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Abstract

When heavy ions with energies in the range of hundreds of MeV to GeV penetrate a
solid, they lose their energy through inelastic interactions with the target electrons and
can leave narrow cylindrical trails of permanent damage along their path, known as ion
tracks. Ion tracks are typically a few nanometers in diameter and can be up to tens
of micrometers long. When these tracks are annealed at elevated temperatures, they
shrink in size and eventually the damage inside the material can recover. In this project
ion tracks are studied in Durango apatite, San Carlos olive and synthetic quartz. In
minerals such as apatite track formation can result from spontaneous fission of naturally
occurring uranium inclusions that produces high energetic fragments. These so called
“fission-tracks” are used for dating and constraining the thermal history of geological
samples. The current dating methods, however, utilize chemical etching, which destroys
the primary damage such that essential information on the actual scale of the underlying
radiation damage is irrevocably lost. A detailed understanding of the un-etched track
damage in minerals and its dependence on geologically relevant conditions is of funda-
mental importance for the application of etched tracks in geo- and thermochronology.
Tracks in olivine are used for identification of cosmic rays in meteorites. Many meteorites
contain different amounts of olivine which is a crystalline mineral susceptible to ion-track
formation from high energetic cosmic particles. Studying the annealing behavior of ion
tracks in meteorites can lead to estimation of the temperature of the mineral during track
formation. In quartz, swift heavy ion irradiation leads to a change in the refractive index
of the material inside the narrow tracks and provides new possibilities for fabrication and
micromachining of optical devices. Annealing of ion tracks in quartz is of interest as for
example device fabrication processes often involve elevated temperatures.

In this work synchrotron-based small-angle X-ray scattering in combination with in
situ and ex situ annealing experiments is used to study the morphology and damage
recovery of un-etched ion tracks. It is demonstrated that SAXS is a powerful tool for
studying ion-track damage in a variety of materials as it is sensitive to small density
changes at the nanometer scale that often occur in the damaged regions. It is a
non-destructive technique and can be used to determine changes in the track radii with
sub-nanometer precision. Short acquisition times make it well suited for studying track
annealing kinetics in situ.

In all three materials, the scattering intensities of the tracks are best fitted with a
cylindrical model with a constant density and sharp track boundaries consistent with
amorphous material inside the track.

In quartz, analysis of the SAXS data at room temperature indicated a weak
dependence on the electronic energy loss at values above 17 keV/nm, in contrast to
values previously reported from Rutherford backscattering spectrometry measurements
and predictions from an inelastic thermal spike model. The observed discrepancies
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are discussed with respect to the formation of a defective halo around an amorphous
track core, the existence of high stresses and/or the possible presence of a boiling
phase in quartz predicted by the thermal spike model. Annealing of ion tracks in
quartz revealed a complex behavior: below 600 °C a small yet reproducible variation
in the track radius is described by an analytical model considering the ion tracks as
cylindrical elastic inclusions and the temperature dependence of the elastic constants
of amorphous Si0Os and quartz as the track and matrix material, respectively. At
temperatures above 800 °C, re-crystallisation of the amorphous damage is apparent
and the tracks start to shrink in size. Isothermal annealing of the tracks at three
temperatures above 800 °C yields an activation energy of approximately 4.6 eV which
is comparable with previously reported values for epitaxial regrowth of amorphised quartz.

In apatite and olivine, SAXS measurements of ion tracks indicate a similar increase
in the radius with the electronic energy loss as well as a similar change in the electron
density of ~1% of the tracks compared to their matrix. However, annealing of ion tracks
in the both minerals revealed a different damage recovery behavior. In both minerals,
annealing leads to a gradual decrease of the track radius consistent with re-crystallisation
of the amorphous material. The damage recovery rate, however, is significantly smaller
in olivine compared to apatite, despite the initially very similar track morphology. In
apatite, damage recovery of the tracks is characterised by structural relaxation followed
by recrystallization with an activation energy of approximately 0.72 eV. In olivine, full
recovery of the track damage also involves fragmentation of the cylindrical tracks above
the temperate of about 600 °C and possibly oxidation of the material.

