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Abstract

This thesis involves the study of dust particles trapped in silica aerogel for
fusion dust diagnostics purpose. The low velocity impact experiments are done
by implanting predefined dust particles into silica aerogel by using a spring-
piston air gun. The impact experiment results show that the hypervelocity
impact model may not suitable for describing the fusion characteristic dust
particles. The samples made by impact experiment are analyzed by ion micro
beam analysis methods: Rutherford backscattering spectrometry (RBS) and
Particle-induced X-ray Emission spectrometry (PIXE). The elements of dust
particles are well identified by the X-ray spectra. The X-ray maps clearly
show the dust shape. RBS and NRA spectra of an individual particle or a
specific region show the depth information of the trapped particles, which is
useful for determining the dust velocities. For the interpretation of ion beam
analysis result, simulation of dust particles for RBS and NRA are done. The
accessible depth for ion beam analysis in silica aerogel can be several hundred
micrometers, which is adequate for dust diagnostics.
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Chapter 1

Introduction

Due to the population growth and economic development, the world energy
demand is increasing. By 2035, it is expected to be 36% higher than in 2008[1].
Currently, over 80% of world energy comes from fossil fuels, which include coal,
oil and natural gas etc. The production of fossil fuels is projected to peak
between 2012 and 2029[2]. We can not be sure how accurate these data are,
but one thing is certain, we will run out of fossil fuels at some point in future.
Moreover, the global warming caused by greenhouse gases emission mainly
from burning fossil fuels is becoming increasingly serious. It is reported that
an increase in global average temperature of 2◦ Celsius above pre-industrial
levels will cause irreversible and almost uncontrollable catastrophic climate
change. Now the global average temperature has risen 0.76 ◦ Celsius since
the beginning of Industrial Revolution[3]. Obviously, to achieve sustainable
development of mankind, alternatives to fossil fuels are needed. The only
candidates with sufficient resources in the long term to take over the role fossil
fuels are solar, nuclear fission and nuclear fusion[4].

Although the solar energy resource is theoretically large and inexhaustible,
its natural obstacles make it hard for it to be used to produce large quantities
of electricity. First, sunlight is only available during periods of cloudy-free
daytime. Therefore, it is not possible to produce base load power since there
is no simple way yet to store the energy captured during the day for use at
night. Second, the energy density of solar is low. Consequently, a large area
is needed to produce significant amount of energy[5].

Nuclear fission is a well established energy source and has been producing
base load electricity for decades. However, the disposal of long half-life nu-
clear waste and the potential accident due to the intrinsic chain reaction of
nuclear fission has long been a public concern. Especially, recent Japan nuclear
accident sparked new fears across the world.

There are great hopes for fusion energy and a belief that it will be the
ultimate solution for the world energy problem. Three main advantages make
nuclear fusion a desirable energy source. First, fuel reserves are abundant.
The first generation fusion reactors use an equal mix of deuterium and tritium
as fuels. Deuterium can be readily extracted from sea water and its supplies
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1.1 Nuclear fusion 5

would last for millions of years. Tritium does not naturally occur, but it can
be bred from lithium isotope 6Li in the fusion blanket. The 6Li reserve on
Earth is inexpensively available for around 20000 years use[5].

Second, fusion energy is environmentally friendly. Nuclear reactions emit
no greenhouse gases or any other harmful chemicals into the atmosphere. Of
the fusion reaction products, neutrons and helium, helium is not radioactive,
which is an important advantage over fission reactions. The neutrons give rise
to activation of surrounding reactor materials, but with appropriate choice of
materials the activation will be limited and not comparable to fission waste.

Third, nuclear fusion is intrinsically safe. Unlike fission fuel, which is stored
in a reactor with the amount of several years use, fusion fuel is continuously
fed into the reactor at a rate of sustaining the reaction for only a few tens
of seconds at each instant. Fusion reaction can only happen under very high
temperature and sufficiently accurate confinement field and no chain reaction
involved. Any malfunction or incorrect handling will stop the reaction[4].

1.1 Nuclear fusion

Nuclear fusion is a process in which two light nuclei fuse to form a heavier
nucleus. The release of energy in this process corresponds to the increase
in binding energy of the nuclei between final and initial state. The nuclear
binding energy curve,Figure 1.1, suggests that the fusion reactions involving
the low atomic number elements isotopes of hydrogen H,D,T and 3He have
potential to produce large energy. Among these, the most promising is the
reaction between deuterium (D) and tritium (T)

Figure 1.1: Binding energy curve

2D + 3T → 4He+ 1n+ 17.6MeV (1.1)
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The total energy release ∆E = 17.6MeV is related to the mass deficit ∆m =
m+

D + m+
T − (m+

4He − mn) = 3.1 × 10−29kg by Einstein’s relation E = mc2,
and is distributed according to momentum conservation to the products 4He
(3.5MeV) and n (14.1MeV) in the form of kinetic energy[4].

To make a fusion reaction happen, two nuclei must get enough kinetic en-
ergy to overcome the Coulomb barrier to reach the short-range nuclear force
dominant region. This was first achieved in 1930s by bombarding a target
containing deuterium with high energy deuteron beam in an accelerator[6].
In fact this is the way to analyze materials by nuclear reaction analysis, see
3.3, but not the way to gain nuclear energy, because large energy is needed
to accelerate an ion beam and when the ion beam reaches the target, most of
its energy is lost by elastic and inelastic atomic processes rather than creating
nuclear reaction. A feasible way to achieve fusion reaction for energy produc-
tion is to heat the fuel to a very high temperature, at which the fuel is fully
ionized and in the state of plasma. This hot plasma is confined in a specific
volume in which collision between energetic ions realizes nuclear fusion. For
the D-T reaction, 15 keV or 150 million degrees is the temperature for fusion
reaction to take place at an adequate rate.

Due to the radiation and plasma transport, there is a significant energy
loss from a fusion plasma. To maintain the high temperature condition, some
energy source is required to balance the energy loss. Plasma can be heated by
two energy sources: external heating, by ohmic heating, neutron beam injec-
tion, wave heating and internal heating, by α particles generated from fusion
reaction. If plasma is heated by external energy source and the energy for
heating can be compensated by the useful energy extracted from the reactor,
then we say this reaction reaches break even. The condition for break even is
described by the Lawson criterion. If all the energy losses from plasma can be
compensated by the α particle power from fusion reaction, plasma is ignited.
The ignition condition is,

niτE > 1.5× 1020m−3s (1.2)

which says besides very high temperature, sufficiently high ni ion density and
plasma confinement time τE are needed as well for energy production from
fusion. There are two different approaches towards this goal: magnetic con-
finement and inertial confinement. Magnetic confinement is of interest in this
thesis.

1.2 Magnetic confinement

In magnetic confinement devices, ions and electrons are restrained in their
motions by a magnetic field. Different magnetic configurations are the linear
mirror devices and different toroidal types of machines( stellarators, tokamaks,
reversed field pinches). Of these, the tokamak is the most developed and closest
to reactor realization. Fusion research today is largely focused on the next big
tokamak device, the international tokamak experimental reactor (ITER).
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1.3 Plasma wall interaction

Magnetic confinement is never perfect, so the interaction between plasma and
wall is unavoidable in a magnetically confined fusion reactor. Two tasks have
to be fulfilled through plasma wall interaction: extraction of heating power
(mainly from α particle heating) and removal of helium ash (from fusion
reaction)[7]. Plasma wall interactions are harmful to both plasma performance
and plasma facing components (PFCs). The PFCs are eroded by the plasma;
at the same time the plasma is contaminated by impurities generated from
PFCs. The focus of research so far has been primarily on the effect of impu-
rities on plasma because in today’s fusion devices the total exposure time of
PFCs to plasma is too short to result in very significant erosion. However, the
intensity of plasma wall interaction in ITER is expected to have a substantial
increase. A full power nominal shot of 400 s in ITER is almost equivalent to
one JET operational year in terms of energy input[8].

