V implanted in
1-pm-thick W [87]
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The overall moderated e proportion is calculated from the particular activity

data, and from that, the initial slow e* intensity for 8-h-activation of the source foil

as a function of thickness is estimated in Figure 5.5. To get a stronger “8V at a set

time for proton irradiation and within the limitation of the proton beam cross-section

profile, increase the thickness of the Ti foil.

Total moderated e fraction (%)
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1000

Figure 5.5 Simulated total moderated e* fraction and estimated initial slow e*
intensity for 8-h-activation of the source foil as a function of thickness of the source

foil [87]

The simulation results of the overall fraction of moderated e* as a function

of the thickness of the moderation W foil for source foils of thickness 1 and 10 pm

are shown in Figure 5.6. Results show that for a given moderator thickness, the

desirable value is somewhere between 1 + 2 um.
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Figure 5.6 Simulated total moderated e* fraction as a function of thickness of the
moderation foil in cases of source foil thickness 1 and 10 um [87]
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5.4 Manufacturing of the positron moderation device

5.4.1 Magnetic coils construction

The National Institute of Research & Development in Electrical Engineering —
Bucharest (ICPE-CA) was specifically involved in the manufacturing of the magnetic
coils. Electromagnetic coils were settled upon for construction using standard
hollowed copper conductor in the dimensions derived from the aforementioned
optimization research (see Table 5.1.). High-purity (99.97%), hollowed copper
conductor was chosen; it was insulated with glass fiber and resin. Vacuum was used

to embed the coils in epoxy resin (without air bubbles).

5.5 Designing and assembling the experimental setup

In order for the magnetic bottle chamber to be made, a three-dimensional design
has been prepared for it, along with drawings that can be used in production. Stainless
steel was used for the construction of all of the flanges, tubes, and side walls. In
preparation for the application of a vacuum of 107 mbar, the chamber was cleaned,
conditioned, and subjected to helium leak testing. In addition to that, a water-cooling
system was implemented up in the experimental hall specifically for the coils. Further,
the magnets and the cables were assembled together with the vacuum chamber and were

connected to the water cooling system as can be seen in the Figure 5.7.

Figure 5.7 Vacuum chamber and magnets assembled together. Magnetic field
measuring axes

In order to determine the level of heat generated by the magnets, tests of the

water cooling circuit were carried out. The magnet reaches a temperature of 57 °C when
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subjected to the highest current that may be applied. This temperature limits the power
supply to a current of less than 928 A, which results in an applied power of less than
9.7 kW. The in-vacuum supporting structure was conceived of and built in such a
manner that any potential losses of trapped positrons arising from contact inside the
chamber volume were eliminated throughout the production process. To be more
specific, the support of the positron source foils, the moderator foil, and the mesh were

all designed to use the minimum amount of material feasible.

Finally, the experimental setup was assembled, including the positron transport
tube, the analysis cross, the detectors, the vacuum pumps, and all of the associated

power supplies. The experimental ensemble is presented in Figure 5.8.

i ) \/ <
| 8 Banalysis

cross,c | )

\- } =

Figure 5.8 Magnetic bottle experimental setup with analysis cross equipped with two
CeBrasdetectors.

5.5.1 Ti foils irradiation

The irradiation of 4 foils with dimension of 10x10mm?, thickness of 2 um each,
and purity of 99.6% was performed by stacking them in the irradiation holder. The
extracted proton energy was Eextr = 14 MeV and the proton beam energy at the titanium
target was Einc = 13.2 MeV. The irradiation time was 1 h.The proton current had a value

of I,=5pA. The integral current of 5.0 pAh yielded an activity of %V of
Aeos = 245.5 kBq per foil and Aeos 4 foils= 982 kBq for 4 foils.

5.5.2 W annealing

An annealing temperature of approximately 2600 °C, which is equivalent to 0.7
Tm (melting temperature of W in Kelvin), is desirable [91] in order to remove any
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imperfections that may have been still in the tungsten material. This is because tungsten
has a high melting point, which is 3422 °C. In addition, an annealing temperature of
roughly 1500 °C is necessary [92] in order to purge the material of any surface
contaminations, such as oxides. A chamber that will be used for the annealing of the
tungsten foil (moderator) via the use of electron bombardment has been developed and
constructed. W foil annealing, was performed in a vacuum level below 5x10° mbar.
The temperature measured by the pyrometer was ~ 2050 °C and was kept in 2 complete
cycles in which the electron beam covers the entire foil.

5.6 Results

The first step towards understanding what to expect from the experimental
results was to simulate the physics processes for the optimized setup with the real
dimensions and conditions. It was demonstrated that all moderated and some fast
positrons are escaping from the bottle and transported through the transport tube to the

analysis cross.

The data acquisition system is designed to measure the annihilation gamma rays
of 511 keV energy emitted in opposite directions by detection by two @3 x 3” CeBr3
detectors placed transversaly to the positron beam axis outside the analysis cross. The
experiment was performed with the W mesh (grid) kept at ground (0 potential). The W
annealed moderator and the irradiated Ti foils were placed on the frame and introduced
in the vacuum chamber (see Figure 5.9). The experiment was running at a given
potential +200 V (pushing mode) and -200 V (stopping mode) applied on the W - 48V
foils. The +200 V potential was used as pushing mode for the moderated positrons to
be pulled towards the transport line. The -200 V was used as stopping mode for blocking

the moderated positrons.