The work presented in this thesis has aided in developing the possibilities that small-
angle X-ray scattering can provide for studying the morphology and annealing behavior
of nano sized damage structures. The high accuracy with which the track radii can be
determined using SAXS, the nondestructive, artifact-free measurement methodology, as
well as the data analysis models introduced in this work provide an effective means for
in-depth studies of ion-track morphology and annealing behavior in a variety of materials.
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Chapter 1

Introduction

1.1 Background

The fission reaction of radioactive atoms was first discovered by Hahn and Strassmann
in 1939 [1]. In a fission reaction, the unstable nucleus splits into two daughter nuclides.
These fragments are often asymmetric, resulting in nuclides of unequal masses. The
masses of the fission fragments often consist of heavy (Mpy) and light (Mp) nuclei. The
mass ratio between the fragments, (Mg /Mp), can vary between 2, in the extreme case,
and 1.4, which is the most frequent scenario [1]. The masses of fission products cover a
broad distribution. For instance, for the fission of 238U, typical light masses have mass
numbers ranging from 85-105 and heavy masses ranging from 135-155 [1].

Minerals such as apatite and zircon can incorporate and retain small amounts
of uranium and thorium [2, 3] which are radioactive and decay spontaneously or by
bombardment with particles such as neutrons or protons. The spontaneous fission of 233U
releases a kinetic energy of about 170 MeV and produces two energetic nuclear fragments
[4] that move at 180° away from each other. These high energetic particles slow down
in matter predominantly by electronic excitations and ionisations and can induce narrow
trails of highly-damaged material so called “fission tracks” [5, 6, 1] which are about
10 nm in diameter and up to 20 pm long. This process is shown schematically in figure 1.1.
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Figure 1.1: Schematic presentation of the formation of fission tracks in minerals [4]. (1) Small
amounts of an unstable radioactive content e.g. 233U are presented in different color. (2) Spon-
taneous fission of 238U produces two highly-charged heavy particles which result in further defor-
mation of the lattice. (3) As the fission particles slow down they leave a damage trail or fission
track.

In many crystals when a track is exposed to elevated temperatures, atomic motion in
the solid can lead to a restoration of the original structure and cause the damage track
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to fade away [7]. Hence, at elevated temperatures tracks can shrink in size, and fragment
into sections until they are completely annealed [6, 1]. Given the well-known decay laws,
the number density of tracks correlated with the specific uranium content can be used
as a measure of the age of archaeological and geological samples and the track-length
distribution yields information on its thermal history [8, 9, 10, 4, 11]. Assuming that the
temperature of a fission track at the time of formation was below the temperature at
which fading begins, it will be stable over millions of years [7].

The first fission tracks were detected in mica by Silk and Barnes in 1959 [12] when they
mounted sheets of mica against a thin layer of uranium, exposed the sandwich to thermal
neutrons in a reactor, stripped thin layers from the mica, and examined them in an electron
microscope [13]. It was a great discovery but there was the problem of track fading under
the electron beam. A few years later Price and Walker [13, 14, 5] solved the annealing
problem by immersing the mica in hydrofluoric acid and “fixing” the tracks by removing
the cylindrical regions of radiation damage and enlarging them to micrometer sizes such
that they can be imaged using conventional optical microscopy. This etching process
forms the basis of the fission track dating technique developed in 1963 [5]. Taken together
with other techniques, fission track dating is used to infer rates of tectonic uplift and
landscape evolution [15]. The most commonly used materials for fission track dating are
apatite, zircon, and sphene. Examples of etched fission tracks in apatite are shown in fig-
ure 1.2 [16]. The fission tracks in a crystal of apatite were etched for 20 s in nitric acid [16].

Figure 1.2: Optical microscopy image of etched fission tracks in apatite. The image is taken by
Prof. Andrew Gleadow from the University of Melbourne [16].