Under this condition, the most critical plasma wall interaction issues are:
lifetime of PFCs, tritium inventory and dust production from eroded PFCs[9].
Dust production is of interest in this thesis. Although the mechanism of dust
generation in fusion devices is not fully understood, the following concepts
may relate to it.

1.3.1 Erosion and Deposition

Plasma wall interaction includes erosion and deposition processes which lead
to changes of material and layers formation. Erosion can be caused by particle
fluxes to the material surfaces. The particle flux induced erosion mechanisms
are physical sputtering and chemical sputtering.

During a physical sputtering events, the momentum of incident particles
is transferred to the surface atoms of the wall by nuclear collisions. If the
transferred energy is larger than the surface binding energy and the momentum
of the recoiling ion directed towards the surface, the surface atoms can be
sputtered away. The physical sputtering yield depends on the incident particle
energy, the surface binding energy and the mass ratio of incident particle and
target[10].

Chemical sputtering involves chemical reactions between incident particles
and wall materials. This erosion is important when the wall materials are
reactive with plasma ions. For fusion, the carbon-based wall materials suffer
significant chemical erosion by reaction with hydrogen and its isotopes[11].

A fusion device is usually nearly a closed system, most eroded particles are
redeposited on the wall. Most of the eroded particles go back to the area where
they originally belong and consequently relieve the net erosion. However, there
are still some particles that migrate from their start points and result in net-
deposition in other parts of the the wall. Accumulation of net-deposition forms
deposition layers. The formation of thick deposition layers may produce dust
by flaking.
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Erosion can also be caused by excess heat load to the material surface. The
typical excess heat load events are Edge-localized modes (ELMs) and disrup-
tion which cause melting and sublimation of materials. Both of these operation
phases are considered to be challenges for ongoing plasma physics research
which makes understanding dust generation during these events more diffi-
cult.A single ELM, which lasts for less than 1ms, can carry 20GW power[12].

In a normal operation, when the plasma is turned off, plasma current decays
slowly; poloidal magnetic field energy returns to poloidal field coils; the energy
releases gently to divertors. However, when a Tokamak is run to exceed some
density limit or pressure limit, the plasma current decays to zero suddenly;
the energy held by plasma and poloidal magnetic field is dissipated in around
10ms. This phenomenon is called disruption. [12]

With great heat load, both ELMs and disruption have potential to generate
large amount of dust. Unipolar arcs between the plasma and PFC surfaces are
also known to produce droplets and dust [13].

1.4 Dust in fusion devices

The existence of dust in fusion devices has been known since 1970s [14]. Little
attention was paid to it at first because very small amount of dust was found
and its effect on fusion devices was believed only to be possible impurity con-
tribution when the dust is ablated. This situation began to change when the
ITER safety issue associated with dust presence was addressed at the end of
1990s[15, 16]. After that, dust collection and characterization was conducted
at several fusion devices. When the ITER project started seriously in 2006,
dust was listed as one of the main safety issue, which affects ITER licensing
process[17]. In recent years, the termination of long pulse discharge by the
presence of dust was observed on LHD [18] and Tore Supra [19], which is con-
sidered to pose additional operational problems to ITER. Now dust attracts
great interest and is being extensively studied. Some of the dust related issues
are summarized as follows.

1.4.1 Dust effects on fusion devices

Dust effects on fusion devices include: safety issues and operational problems.
Safety issues represent two aspects. First, dust particles may be radioactive,
toxic or chemical reactive. They may contain tritium or activated metals,
such as tungsten, may be toxic from beryllium and chemical reactive from
carbon. In case of accidental release, these dust particles can pose impact on
the environment. To minimize the impact, dust inventory must be limited to
670kg. A second risk comes from H production by dust reaction with water,
especially where dust is accumulated at hot surfaces. The limitation of H limits
the hot surface dust inventory [11]. If there is carbon, the constraint is 6kg for
carbon. In case of no carbon, the constraints are 11kg for Be, 77kg for W[9].
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Examples of operational problems are firstly potential transport of tungsten
dust to the plasma core. Tungsten is a very efficient radiator and the core
tungsten concentration needs to be in the 10−5 range or below to sustain
a burning plasma. However the relation between core tungsten and surface
tungsten dust is not known at present. Secondly, dust accumulation can blur
the first mirrors of diagnostics instruments[20].

1.4.2 Dust generation

In tokamaks, dust is produced during the plasma wall interaction processes
involving flaking of deposition layers, ELMs, disruption and arcing. Due to the
difficulties with dust diagnostics and poor understanding of the related plasma
wall interaction processes, dust generation mechanisms are still unclear.

To quantify the dust generation from material erosion, dust conversion
factor is used , which is defined as,

Cd =
dust production Qd

grossmaterial erosion Qe

(1.3)

It is estimated that dust conversion factor for JT60 and Tore Supra is of the
order of 0.1[21]. In this estimation Qd was obtained experimentally, but Qe was
speculated empirically for lack of fully understanding dust generation mecha-
nisms. Extrapolation of this estimation to ITER PFCs gives the gross erosion
for different material schemes, as shown in Figure 1.2. In this calculation, only
steady state erosion and disruption are taken into account. It is obvious that
the real concern is 6 kg C dust on hot surface.

1.4.3 Dust dynamics

Dust transport in fusion devices can help us understand the dust generation
mechanisms and the impact of dust on plasma performance. After a dust
particle is formed, it may be charged by contact with plasma. Then through
plasma-dust interaction, the dust particle is accelerated to some speed and its
further movement ends up penetrating into core region to contaminate plasma
or colliding with the wall. In particular two dust dynamics models have been
established which result in simulation codes: DUSTT[23] and DTOKS[24].
The comparison of these two models can be found in [25].

1.4.4 Dust diagnostics

Most our knowledge of dust in fusion devices comes mostly from three di-
agnostics methods: (1) postmortem analysis of dust particles collected during
vent,(2) laser scattering by dust grain and (3) observation with fast cameras[22].
These three methods can be categorized into two groups: diagnostics of accu-
mulated dust and diagnostics of mobile dust. Postmortem analyses represent
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Figure 1.2: Gross erosion for different materials options proposed for ITER
calculated for steady state erosion compared to the different limits for dust for
different materials[22]

.

the first group; laser scattering and fast camera observation constitute the
second group.

For the first group, all the dust particles are equally collected no matter
when, where and how the dust particles are formed. Almost all the material
analysis techniques can be used to analyze the collected dust particles. Then
almost all the information of material properties such as dust composition,
dust size distribution, morphology etc. can be obtained. This information
plays an important role in estimating dust generation rate and understanding
dust generation mechanism. However, all the information obtained in this way
is just an average over months operational time and thousands discharges.

The second dust diagnostics group focuses on dust dynamics, which to some
extent is complementary to postmortem methods. Laser scattering techniques
is based on the detection of laser light scattered by dust particles. It is in fact
a Thomson scattering system, which is widely used to measured electron tem-
perature and plasma density. Dust size and number density can be estimated
by laser scattering technique, but the measurable dust size is less than 1µm.
Dust particles glow when they are heated to high temperature by dust-plasma
interaction. The trajectories of glowing dust particles can be recoded by fast
cameras and hence estimation of dust velocities are possible[26]. However, it
is difficult to get dust size information from fast cameras.
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1.5 Motivation

All the established dust diagnostics methods, as discussed above, have serious
limitations. Postmortem analysis gets material properties of dust particles
without much efforts, but the information of dust dynamics and dust history
is totally lost. Thomson scattering only gets the information of size of small
dust particles and fast cameras recode the trajectories without knowing dust
size.