A 230 mm target was used in the analysis cross and a -1000 V potential was
applied to accelerate the positrons that reach the target in order to be implanted and
annihilate at some depth. The annihilation gamma rays of 511 keV energy emitted in
opposite directions were detected by the two @3”x 3” CeBrs detectors placed
transversely to the positron beam direction. The acquisition electronics was set to work

in coincidences, as in the calibration measurements, in order to eliminate gamma rays
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that may appear from the annihilation of positrons on the walls of the chamber or
transport tube. Each measurement lasted at least 1 h, and the estimated error in

determination of the count rate of the coincidences was 4.6% of the measured value.

W &Tifolls on thin wires = #42
/lmhecentzr of thechamber Y I

Figure 5.9 Magnetic bottle chamber assembled together with the frame

Further, the two modes pushing and stopping of the moderated positrons were
measured. The difference between the pushing and stopping count rates represent the
moderated positrons at the target. The ratio of this value to the count rate obtained when
the corresponding 8V foils were placed in the center of the analysis cross gives the
moderation efficiency. In consequence, the comparison of the measured data with the
simulated concerning the absolute values of the fast and moderated positrons at the
target and the comparison of the measured and simulated data of the moderation
efficiency as a function of the total thickness of the 48V foils demonstrated very good

agreement.

5.7 Summary

The design optimization and manufacturing of a magnetic bottle device for high-
efficiency positron moderation was described herein. The interaction between positrons
and matter, including positron tracking, was performed via GEANT and COMSOL
simulation. Stainless steel was used for the construction of all of the flanges, tubes, and
side walls of the chamber. Irradiation of 4 foils with dimension of 10x10 mm?,
thickness of 2 um each, and purity of 99.6% was performed by stacking them in the
irradiation holder. A chamber that was used for the annealing of the tungsten foil

(moderator) via the use of electron bombardment has been developed and constructed.
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The W foil was annealed in a vacuum level below 5x10° mbar at a temperature ~
2050 °C and was kept in 2 complete cycles in which the electron beam covered the

entire foil.

The comparison of the measured data with the simulated concerning the
absolute values of the fast and moderated positrons at the target and the moderation
efficiency as a function of the total thickness of the “8V foils demonstrated very good

agreement.

This research was a collaborative work between three groups: Positron
Laboratory group, ELI-NP, Department of Non-Conventional Electrical Engineering,
ICPE-CA, and Applied Nuclear Physics Department, IFIN-HH. The group from
ICPE- CA was responsible for building the magnetic coils and the group from IFIN-
HH for the Ti irradiation. Based on the optimization study, an article was published in

Nuclear Inst. and Methods in Physics Research Section A, [87].
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Chapter 6

Conclusions and perspectives

During the initial stage of this investigation, the primary focus was on
developing a novel transmission or reflection mode moderator as well as a FA re-
moderator. This first chapter describes the original study that was done to deposit
GaN and its buffer layer, as well as the characterization of the films that were
produced as a consequence in order to acquire a thin film material appropriate for
positron moderation. A buffer layer was also considered as a potential approach to help
the film relax from strain and stress. With an oxidized Al target, AIN buffer proved
unable to accomplish. Although the ZnO buffer was formed on all of the samples,
copper contamination was discovered, and as a result, depositions were halted once the
target was damaged by a poor electrical contact. Using a Ti target, the TiN phase with
(200) reflection was discovered in the deposited samples. It was shown that the
attempts made to develop epitaxial films could not be successful under the

circumstances described in the chapter.

To show that GaN is an appropriate positron moderator in the epitaxial
ordered phase, the second chapter presents original research that analyzes the
crystalline quality of commercially available GaN produced on three distinct

substrates. The observed dislocation correlation lengths L®* = 171 nm and L°® =288
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nm, and the mean distance between two dislocations (rq = 82 nm) are greater than
what was found in examined heterostructures on Si and Al.O3 substrates. This
demonstrates that using AIN-SiC as a growth template for the GaN crystals results
in a higher-grade crystal. In addition, the DBS measurements upheld the afore-
mentioned results, with higher effective positron diffusion length LS28N2=75 + 20
nm for the GaN layer. It has been shown that the use of this material as a positron

moderator is not appropriate given the proposed experimental setup.

A description of the original research that was undertaken with the aim of
improving the performance of a magnetic bottle trap is discussed. The simulations
demonstrated that the setup device with the adjusted parameters would have a
moderation efficiency that is two times higher than the Gerchow et. al. [18] device.
The interaction between positrons and matter, including positron tracking, was
performed via GEANT and COMSOL simulation. Stainless steel was used for the
construction of all of the flanges, tubes, and side walls of the chamber. In preparation
for the application of a vacuum of 107 mbar, the chamber was cleaned, conditioned,
and subjected to helium leak testing. Irradiation of 4 foils with dimension of
10x10 mm?, thickness of 2 um each, and purity of 99.6% was performed by stacking

them in the irradiation holder.

A chamber that was used for the annealing of the tungsten foil (moderator) via
the use of electron bombardment has been developed and constructed. The W foil was
annealed in a vacuum level below 5x10° mbar at a temperature ~ 2050 °C and was kept

in 2 complete cycles in which the electron beam covered the entire foil.

It was demonstrated that the simulated results and the experimental ones are
consistent, which results in the implementation of the improved magnetic bottle

trap.
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