The advent of large ion accelerator facilities in the 80’s enabled the controlled forma-
tion of ion tracks in the laboratory and stimulated investigation of ion tracks in many
materials. Despite the considerable efforts in ion track research, to date no consistent
theory of track formation has been developed. As with minerals it was found that chemical
etching preferentially attacks the radiation-damaged volume in the undamaged bulk
[17]. However, chemical etching completely erases the initial damage structure to form
hollow channels with high aspect ratios suitable for a variety of technological applications
in different areas of science including (but not limited to) material modifications and
fabrication, nuclear waste management, archeology, geochronology, and development of
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medicine, biochemical products and optical devices. For applications as well as for a
comprehensive understanding of track formation, it is of major importance to understand
the formation and stability of tracks at the actual scale of the underlying radiation damage.

The most important parameter for ion-track formation and the resulting track
structure is the energy loss per unit path length (dE/dx) of the projectile ion as it
travels through the material. For a given material, dE/dx depends on the energy, mass
number, and charge state of the projectile. For a typical fission fragment for example
in apatite, this parameter is about 16 keV/nm. Spontaneous fission produces fragments
with a relatively broad mass and energy distribution that causes variation in the initial
dE/dx value and thus may lead to different damage morphologies and sizes for individual
fission tracks. The random decay direction induces tracks of different crystallographic
orientations, which may also influence the resulting track damage. Other factors that
can influence the track structure include pressure, temperature, and composition of
the material. Only a consistent microstructural description of track properties at the
atomic level (prior to chemical etching) can provide the fundamental understanding
required for the application of etched fission tracks for dating purposes [1]. Therefore,
detailed characterization of the track structure and size and its systematic dependence
on a number of geologically relevant parameters is simplified and more accurate with
well-controlled parallel “ion tracks” of identical size and damage morphology. Examples
of induced ion tracks in apatite in cross-section and plan-view are shown in figure 1.3 [18].

20 nm

Figure 1.3: Cross-sectional transmission electron microscopy (TEM) image of latent tracks in
apatite induced by 2.2 GeV Au ions. The inset shows a high-resolution TEM image of an ion track
in plan-view. The image is taken from reference [18].
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Similar to fission tracks, in many materials, ion tracks can change upon heat treatment
ultimately leading to recovery of the ion-track damage. Therefore annealing experiments
of ion tracks are important for various reasons such as identification of the origins of
tracks in terrestrial materials [19], changing the threshold for track registration in solid
state track detectors [20], understanding the stability of fission tracks to unravel erosion
and transport patterns of sedimentary rocks [4] and many other applications. A detailed
understanding of annealing behavior and recovery kinetics of ion tracks is therefore of
great fundamental and technological interest.

1.2 Ion track applications

There are numerous applications of swift heavy ion tracks in different materials spanning
many fields of research and technology. Here we focus on applications for fission track
dating and some technological as well as space applications motivated by the relevance of
the materials studied in this work.

1.2.1 Fission track dating

One of the important applications of ion tracks is their use for fission track dating which
is used to determine the age of archaeological and geological samples as well as their
thermal history. Like any radioactive decay process, by knowing the decay rate and the
relative abundance of the parent and daughter product, the age of the material can be
estimated. Spontaneous fission tracks are mostly generated by the fission of 233U as the
fission half-life of all other naturally-occurring isotopes such as 23°U and 22Th are too
long to produce significant number of tracks. Here the parent and daughter products are
the number of 23U atoms and the number of spontaneous fission tracks per unit volume [4].

One of the techniques for determining a fission track age is the external detector
method [21] which is summarised and illustrated in figure 1.4 [4]. In this method the
surface of a given mineral is polished and by etching, surface tracks are revealed and their
content is estimated. The surface is then sealed with a uranium-free detector such as
muscovite mica and is sent to a nuclear reactor. The sample is irradiated with low-energy
thermal neutrons which induces fission of 23°U. Some heavy particles cross the interface
between the mineral and the detector on the top as a result of fission of 23°U and produce
a mirror image of the original grain. Induced tracks can be etched in the mica layer and
by counting the number of induced tracks, the concentration of 233U in the sample can be
determined. As the ratio between 23°U and 238U is constant in nature, we can estimate
the abundance of 233U or the parent product. The number of fission tracks together with
the 238U content then yield the age of the mineral.