A new technique based on capture of dust particles by aerogel collectors
can provide information of both dust dynamics and material properties of dust
particles[27]. Dust particles are collected in situ from the SOL plasma. When
dust particles impinge on the aerogel surface, they are trapped in the sample
leaving tracks or craters in the sample at the same time. Due to the low density
( 10 − 100 kg/m3) of aerogel, the collected dust particles remain intact. The
length of the tracks or the size of the craters depends on the velocities of
incoming particles. Fusion dust has been successfully collected by exposures
of aerogel samples in the HT-7[28] and TEXTOR[29] tokamaks and in the
reversed-field pinch device EXTRAP T2R[30].

A variety of material analysis methods can be used to study the dust parti-
cles trapped in aerogel samples and the impact features in the aerogel matrix.
Optical microscopy is suitable to study the dust size and the craters or tracks
on the sample. For some of the dust particles sticking on the sample surface,
electron microscopy (SEM) may be used for studying the composition[30].
However, for the dust particles that reach some depth into the sample, the
analysis of composition without extracting the particles outside by electron
microscopy might seem impossible. However, a feasible way to analyze a par-
ticle trapped into aerogel is using ion beam analysis.

Experimental simulation of dust particles impact on aerogel is needed.
First, the valuable information of dust dynamics is recoded by impact craters
or tracks on the aerogel sample. We cannot understand it without testing the
impact features by predefined dust. Many impact experiments have been done
for space research applications, but most of them focus mainly on large dust
with hypervelocity[31, 32, 33]. For dust in fusion devices, small particles less
than 100µm with low velocity around 200m/s are interesting too.

Second, the ion beam method is a new approach for us to analyze aerogel
samples. There are still some practical problems to be tested, for example
handling the sample and focusing the beam on one specific dust in the sample
in order to relate the analysis to observations by other means. In this work,
samples with implanted, predefined dust were used to test the feasibility of ion
beam analysis of dust particles trapped in aerogel.

The samples used for this thesis is made by shooting the predefined dust
particles, spherical Ti and TiD2 dust particles with diameter of 45 µm, into
aerogel samples using an air gun with impact velocity of 200m/s. The main
ion beam analysis methods used are: Rutherford Backscattering Spectroscopy
(RBS), Nuclear Reaction Analysis (NRA) and Particle-Induced X-ray Emis-
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sion Spectroscopy (PIXE). With a well focused ion beam (microbeam) a spatial
resolution of a few micrometers could be achieved[34].



Chapter 2

Methods, materials and
instrumentation

2.1 Silica aerogel

An aerogel is a highly porous, very low density and open-pored material which
is made by replacing the liquid component of a gel with air. This material was
first invented in 1931[35] . Basically two processes are needed to produce an
aerogel. The first process is sol-gel. During this process, a system of colloidal
particles in a solution transits into a disordered, branched and continuous
network, which is intercepted by liquid. The second process is to remove the
liquid or replace the liquid by air. Detailed description of these processes can
be found in [36, 37] . Many materials can be used to produce aerogel, among
which silica aerogel,shown in Figure 2.1a, is of interest for the application of
dust collection. The structure of silica aerogel, shown in Figure 2.1b, consists
of small spherical SiO2 clusters with 34 nm in diameter. These clusters are
linked to each other and form chains, which in turn forms pore network with
the pore size of ∼ 20 − 50 nm. The extremely low density of silica aerogel
makes it a promising dust collection medium, in that impinging dust particles
are slowed down softly, so that even hypervelocity dust can be stopped without
being destroyed.

Silica aerogel is transparent in the visible region. This transparency comes
from its low intrinsic absorbance in the visible region. The transmittance
in this region is mainly attenuated by Rayleigh scattering effects. Rayleigh
scattering increases with decreasing wavelength of light; the transmission is
cut off near 300 nm[39]. The visible transmission spectrum of silica aerogel is
shown in Figure 2.2. This visible window is an attractive feature for optical
microscopy study of dust particles trapped in silica aerogel.

Silica aerogel as a dust capture medium for the collection of hypervelocity
dust particles was demonstrated in the 1980s[40]. Since then silica aerogel has
been widely used for the study of dust in low Earth orbit and interplanetary
space. Among these, the most notable case is its application in the NASA
Stardust Mission launched in 1999 [41]. During this mission, the aerogel sam-
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(a) Silica aerogel with density 60kg/m3.
Photo: Kjäll Olsson, KTH.

(b) The structure of silica aerogel [38]

Figure 2.1: Silica aerogel

Figure 2.2: UV-VIS-NIR spectrum of silica aerogel[39]

ples were sent to encounter to a comet and collect dust in this process. The
samples were returned in 2006 and the dust particles brought back by this
mission are considered to be the first coma sample from a comet with known
history[42].

In the case of a conventional solid target, an incident dust particle with
velocity lower than about 100 m/s may stick to the surface but can not pen-
etrate below the surface. Figure 2.3 shows schematically a number of regimes
for typical effects when particles hit ordinary surfaces [43]. In order to pene-
trate below the surface, the dust particles must reach the so called cold spray
region, with velocity of several hundred meters per second.

Aerogel can capture dust particles with velocity from a few tens of meters
per second and it is in principle possible to infer the particle velocity from the
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Figure 2.3: Particle impact on a solid surface: Influence of impact velocity and
particle size on features of the interaction. Regions characteristic of certain
impact phenomena are shown.[43]

size of the penetration tracks. Due to the low density and low crushing strength
of aerogel, collision of a dust particle can result in shock wave of compressed
material propagating into aerogel. Model calculations [32] suggest that the
shock wave attenuates during its propagation into aerogel and will stop when
its kinetic pressure is balanced by the crushing pressure of the aerogel. The
crushing pressure of aerogel Pc is linked to the critical velocity for crushing by,

Pc =
1

2
ρ0v

2
c (2.1)

The crushing pressure of silica aerogels is given by experimental study as [32],

Pc(ρ) ≃ 6(
ρ

14mgcm−3
)2.04kPa (2.2)

For the case of silica aerogel with density ρ0 = 60 kgm−3, which is used in the
fusion dust collection, the crushing pressure is Pc ≈ 117 kPa and hence the
critical velocity for crushing is vc ≈ 62 m/s. This implies dust particles with
velocity in the whole range from ∼ vc to several kms−1 penetrates into the
sample and hence can be captured[44].

2.2 Ion beam analysis

Ion beam analysis (IBA) refers to a group of analytical techniques based on
the interactions of accelerated ions with materials. The energy of an ion beam
for our application is in the MeV range. MeV ion beams are produced by ac-
celerators. The interaction of MeV ions with materials generates a variety of
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reaction products, as shown in Figure 2.4. MeV ions can penetrate into a sam-
ple and they lose energy along their passages. Depth profiles can be obtained
from this energy loss. When an incident ion hits the atoms in the sample with
low energy, the ion can be backscattered if the incident ion has smaller mass
than the target atom. This is used in Rutherford backscattering spectrometry
(RBS). If the incident ion is heavier than the target atom, no backscattering
can occur, but the target atom may be knocked out of the sample in the for-
ward direction. The IBA methods based on detecting such recoil atoms are
called elastic recoil detection methods (ERD or ERDA). The incident ion can
also interact with the electrons in the material. When an incident ion kicks an
inner shell electron out, the subsequent electron transitions from outer electron
shells give rise to x-ray emission. IBA methods using these characteristic x-
rays are called particle induced X-ray emission methods (PIXE). If the energy
of the incident ion is high enough to overcome the coulomb barrier, a nuclear
reaction may happen. This nuclear reaction may result in emission of new ions
or generation of gamma rays. Using nuclear reactions for analysis is called nu-
clear reaction analysis (NRA). IBA methods are widely used to measure target
elemental composition and for depth profiling of elements in the near surface
region of the target. IBA methods can also be applied for micro analysis with
moderate spatial resolution. For the present work, RBS, NRA and PIXE were
used. They are described in slightly more detail as follows.