Naturally-occurring tracks in different minerals progressively anneal at a rate which
depends on the temperature [6, 22]. Since the discovery of fission tracks, a lot of work
is dedicated to studying the effect of annealing and it has been shown that the track-
length distribution under temperature yields information on the thermal history of the
material [8, 9, 10, 4, 11]. In nature, younger fission tracks experience smaller portion of
the time-temperature history of the mineral. Therefore, older fission tracks in a mineral
have experienced a greater degree of partial annealing than younger tracks. The overall
fission track length distribution is indicative of the thermal history of the mineral [23].
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Figure 1.4: The external detector method for fission track dating [21, 4]. The picture is taken
from reference [4].

1.2.2 Technological applications

One of the very first applications of ion tracks was in membrane technology where small
particles suspended in a liquid or gas could be mechanically separated by passing through
ion track filters [24]. Ion track filters are advantageous over the conventional filters due
to their well-defined pore size. Micro- and ultra-filtration membranes produced in thin
polymeric films using the SHI irradiation and chemical etching have found their place
in the market since the seventies and their applications include filtration of beverages,
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separation and concentration of various suspensions and purification of deionized water in
microelectronics processing [25]. Figure 1.5 shows an example of nanoporous membranes
formed by etching of an ion irradiated polymer foil [26]. Nanofilters prepared using
ion track pores can also be used as templates for the synthesis of micro and nanowires
[25, 27, 28, 29]. The template method is shown schematically in figure 1.6.

Figure 1.5: Image of polymide foil after irradiation and etching. The image is taken from reference
[26].

(a) ion irradiation of a polymer membrane

1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
YYYYYY VYVYVY
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(b) chemical etching of the ion track

(c) deposition of a conductive layer and filling of the pores

________

(d) growing of caps on the top

HilININNIN

(e) dissolution of the membrane after step (c)

Figure 1.6: Schematic of the template method for nanowire fabrication [27].

Another use of ion tracks for technological applications is in lithography. Microma-
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chining by ion track etching (MITE) enables new geometries and deep microstructures
used for micromachining of crystals, glasses and polymers [30]. Swift heavy ion tracks in
dielectric materials offer unique possibilities for generation of nanometer-sized structures
at low cost and high throughputs. In combination with lithography they open up new
ways for biofluidic, electric, magnetic and optic device fabrication. Comparison of
conventional etching and the MITE technique is shown in figure 1.7 [30].

ion induced
anisotropy

natural anisotropy

[F— [F—
after mask
patterning

[F— [F—
after etching U

Figure 1.7: Comparison of conventional etching and micromachining by ion track etching.

One of the important materials which is used in micromachining and for fabrication
of optical waveguides is quartz (crystalline SiOs). Swift heavy ion irradiation of quartz
leads to a change in the refractive index and offers a means to impose an etch anisotropy
in the material [31, 32]. An example of some geometries in quartz that are only possible
by MITE is shown in figure 1.8 which shows deep structures with close to vertical walls [33].

100pm

Figure 1.8: Examples of geometries created using micromachining by ion track etching in quartz
[33]. The image is taken from reference [33].

1.2.3 Space applications

Figure 1.9 shows the helmet that was worn by astronaut James Lovell in the Apollo 8
mission and images of cosmic-ray particle track replicas [34, 35]. The tracks were caused
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by heavy cosmic rays that penetrated the Apollo helmets and provide a measure of the
dose and variations of the cosmic radiation that the astronauts are exposed to [34, 35, 36].
The helmets are made of Lexan plastic and this material is particularly important since
the ionization rate necessary to produce a track in Lexan is close to that for which a
nuclear particle crossing certain cells will kill the cell with the probability of almost one
[35, 34]. Therefore from such track measurements, the total brain cell damage in an
extended space mission can be estimated [36].

Figure 1.9: Apollo helmet and cosmic-ray particle track replicas. The image is taken from
reference [35].