Figure 2.4: Schematically show different types of ion beam analysis techniques
[45]

2.2.1 Rutherford backscattering spectrometry (RBS)

When an ion beam impinges on a sample, most of the ions lose energy by
inelastic collision with electrons. A small fraction of the incident ions may
be deflected due to their close encounters with the nuclei of the target atoms.
In the case of modest incident ion energy, this deflection is governed by the
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Coulomb force and the collision remains elastic. Some of the ions may be de-
flected to a large scattering up to 180◦ and can be recored by a detector in the
backward direction. This process is Rutherford backscattering[46]. Principally
the information that can be extracted from a Rutherford backscattering spec-
trum includes composition and elemental concentration depth profiles. The
composition or the masses of target atoms is linked to the energy of scattered
ion through the kinematic factor K, which is defined as the ratio of ion energy
after and before collision [46].

K =
E1

E0

= [
(M2

2 −M1
2 sin2 θ)

1
2 +M1 cos θ

M2 +M1

]2 (2.3)

where M1, M2 are the atomic masses of the incident ion and target ion and θ
is the scattering angle. For specific detection angle θ and incident ion mass M1

and energyE0, the mass of a target atom M2 can be obtained by measuring
backscatted ion energy E1.

At energies well below the Coulomb barrier, but much higher than the
binding energies of the innermost electrons in the target atoms, the elastic cross
section is the well known Rutherford cross section, which can be calculated
exactly. In the laboratory frame of reference, the cross section for elastic
scattering is

dσ

dΩ
= (

Z1Z2e
2

4E
)2

4

sin4 θ

{[1− ((M1/M2) sin θ)
2]1/2 + cos θ}2

[1− ((M1/M2) sin θ)2]1/2
(2.4)

where Z1 and Z2 are respectively the atomic numbers of the projectile atoms
with mass M1 and M2, e is the electronic charge [46]. Close to the surface, the
depth is related to the backscattering energy as

∆E = [ε0] Nx (2.5)

where the stopping cross section factor

[ε0] =
K

cos θ1
ε(E0) +

1

cos θ2
ε(KE0) (2.6)

The stopping cross section ε(E0) and ε(KE0) are evaluated at energies E0

and KE0, respectively (surface approximation, [46] ) and depend on ion mass,
target atomic mass and the matrix composition. N is the number density of
target formula units. Energy spectra can be converted numerically into depth
profiles. The most common method is to simulate spectra from assumed,
layered target compositions ( e.g. with the widely used SIMNRA program
[47, 48, 49], also used for this work), compare with the experimental spectra
and adjust the assumptions iteratively until a good fit is obtained.

The main advantages of RBS as an IBA method are that the cross section
is known exactly, so that in principle no calibration is needed, that it is non
destructive, and that in view of the Rutherford cross section it is very sensitive
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in analysis of high Z elements on low Z substrates. Disadvantages are that it is
not sensitive for analysis of low Z elements, especially not on higher Z substrate,
as the spectrum from the substrate can in this case not be separated from the
useful spectrum and provides a high background. For high Z elements the
mass resolution is typically poor.

2.2.2 Nuclear reaction analysis (NRA)

When the incident ion beam has enough energy to overcome the Coulomb
barrier surrounding the nucleus, the interaction becomes inelastic and nuclear
reactions can happen. NRA relies on measuring the energy of the nuclear
reaction products to identify the target nucleus. In NRA detecting charged re-
action products, projectile and the products particles travel through the target
matrix in a similar way as in RBS. Thus, the potential for depth information
is similar as for RBSand once again SIMNRA is a versatile and useful tool for
analysis. The reactions used for NRA are principally nuclear fusion reaction
and are isotope specific, so NRA is very useful for isotopic identification of light
elements. The energy of the reaction products dependends on the Q-value of
the nuclear reaction and on the kinematic relations. For NRA, the nuclear re-
action and beam energy can often be chosen so that the energy of the detected
reaction product is higher than that of backscattered ions, making the NRA
spectra are well separated from RBS background.

Some nuclear reactions have sharp resonances in the cross-section at certain
energies. If the energy of the incident ion beam is varied, the resonance will
happen at different depth. This process offers us another way to measure the
depth profile of target elements. To choose a suitable nuclear reaction for NRA,
the knowledge of Q-value, threshold energy and cross-section of the reaction
is valuable. Fortunately, much information of this type is readily accessible
from online databases, for example Q-value and threshold energy of a nuclear
reaction can be obtained from Q-value Calculator (QCalc)[50] and nuclear
cross-section database is available at IBANDL (Ion Beam Analysis Nuclear
Data Library)[51].

For example, for the case of NRA of dust particles collected from fusion
devices, the reactions involving detection of carbon and deuterium are of par-
ticular interest. The nuclear reactions below[50] are useful for this purpose,

12C(3He, p)14N Q = 4.78 MeV

D(3He, p)4He Q = 18.35 MeV
(2.7)

The cross sections for these two reactions are shown in Figure 2.5
The main limitation of NRA is the fact that the detectable elements only

range from Hydrogen to Aluminum[54] and that with one nuclear reaction
used for the detection of each specific element it is difficult to get complete
information about the target with one single beam. The nuclear reaction cross
sections are also normally much smaller than those for elastic scattering.
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(a) For 12C(3He, p)14N [52] (b) For D(3He, p)4He [53]

Figure 2.5: Nuclear reaction cross sections, from IBANDL[51]

2.2.3 Particle induced X-ray emission (PIXE)

When an ion beam impinges on a sample, the interaction may happen between
ions and inner-shell electrons. This interaction can remove an electron from the
inner shell leaving the atom excited. The deexcitation of this atom by filling
the vacancy through the transition of an electron from outer shell to inner shell
results in emission of characteristic X-rays. Measuring the energy of these X-
rays enables the investigator to identify the elements which are present and
to determine their concentrations (PIXE)[55]. PIXE offers comparatively high
sensitivity, as shown in Figure 2.6.

Figure 2.6: Minimum detectable concentration as function of atomic number
and proton energy for organic specimens in typical PIXE arrangement.[55]

One limitation of the PIXE method is that it gives only two dimensional
information of the sample; the depth profile of a sample is difficult to obtain
by this method. This is because once the X-ray is generated at some point
inside the sample, it will simply leave the sample without energy loss. PIXE
is suitable for detection of elements with heavy mass.

In summary, RBS, NRA and PIXE are widely used ion beam analysis
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techniques and each has its advantages and disadvantages. They are comple-
mentary. To fully understand a sample a combination these methods is often
necessary.

2.3 Equipment for ion microbeam analysis

The IBA measurements for the present work were carried out at The Angstrom
Laboratory, Uppsala University. The ion beam analysis system is schematically
shown in Figure 2.7. The ion beam starts from the ion source part. Ions get
most of their energy from the 5 MV pelletron accelerator. The high energy
beam follows the focusing system and can be directed to different ion beam
analysis ends. The present work was conducted at the microbeam where the
ion beam is focused further to the beam spot size of the order of micrometers.

Figure 2.7: Ion beam facility at Angstrom Lab, Uppsala University, picture by
courtesy of Dr. Per Petersson

2.3.1 Microbeam system

The microbeam analysis end is shown in Figure 2.8 If IBA is carried out with
a well focused beam, it can be used for microanalysis. The microbeam system
at the Angstrom Laboratory is briefly discussed in [34]. The ion beam can
be focused to a size of about 10 µm with 100 pA beam current. There is a
trade off situation, the resolution can be improved at the expense of the beam
current and vice versa. The beam is magnetically scanned over the sample
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Figure 2.8: The end section of the microbeam line, picture by courtesy of Dr.
Per Petersson

surface, several detectors can be in use simultaneously (PIXE, RBS, NRA with
thick depletion layer detector and absorber foil, etc) and the scanning control
currents for the x- and y- sweap are sampled in list mode, in coincidence with
every registered event on any of the detectors. This way a 2D image can be
reconstructed, mapping the frequency of events in any desired energy interval,
in any of the detectors. In the following, the 2D count rate maps will be sown
with colour code.



Chapter 3

Experiments and Results

For calibration purpose, in order to relate penetration track lengths to particle
velocities, predefined dust particles were shot into aerogel samples. Photo
images of dust tracks were made with optical microscope. The track lengths are
compared with a theoretical model [32], which was developed for the discussion
of hypervelocity impact experiments related to space experiments. Secondly,
aerogel samples were analyzed by using ion microbeam analysis techniques
including RBS and PIXE.

Aerogel samples with density of about 60 kg/m3 (manufactured by Airglass
AB [56]) were cut into pieces with cm dimensions, similar to those used for
dust collection in fusion devices. The dust was shot into the silica aerogel
samples using an air gun. Photo images were taken for dust impact analysis.
Samples were analyzed at Ångström Laboratory at Uppsala University.

3.1 Impact Experiments

3.1.1 Air Gun

A spring-piston air gun, with a caliber of 4.5 mm as shown in Figure 3.1 was
used for dust launching. Spring-piston air guns are able to achieve muzzle
velocities up to near or greater than the sound speed from a single stroke of a
cocking lever or the barrel itself[57]. In the present work the launching speed
was estimated from inelastic capture of the bullets by a pendulum to be about
180 m/s.

Figure 3.1: The spring-piston air gun. A muffler is equipped at the end of the
barrel to stop the pellet

22
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The gun was equipped with a muffler device at the exit end of the barrel.
The projectiles were built from a standard, tight fitting lead pellet, where the
central front part was replaced by a stainless steel grub screw, serving as dust
container, as shown in Figure 3.2. The dust particles were put in the center of
the grub screw.

Figure 3.2: A grub screw is put into a pellet. Dust particles can be carried by
the screw.

When the pellet is fired by the gun, the bullet, including the stainless steel
inset, is stopped by the muffler and the dust particles go through the 1 mm
wide hole and proceed to hit the aerogel sample. The muffler is schematically
shown in Figure 3.3

Figure 3.3: 3D inner view of the muffler

The muffler is designed to reduce the gas pressure impact on the aerogel
sample, since the gas pressure can damage the sample. In the present version
of this dust implantation device, particles travel about 10 mm through air at
atmospheric pressure before hitting the aerogel surface. The slowing down
of particles travelling that distance in air is believed to be negligible for the
particle sizes shown below, more than 40 µm in diameter, but for smaller
particles it is likely important to let the dust particles travel in vacuum or at
reduced pressure. In the first implantations it was found that together with the
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intended dust particles, some lead debris / dust of larger or smaller size was
usually going through the muffler aperture as well and was implanted together
with the intended projectiles.

3.1.2 Calibration of dust velocity

The pictures of tracks were taken by an optical microscope with 100 × mag-
nification. The pictures shown here represent three different dust particle
projectiles: pure titanium (Ti) spherical particles, mostly with diameter 45
µm, titanium deuteride TiD2 particles obtained by heating the same Ti dust
in deuterium atmosphere, and irregularly shaped lead particles of different
sizes. Lead pieces which are generated from the collision between pellet and
the muffler are shown in Figure 3.6. Their depth distribution shows some re-
lation with their size. A bigger lead piece was found at the end of a longer
track.

For comparison with theory and previous experiments we use the model
from 2004 by Dominguez et al. Ti dust particles with diameter of 45µm are
shot at velocity 180 m/s into the aerogel samples. The pictures below show
examples of tracks.

(a) (b)

Figure 3.4: Spherical Titanium dust particles 45 µm in diameter are shot into
the aerogel sample with density of 60kg/m3 the air gun at impact velocity of
180 m/s. Pictures of one sample taken from different angles.

The impact model by Dominguez et al. [32] was based on hypervelocity
impact experiments and results in predictions for for the relation between track
length and the dust and aerogel parameters. The experimental track lengths
at lower velocities will be compared with the model predictions. Here is a brief
description of the model.

When a hypervelocity projectile (v ≫ speed of sund) impacts the surface
of a target, both surface and the projectile experience a shock pressure. When
the shock wave exceed the crushing strength of the aerogel, the aerogel will
be compressed and the projectile will penetrate into the aerogel. According to
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(a) Overall view (b) Focus on dust particle
with the longest track

(c) Entrance holes are clear
on the surface

Figure 3.5: 45µmTiD2 spherical dust particle are shot into aerogel at impact
velocity of 180 m/s

Figure 3.6: Pieces of lead generated from the collision between the pellet and
the muffler

the model [32], the penetration depth LT is given by:

LT =
4rg
3Cd

(
ρg
ρ0

)ln(1 + (
v0
vc
)2). (3.1)

where rg is the radius of a projectile, Cd is a parameter can be taken as Cd ≃ 1,
ρg and ρ0 corresponds respectively to the density of projectile and the density
of target material, v0 is the impact velocity and vc is the critical crushing
velocity. For the case of Ti dust with 45µm. The relation between track
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shot projectile density ρ(kg/m3) track length (µm)

1 Ti 4506 410± 20

2 Ti 4506 450± 20

3 TiD2 4000 280± 30

4 TiD2 4000 260± 30

5 Pb 11300 1240± 50

Table 3.1: Projectiles and track length, impact velocity 180 m/s, Ti and TiD2

with diameter 45µm, Pb dust is in the size of 30µm

length and the dust diameter is LT = 69d. The model predicts that the track
lengths scale linearly with particle radius and particle density, logarithmically
with particle velocity.

Table 3.1 gives the impact experimental data. Ti, TiD2 dust particles are
shot into 60kg/m3 aerogel sample with impact velocity of 180 m/s. The crush-
ing strength of the silica aerogel Pc is assumed to be 117 kPa. Table 3.1 gives
the track lengths impacted by projectiles of different materials with impact
velocity of 180 m/s.

The comparison of the theoretical model and our measurement is shown in
Figure 3.7 for two cases, Ti particle and TiD2 particle.

(a) Track length vs particle diameter (b) Tack length vs particle density

Figure 3.7: Comparison between theoretical model, given by formula 3.1 [32]
and low velocity impact experiments.

In conclusion, the experimental results are nearly an order of magnitude
shorter track lengths than the model prediction. Unless our velocity estimation
is incorrect, the results suggest that the model does not extrapolate very well
to lower velocities. It may still be a best guess to assume that the track lengths
scale approximately as in the model with particle size, density and velocity,
but clearly more extensive calibration measurements at low velocities and with
fusion relevant particle materials are desirable.
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3.2 Ion beam analysis

The silica aerogel samples were cut into the size of around 1cm× 1cm× 2 cm.
The spherical Titanium dust particles with the diameter of ∼ 45 µm were
shot into the silica aerogel sample with the impact velocity of ∼ 180 m/s as
explained earlier. Except titanium dust particles, the dust particles trapped
inside the silica aerogel samples include also the metal pieces which were gen-
erated from the collision between air gun pellet and the muffler which is mount
on the muzzle of the air gun to stop to pellet. Two cases are studied in this sec-
tion: first, a big lead dust particle trapped at the end of a long track; second,
a group of Ti dust particles slightly below the aerogel surface.

A 3 MeV proton microbeam with the beam spot size of 10 µm and beam
current 100pA was used for the measurements. The beam scanning area was
around 1 mm2. The beam was scanning stepwise over 256×256 pixels with 30
µs dwell time at each spot. The data acquisition time for both samples was
around 40 minutes. Two surface barrier detectors are mounted at the angle
170◦ from the beam direction, and one X-ray detector is mounted at 135◦ from
the beam direction.

The ion beam analysis techniques used were, Rutherford backscattering
spectrometry (RBS) and Particle-induced X-ray emission spectrometry (PIXE).
Analyzing the results of the measurements follows this scheme: first, observe
the X-ray map of total signal generated from all the elements which may show
the image of the dust particle; second, identify the elements in the scanning
area by X-ray spectra; then separate the X-ray maps to show the distribution
of each element; and then to see the depth profile of a specific dust particle,
the RBS spectrum generated from the area of this dust particle was extracted.