Ton tracks are also used for identification of cosmic rays in meteorites, objects that
originate in outer space and survive impact with the Earth’s surface. Meteorites may
contain olivine which is a crystalline mineral susceptible to ion-track damage. Studying
the tracks inside the olivine from meteorites provides information about the chemical
composition of ultraheavy cosmic rays [37].

1.3 Measurement techniques

First observations of ion tracks were by means of microscopy [38, 12]. Visual images
from microscopic observations have the advantage of corresponding directly to human
intuition. Depending on the contrast, ion tracks can be imaged using different microscopy
techniques. The conventional method for observing individual tracks uses chemical
etching which is based on the higher chemical reactivity of the track material. By etching
in a suitable agent, tracks are enlarged to pores of micrometer sizes accessible to optical
microscopy. Figure 1.10 shows a micrograph of etched tracks in Lexan polycarbonate that
was taken by an optical microscope [39]. Optical microscopy requires very little sample
preparation, however, it has a small depth of focus and the nanometer size of un-etched
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“latent” tracks is beyond its resolution.

Figure 1.10: Etched tracks in Lexan polycarbonate, an example of optical microscopy for imaging
ion tracks. The image is taken from reference [39)].

Etched tracks can also be imaged using scanning electron microscope (SEM) which
has a resolution about two orders of magnitudes higher than optical microscopy [40].
SEM can image the surface of a sample by scanning it with a beam of electrons in a raster
scan pattern and recording the secondary electrons excited at each point. An image of
the surface topology can be reconstructed with a resolution of down to few nanometers
depending on the beam energy and the material. Figure 1.11 shows an SEM image of
etched tracks in a — Si0; [41].

Figure 1.11: SEM image showing the etched surface of amorphous SiO irradiated with 76.4
MeV I ions. The image is taken from reference [41].

High-resolution visualization of latent ion tracks and very fine etched tracks can
be performed using transmission electron microscopy (TEM) [42, 43], where a beam of
electrons is transmitted through a very thin sample and forms an image as a result of the
interaction of the electrons with the material. Using TEM, tracks can be imaged in both
plan-view and cross-section. Examples of plan-view and cross-sectional TEM images of
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latent ion tracks are shown in figure 1.12 [44, 45].

Figure 1.12: (a) Plan-view high-resolution TEM image of zircon irradiated with 10 GeV Pb
ions. The image is taken from reference [44]. (b) Cross-section TEM image of thin film of
BiySroCaCusOg irradiated with 200 MeV Ca ions. The image is taken from reference [45].

The powerful magnification of advanced TEMs allow for detailed study of ion tracks
in a variety of materials and provide information about the total track dimensions,
shape, and crystal structure. However, in some materials such as apatite and quartz, the
measurement can be very difficult as tracks are susceptible to the electron beam [46, 47]
and they might be modified during imaging. Sample preparation for TEM should also be
done with great care as the complex processes required for thinning down the samples can
potentially induce artifacts. Furthermore, only small areas can be imaged which contain
few tracks such that statistical information is limited.

Ton-track damage can also be measured on a macroscopic scale by using for example
X-ray diffraction (XRD) or channeling Rutherford backscattering spectrometry (RBS/C).
In such techniques measurements of for example the amorphous or disordered fractions
is performed as a function of irradiation fluence and by assuming cylindrical track
cross-sections, track radii can be deduced [48, 49, 50]. In this way, only average track
properties are assessable. Furthermore, these techniques cannot be used to derive the
track morphology when ion tracks become discontinuous or deviate from cylindrical
shapes. In RBS, the depth of the probing beam in the sample is typically limited to <1
pm from the surface, and to yield the damaged fraction of the material, samples which
are irradiated in a range of medium to high fluences are needed.

To investigate track formation by RBS, XRD and TEM, generally crystalline materials
are required. Tracks in amorphous materials (e.g. amorphous SiOy or metallic glasses)
are inherently difficult to measure due to the lack of crystallinty that yield diffraction (in
XRD and TEM) and contrast for channelling experiments (RBS/C).