Energy calibration for detectors

Before the measurements, energy calibration had to be done for the detectors.
The detectors used for our measurements include two surface barrier detectors
for detecting backscattered proton from different angles and one X-ray detector
for detecting X-rays for PIXE. The calibration samples were made into small
plates. These small plates were separately mounted on one sample holder and
then the ion beam analysis was directed at all the samples one by one. The
materials used for the energy calibration of our measurement include elements:
Au, Pb, C, Be, Ti and Si. The energy calibration data for a surface barrier
detector is shown in table 3.2 and for the X-ray detector in table 3.3 .

Protons Au Pb Ti Si C Be

Channel number 1563 1565 1468 1381 1136 1015

Energy (KeV) 2939 2942 2758 2599 2144 1916

Table 3.2: Proton energies scattered by different elements
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X-Rays Pb Au Ti

Channel number 1289 1544 1804 1186 1404 602 550

Energy (KeV) 10.55 12.61 14.76 9.7 11.5 4.93 4.51

Table 3.3: X-ray energies for different elements

The energy calibration for surface barrier detector and X-ray detector are
plotted in Figure 3.8.

(a) Surface barrier detectors (b) X-ray detector

Figure 3.8: Energy calibration

3.2.1 Proton microbeam study of a big dust particle

As a first example of microbeam analysis of particles that are partly buried
in aerogel and of relating optical images to IBA maps, consider the case of
a relatively big lead particle. A picture of the sample surface is shown in
Figure 3.9a. Several big dust particles, as shown in details in Figure 3.9b,
are trapped at the end of a long track with length of around 4 mm. These
particles may come from the broken pieces of the pellet, which were generated
by the collision between pellet and the muffler. The aerogel above the track
was removed along the track and only a very thin layer of aerogel was left on
the surface of the track and the dust at the end of the track.

A 3 MeV proton beam with beam spot size of 10 µm was used for this
measurement. The beam scanning area is around 1mm2. This area was located
by the optical microscope mounted at the target chamber. Practically, locating
the dust particle in aerogel from the microscope is not easy. We can see the
dust particles from the microscope, but it is difficult to move the the dust area
to the beam scanning area. Usually we look at the beam scanning area by
putting a fluorescent plate on the sample holder and the ion beam scanning
area is visible when the fluorescent plate is moved to the beam scanning area.
Then, to scan a specific area on the sample surface, what we need to do is
simply to move the area of interest to the beam scanning area. However,



3.2 Ion beam analysis 29

(a) Photo image of the big dust particle and
the track

(b) Marked ion microbeam scanning area

Figure 3.9: Sample surface

Figure 3.10: Schematic show of the red mark to help locate a dust

the situation is different for the case of dust particle inside the aerogel. The
fluorescent cannot be put at the same level as a dust particle. We always need
to change the focus of the optical microscope to see a dust particle. After
change of focus, the area the ion beam is scanning at the fluorescent surface
is no longer in focus. To solve this problem, we put a mark under the dust
particle of interest. When we need to find this dust particle with the ion beam,
we do not have to look for the dust particle, but locate the ion beam to the
mark. Figure 3.10 shows how this mark works. The reason we choose a red
mark is because red light has larger transmittance, see Figure 2.2.
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Ion beam analysis results

Figure 3.11 shows the maps of X-ray and total signal, including both all X-rays
and all detected protons.

(a) Total yield map, x-ray plus proton (b) PIXE map

Figure 3.11: Maps of big dust

Both maps show roughly the image of the dust particles, recognizable also
from the optical image. In the total yield map, not only the metal pieces
themselves stand out, there is also a slightly higher yield from the matrix
along lines surrounding the paricles. These lines suggest that the surrounding
surfaces of the implantation crater are visible, reminiscent of the higher density
at the crater inner surfaces reported by Morfill et al.[28] . In backscattering
spectrometry however, it is not expected that a higher atomic density in itself
would provide contrast in the image, if the lines in the matrix do correspond
to the crater surface there must be some difference in elemental composition
there, such as absence of trapped or absorbed gas molecules in the matrix in
areas with higher density. It is interesting if it is possible to see the crater
surface with IBA, so the origin of the yield contrast in the matrix may deserve
further investigation.

One would expect to see Pb X-rays from every area where protons backscat-
tered from Pb are seen. However, there are areas with large RBS yield but
no X-rays. The explanation is probably that because the X-ray detector is
mounted at the angle of 135◦, and the solid angle detectors are mounted 170◦,
the X-rays emitted on one side of the particle can be shadowed by the particle
itself.

The elements in this big dust can be identified by PIXE spectrum. The
X-ray spectrum is shown in Figure 3.12a, Lead (Pb), Iron (Fe) and Calcium
(Ca) are identified in this dust. The majority part of this dust is Pb, recall
that this particle is supposed to come from the broken piece of lead pellet.
Iron may come from the grub screw, which does not necessarily be broken but
may stick some part on the pellet. Calcium was actually the dust which was



3.2 Ion beam analysis 31

(a) PIXE spectrum (b) RBS spectrum

Figure 3.12: Spectra of big dust sample. The elements identified by PIXE
spectrum: Pb, Fe and Ca. Due to the non-Rutherford backscattering, the
symbolic Oxygen valley is clearly shown. The high energy Pb tail suggests
there is only very small amount of Pb uncovered by aerogel.

meant to be shot into the silica aerogel sample. From RBS, the high energy
tail represents Pb. From the shape of this tail, which drops to very low count
rate at the high energy end of this tail, we can conclude that only very small
area of this Pb dust is bare, uncovered by aerogel.

Because the signal in this tail is free from the contribution of Si and O,
RBS map of this part can be extracted to show the distribution of Pb which
approaches the sample surface. Of course, Fe and Ca may also make contri-
bution at somewhere in this high tail, but its effect can be negligible due to
their small fractions. The RBS map of the high energy Pb tail is shown in
Figure 3.13a. This map clearly shows that the majority contribution of this
high energy tail comes from two specific areas which are mapped in red color.
These red color areas are obviously on the top of this sample. To see the depth
profile of this area in details, we can extract the RBS spectrum from this spe-
cific area. Figure 3.13b shows the position of the selected area. The proton
energy distribution in this area can be obtained from the microbeam data
acquisition system and then get the RBS spectrum of this selected regionas
shown in Figure 3.14.

The depth profile can be obtained by fitting the RBS spectrum of this
selected area. To fit this spectrum, the selected area is separated into combi-
nations of aerogel layers with different thickness and Pb substrate. Then cal-
culate the spectra of each layer using the code SIMNRA[48] and do the linear
superposition of the spectra from each layer to fit the experimental spectrum.
The weight factors for this linear superposition are considered to be the area
fractions the layers. For our case, by fitting this RBS spectrum we found that
50% of this selected area is bare (uncovered by aerogel) and the thickness of
covered aerogel in the other part increases gradually up to 1000 µm.

The whole distribution of the Pb can be obtained by its PIXE map. From
PIXE, not only the dust that approaches the surface but also the dust particle
buries deep inside the sample can be found. So we can selected a dust area
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(a) RBS map of high energy tail (mainly
top part of Pb dust)

(b) mark of the selected area

Figure 3.13: Selection of the interesting area

Figure 3.14: RBS spectrum of the selected area in Figure 3.13. This spectrum
is fitted by assuming that 50% of area is bare (uncovered by aerogel) , 10% for
both aerogel layers with thickeness of 50µm and 500 µm; 15% for both layers
with thickness 250 µm and 1000 µm.

that is well below the aerogel surface which shows weak color in Figure 3.15a
due to its relatively low X-ray yield. This interesting area is marked, as shown
in Figure 3.15b and the extracted the RBS spectrum of this area is shown in
Figure 3.16.

The spectrum and fitting of this thick aerogel covered area are shown in
Figure 3.16. For this case, variation of the thickness of aerogel, that is the
roughness of the aerogel surface, may be important to be considered. By
roughness we means FWHM (Full width at half maximum) of the thickness
distribution. The spectrum was fitted by the situation of 930 µm aerogel
covered above the Pb substrate and the roughness of the aerogel surface is
considered 240 µm, which is denoted as t = 930± 240µm.

In summary, from the ion beam analysis that has been done for a big dust
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(a) X-ray map of Pb in the scanning area (b) Mark of the selected area

Figure 3.15: covered area

Figure 3.16: RBS spectrum of the selected area in Figure 3.15. The simulation
is done by adding 930µm on the Pb substrate. The roughness of aerogel surface
is chosen 240 µm to fit the spectrum well.

particle as above, we can form an image of how this dust particle looks and
how it is situated in the aerogel matrix. First, this is a lead dust particle, but
not purely lead. There are some other elements found as well. From RBS we
can see one part of the dust particle is covered by aerogel, the other part is
exposed directly to ion beam. But the depth information this dust is not trivial
to understand, we will build a model of this situation to study this particle
further in the next section.

3.2.2 Proton microbeam study of a group of small dust
particles

This sample was made by shooting the spherical Titanium dust particles with
the diameter of 45 µm into aerogel by the air gun. It was shot in the direction of
the 70◦ from the aerogel sample surface. The photo image of the sample surface
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is shown in Figure 3.17. This picture was taken from an optical microscope
which is mounted at the angle of 45◦ from the beam direction on the target
chamber. The total yield map and the PIXE map are show in Figure 3.18 Even

Figure 3.17: The photo of the sample surface with a group of dust particles

(a) Total yield map (b) PIXE map

Figure 3.18: Map of the a group dust particles

through in the photo image the sample surface is a bit blurred, the maps, as
shown in Figure 3.18, of X-ray and X-ray plus backscattered protons, are still
clear. Just as we saw in the big dust case, the total yield map shows some
cracks of aerogel surface but lose some particles which may buried relatively
deep inside the aerogel, and the X-ray map has more visible dust spots.

The PIXE spectrum and RBS spectrum are shown in Figure 3.19. Three
elements are identified by PIXE, see Figure 3.19a: Ti, Fe and Pb. We can
select the X-ray energy range for each element. These energies can be used to
extract the individual map of each element. The maps for Ti, Fe and Pb are
separately shown in Figure 3.20.

The majority part is Ti, which comes from the dust particles. Fe and Pb
may come from the broken pieces of the pellet. The Pb peak at the high energy
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(a) PIXE spectrum (b) RBS spectrum

Figure 3.19: Spectra of the group dust sample

(a) PIXE map for Ti (b) PIXE map for Fe (c) PIXE map for Pb

Figure 3.20: Separate maps for each element

end of RBS, see Figure 3.21b suggests that there is some very fine Pb powder
on the sample surface. These Pb particles on the sample surface give rise to a
backscattering spectrum that is similar to that of a thin film.

From the RBS spectrum in Figure 3.21b, there is a peak of Pb at the
high energy end of the spectrum. This peak suggests that Pb may distribute
uniformly on the sample surface like a very thin layer, or as extremely fine
grains. This has been proven by PIXE map of Pb, as shown in Figure 3.20c.

Extraction of RBS spectra particle areas

More information is gained from analysis of the RBS spectra of the Ti dust
particles. In this case, the Ti dust particles are well defined and their RBS
spectra are more comparable. We extract the RBS spectra of the areas which
correspond to the particle areas in the PIXE map of Ti dust particles. The
way to select the particles from PIXE map is shown in Figure 3.21.

The RBS spectra of these 18 marked particle areas are extracted individu-
ally. Qualitatively, we can compare the similarity and difference between the
spectra of different particles. First, we group the spectra dust particles from
similar regions, for example particles No. 2, 3 and 4 in Figure 3.22, parti-
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(a) Marks in Ti dust PIXE map (b) Number of each particle

Figure 3.21: Marks of particles of interest in Ti dust PIXE map

cles No. 6 and 11 in Figure 3.23, particles No. 9 and 10 in Figure 3.24. By
comparison we find that dust particles in similar region have similar trapped
situation and the differences mainly come from the variation of the thickness
of the aerogel covered on the dust surface. The comparison is also made for
particles from difference region, for example particles No. 5 and 11 in Fig-
ure 3.25, and laso for particles No. 7 and 17 in Figure 3.26. From the large
difference between these spectra, it is obvious that this difference comes from
the very different trapped situation.

Qualitative study of the depth profile of a particle

For quantitatively study, we take particles No. 10 and No. 17 as examples
to fit their RBS spectra. By checking the total yield map and the PIXE map
of these two particles in Figure 3.18, we can imagine that No. 10 may be
buried relatively deep under the aerogel surface and No. 17 may expose large
it surface area directly to the ion beam. From the map we can also see that
these two particles stand for two typical dust trapped situations.

Figure 3.27 shows the fitting of dust No. 10. The Pb peak at the high
energy end of this spectrum represents some very fine Pb powder or very small
piece Pb dust. By calculation, the thickness of this Pb is around 0.1 µm.
Because this peak is clearly separated from the other part of the spectrum and
has almost negligible effect on the other part of the spectrum, our fitting starts
from the point which corresponds to the Ti surface. The model for fitting this
specific particle is schematically drawn also in Figure 3.27. To do this fitting,
we first compare the experimental RBS spectra with the simulated spectra
to get roughly the information of the depth of this dust. Then consider the
possible aerogel layers on the dust surface or the shape of the dust particle.
A part pure aerogel may need to be included because the area we chosen may
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Figure 3.22: RBS spectra of particles No.2, No.3 and No.4. Pb peaks (may
mix with Fe) show there is very thin lead layer covered on the dust area. The
width of O peaks and Si peaks show the variation of the thickness of aerogel
on the dust surface. No. 2 dust has only small amount of very thin aerogel
covered somewhere on the dust surface. No. 3 and No. 4 dust have more and
thicker aerogel covered on the surface.

Figure 3.23: RBS spectra of particles No.6 and No.11. From Pb peaks, Pb
in the area of dust No. 6 spread as a thin film in large area; in the region
of dust No. 11, it is more like there is a piece of very Pb dust around. The
Ti parts in the spectra suggest that both particles almost buried under the
aerogel surface. The aerogel on particle No. 6 is thicker than that on No. 11.

bigger than a real dust particle area. And then calculate to spectrum of each
part we considered separately by SIMNRA. After get all spectra of each part,
we do the linear superposition of the RBS spectra by considering the area
fraction of each part as the weight factor. The results show that particle No.
10 trapped 400 µm under the aerogel surface; 5% of this selected dust particle
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Figure 3.24: RBS spectra of particles No.9 and No.10. Both particle areas
have around 0.1 µm Pb covered on the surface. Very small fraction of their
areas are uncovered by aerogel. Sharp peak of Si in dust No. 9 shows that
there is thin aerogel layer on the dust surface.

Figure 3.25: RBS spectra of particles No. 5 and No.11. The trapped situation
particle No. 5 is complicated because there one big Pb around this area, see Pb
map Figure 3.20c. By comparison with dust No. 11, there is a small fraction
of thin aerogel may covered at the edge of the particle No. 5.

area is uncovered by aerogel; and 10% of the selected area is outside the dust
region. Figure 3.28 shows the fitting of dust particle No. 17. One interesting
point to be mentioned for this case is the penetration of this particle by ion
beam, which is shown as a clear Titanium peak. The penetration of dust
particle happens usually at the edge of the dust particle in which the thickness
is smaller than other part. This penetration is easier to happen when the dust
particles are partially covered by aerogel, one model for partially covered case
shows in Figure 4.5.
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Figure 3.26: RBS spectra of particles No. 7 and No. 17. From the Ti part of
the spectra it is obvious that particle No. 7 is covered almost completely by
aerogel and also clear that particle No. 17 has been penetrated by ion beam.
The quantitative fitting of the spectrum will be made for particle No. 17.