In some solids such as quartz, swift heavy ion irradiation can induce damage in the
bulk as well as modifications on the surface. For example under suitable conditions,
each ion impact produces a nanometric hillock on the quartz surface [51]. Atomic force
microscopy (AFM) allows direct observation of solid surfaces at the nanometric scale. In
some studies, the radii of the cross section of the surface hillocks are correlated with ion
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track radii [52]. Figure 1.13 shows an AFM image of quartz irradiated with high-energy
Pb ions [52]. Even though AFM images can clearly show the conical damage on top of ion
tracks, it is difficult to deconvolute the size of the surface hillocks from the measurements
because of the AFM tip sizes and reproducibility problems when using different types of
tips [53]. Furthermore, the hillock structure may not necessarily represent properties of
the track in the bulk.

Figure 1.13: AFM image of a quartz surface irradiated with 1.3 GeV Pb ions. The image is taken
from reference [52].

More recently, tracks have been measured with beams of X-rays and neutrons using
small-angle scattering techniques (SAXS and SANS). SAXS and SANS are very similar
in a sense that in both techniques elastic scattering of the incoming beam at small
scattering angles is analysed to provide information about the size, shape and orientation
of nano-sized objects in the sample. An important feature of the SAXS and SANS is
their potential for analysing bulk materials with little sample preparation. They can
be used for both amorphous and crystalline materials and the large sample volume
probed (compared to microscopy techniques) yields very good statistics. The conceptual
experiment and theory is the same for X-rays and neutrons, the differences are the physics
of the X-ray (electro-magnetic radiation) versus neutron (neutral particle) interactions
with matter. While X-ray scattering is sensitive to the electron density distribution of
the target material, neutron scattering measures the scattering density distribution of
the target nuclei. As there is not much absorption of hard X-rays by air at the typical
energies used (e.g. 11-20 keV), SAXS does not require the sample to be in an evacuated
chamber. However, X-rays do not interact strongly with the lighter elements. SANS
gives a superior contrast for light elements than SAXS, but has the disadvantage of low
flux of neutron sources compared to the orders of magnitude higher fluxes for X-ray
sources. This requires relatively large amounts of sample material for SANS measurement.

In general, information that can be determined using SAXS include measurements of
the size and shape of nanoparticles, polymers, proteins or micelles in solution; measure-
ments of pore size and interpore spacing in mesoporous materials; characteristic length
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scales in partially ordered systems, e.g. block-copolymer composites; and interparticle
interactions in colloidal dispersions. For example small-angle X-ray scattering (SAXS) is
a widely used method to probe the micro- and nano-scale morphology of biological and
soft materials [54, 55, 56]. Detailed imaging of many soft samples such as tissues can
provide insight into the correlation between micro- and nano-level. Using high-resolution
SAXS, a 3D tomography of soft tissue samples can be obtained providing insights into
the structural organization at the nano-level [57, 58]. Another very important property
of SAXS is its ability to measure solutions, something which cannot be done in vacuum
environments required by some techniques (e.g. SEM). For this reason, SAXS is a
highly-useful tool in the biological sciences because of its ability to resolve wet gels
[59] and complex proteins [60]. Furthermore, SAXS can be used to investigate the
nanostructure of inorganic materials such as nanohybrid polyimide (PI) [61] that is widely
applied in electrical and electronic devices.

In the case of ion tracks, the damage in the material properties generally involves
subtle changes in the atomic density and concomitantly electron density. These changes
can be assessed by SAXS that measures the scattering of X-rays due to density fluctua-
tions on length scales comparable to the lateral track dimensions in both crystalline and
amorphous materials [62, 63, 46].

In this thesis, synchrotron-based SAXS is used as the main technique for studying
swift heavy ion tracks as it is a non-destructive technique which can measure ion tracks in
bulk samples, provides good statistics about ensembles of tracks, does not require complex
sample preparation and gains precise information about size, shape, density change and
size distribution of tracks. It is well suited for studying tracks in amorphous materials,
where most conventional techniques fail. Furthermore, SAXS is well suited for in situ
measurements of ion tracks. Tracks can be annealed during SAXS measurements and
the short acquisition times enable studying of the recovery and annealing kinetics of ion
tracks.

1.4 Motivation for this study

As outlined above, the study of swift heavy-ion tracks has resulted in many applications
including fission track geo- and thermo-chronology [64, 65], radiation damage in nuclear
materials [66, 67, 68], particle damage in microelectronics [69], and nanoengineering
e.g., creation of nanopore arrays [70, 71, 72]. Fission-track analysis in minerals such
as apatite and zircon provides detailed information on the low-temperature thermal
histories of rocks and has been applied to a variety of geological problems, including
sedimentary provenance, thermal history modeling of sedimentary basins, structural
evolution of orogenic belts, and long-term continental denudation. The use of fission
track dating as the main method for studying archaeological specimens, such as obsidian
artifacts [73] and man-made glasses [74], reconstruction of the low-temperature thermal
history of rocks and investigating the thermal history of sedimentary basins for petroleum
exploration [75] is of great importance for geological communities as well as the fuel
industry. More recently, the importance of thermochronology for energy and climate
related issues and interest in earth-surface processes and interactions between tectonics,
erosion, and climate has drawn heavily on the use of this technique as it can address
the timing and rates of processes operating at low temperatures. Fission track dating
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is an empirical method that exclusively uses statistical methods applied to etched-track
distributions. A fundamental understanding of the underlying un-etched damage and its
dependence on geologically relevant parameters has potential to significantly improve the
current dating techniques.

In addition to fission tracks, induced tracks of swift heavy ions in different materials
have interesting applications in various fields. Swift heavy ion irradiation is very useful
for modification of the properties of thin films, foils and surfaces of bulk solids. Ion tracks
in various semiconductors and insulator materials are created to facilitate fabrication and
provide desired material properties. One of the materials important for electronic devices
is quartz. Synthetic quartz possesses unique properties such as wide optical transparency
range, wide frequency stability, and good endurance against wear and fatigue, which
makes it a suitable material for optical devices. For this reason, ion tracks in quartz
have attracted a lot of attention in the last decade. As for fission tracks, a detailed
understanding of the ion-track morphology and annealing behavior in quartz can pave
the way for their effective utilisation in such applications.

A major emphasis of this thesis is the exploitation of synchrotron-based SAXS for
investigating the morphology and annealing behavior of ion tracks [63, 46]. Due to the
short acquisition times, time resolved measurements to determine the annealing kinetics
and the stability of ion tracks in high temperature environments using in situ experiments
are possible. We focus on synthetic quartz and two minerals, apatite and olivine as target
materials. Using high-energy accelerators, well-controlled parallel ion tracks of identical
size and damage morphology are generated and characterisation of the samples and their
systematic dependence on temperature is performed.

This thesis has the following structure. Chapter 2 covers the details of ion-track
formation and the experimental set up used for the swift heavy ion irradiation. Chapter
3 explains the small-angle X-ray scattering technique, its theory, data modeling as well
as the specifications for the SAXS measurements conducted in this project. Results are
presenting on the morphology of ion tracks in quartz, apatite and olivine in chapter 4
which includes SAXS measurement of ion tracks as well as comparison of SAXS with
TEM results, molecular dynamic simulations and previously reported measurements. The
annealing behavior of ion tracks is discussed in chapter 5 and chapter 6 presents the
conclusions, final remarks and suggestions for future work.
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Chapter 2

Formation of ion tracks

2.1 Ion-solid interaction

When an ion penetrates a solid, two main mechanisms operate to slow down the ion and
dissipate the energy. The ion can lose its energy via elastic and inelastic interactions with
the target nuclei (nuclear energy loss) and electrons (electronic energy loss), respectively.
The elastic interactions can result in the displacement of the target atoms and the for-
mation of collision cascades when recoiled atoms displace additional target atoms. The
inelastic interactions produce electronic excitation and ionization of the target atoms. The
ion eventually comes to rest at a certain depth inside the solid which is called the projected
range or penetration depth. The projected range R is determined by the rate of energy
loss along the ion path [76]:

0 1
R = / ——dFE

where FEj is the incident energy of the projectile ion. In the discussion of ion solid
interactions, the average energy loss of the particle per unit path length (dE/dx) is an
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