Figure 3.27: RBS spectrum of dust particle No. 10 is fitted by simulation.
The particles trapped situation is: 5% of the total scanning area is uncovered
by aerogel; 10% of the total scanning area is outside the particle region which
is considered as pure aerogel; and the rest 85% of the beam scanning area is
covered by 400 µm aerogel.

Another interesting point to be mentioned is that for both these two parti-
cles, there is some unexpected oxygen showing as sharp peaks in the spectrum.
When we go back to check the spectra the dust particles, especially particle
No. 10, No. 11, No. 15 and No. 17, we will find that this oxygen peak always
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Figure 3.28: RBS spectrum of dust particle No. 17 is fitted by simulation. The
model for this fitting is: 15% of the total scanning area is penetrated by ion
beam and the average penetration depth is 1.25µm; the uncovered dust area
is 25% of the total beam scanning area; one layer of aerogel with thickness
of 110 µm is considered covers 20% of the total beam scanning area; another
layer with thickness of 310 µm is also considered covered 20%; the rest is pure
aerogel region covers 20%.

comes with the situation of a dust particle having relatively large area exposing
directly to the ion beam or being covered by a very thin aerogel layer. Even
through it is still not clear where this oxygen from, one explanation is that the
surface our Ti dust particles may be covered by some thin film of TiO2.

In summary, ion beam analysis methods, RBS and PIXE, have shown their
capabilities to analyze the dust particles trapped in silica aerogel. The elements
of dust particle can be identified by PIXE spectrum. The distribution of each
element can be separately shown by PIXE map. The depth information of one
part of big dust particle or a single small particle can be achieved by extracting
the corresponding RBS spectrum. Quantitative study of the depth profile of
a dust particle is possible by fitting its RBS spectrum. However, to gain more
detailed depth information, the variety of dust trapped situation needs to be
studied further. Establishing of the standard RBS spectrum for each dust
trapped situation will be helpful for fitting the spectrum of an unknown dust
particle.



Chapter 4

Simulation for RBS and NRA

Simulation is important for us to understand experimental result, also impor-
tant for define the experimental parameters before the experiment. The simu-
lation models build here are based on the real dust particles trapped situations
which we have seen in the experimental section. The simulation is done for
both RBS and NRA. A potentially important IBA application is the possibility
to study the (deuterium) fuel content of dust particles that have been captured
in a fusion device and buried in aerogel. The two nuclear reactions with 3He
mentioned in section 2.2.2 are useful for this purpose. Compared to the analy-
sis of proton backscattering spectra, the nuclear reaction proton spectra have
very low background in favorable conditions, which makes it much easier to ob-
tain full information. Another advantage with 3He beam at moderate energy is
that the backscattering spectrum from the aerogel matrix is Rutherford, thus
with well known and slowly varying cross section, which makes it easier to
e.g. deeply buried titanium particles. Unfortunately it was not possible to get
beam time for the intended 3He runs at the accelerator before the deadline for
this report, but the simulations will be presented. For both RBS and NRA,
small dust particle with size smaller than the beam size and big dust with size
of 45µm are considered. The codes used for the simulations in this section are:
SIMNRA[48] and SRIM[58].

4.1 RBS

For RBS, we consider Ti dust particles buried under silica aerogel of density
60 kg/m3 with depths range from 0 to 500 µm. The dust shape and its lateral
size are ignored because we are interested in the depth of the dust in aerogel
in this case and the beam size is smaller than the particle. So a dust particle
is considered as a layer with the thickness of dust size 45 µm. The parameters
chosen for this simulation are based on our experimental condition. 3 MeV
proton beam is used.

The simulation for RBS of the situation is shown in Figure 4.1 It is clearly
shown in this figure that the width of oxygen peak and silicon peak change
with the depth of dust particles inside aerogel. This would be valuable for
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Figure 4.1: RBS spectra of 45µm Ti layer covered by silica aerogel with density
of 60kg/m3. The spectrum corresponds to the layer with different thickness
are grouped together

quantitative studying of the depth of dust inside aerogel. Actually in our
experiment part, there is one case of roughly uniformly layer, see Figure 3.13.
The experimental spectrum is fitted by simply putting a silica aerogel with
thickness of 930 µm on a lead substrate.

However, because of the heavy background signal interpretation, a lot of
signal loses into the background, for example of the RBS spectrum of another
piece of lead, see Figure 3.15. It looks like a spectrum of pure lead, but by
carefully choose parameters to fit the spectrum, we find it has actually only
around 40% of it area uncovered.

4.2 NRA

NRA spectra for most cases are free from background, due to the high energies
of nuclear reaction products. For the case of NRA we consider TiD2 dust with
density of 4000 kg/m3. This 45 µm dust particle is modeled the layer with
thickness of 45 µm. The simulation condition is : incident beam is 3 MeV 3He
beam; the nuclear reaction used for the analysis is D(3He, p)4He; the silica
arogel density is 60 kg/m3; the TiD2 dust is distributed under the aerogel
surface from 0 to 400 µm and by 50 µm for each step. The simulation result
is shown in Figure 4.2

When we see the spectrum from the left edge, we find that the edge of the
spectrum shifts towards high energy direction with the increase of the depth of
the dust inside the aerogel. The depth information of the dust inside aerogel
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Figure 4.2: NRA reaction spectra of 45µmTiD2 layer covered by silica aerogel
with density of 60kg/m3. Because RBS spectrum and NRA spectrum in this
case are well separated , then the RBS part has been removed and only the
nuclear reaction spectrum part is shown here

is clearly recorded by this NRA spectrum. The left edge of the spectrum
corresponds to the surface of the TiD2 layer. The width of the spectrum
corresponds to the thickness that the nuclear reaction has reached. The peak
shared by each invidiously spectrum represents the high nuclear reaction cross
region. A dust particle at a depth of 400 µm has not yet reached the high
cross section region, because the energy of ions are lower than the required
resonance energy. The spectra in figure 4.2 suggest that the depth resolution
in measuring the penetration depth of particles with deuterium in them is
about 10-20 µm, while the accessible depth can be taken as 350 or 400 µm.

4.3 Dust models

For small spherical dust particles, the beam will be larger than the particle,
so that the spectrum depends on the particle shape, and the particle may be
thin enough that its size in the direction of the beam can be determined. For
this case, a model with simple singe layer may not sufficient to fully describe
the situation of small dust particles. To show this, a model with two surface
layer made by combining to cylinders are considered, as an approximation of
spherical shape, as shown in Figure 4.3.

The size of this dust is 8µm in diameter. When we simulate this situation
the dust particle can be divided into two part: the center cylinder and outer
donut region. First, simulate these two regions individually. Then superpose
the NRA spectra from these two regions by multiplying the spectrum of each
region by a weight of surface area. The spectrum we get from this two cylinders
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Figure 4.3: This model is built by combine two cylinders. consider the marked
surface A and B are facing the ion beam incoming direction.

model then compare with the spectrum which consider only one layer. The
spectrum for both cases are shown in Figure 4.4. The ion beam used for this
simulation also 3 MeV 3He beam. The thickness of the silica aerogel on the
dust surface for both cases is 100 µm.

Figure 4.4: 100 µm aerogel on the surface

To interpret these spectra, the information of the ranges of 3He beam into
silica aerogel and TiD2 is helpful. This data is calculated using simulation
code SRIM[58]. We found that the energy of around 1.7 MeV is needed for
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3He beam to reach 4 µm into TiD2 with density of 4000 kg/m3 and around
3 MeV is needed to reach 8 µm. To reach 100 µm into silica aerogel with
density of 60 kg/m3, 800 keV is needed. The energy of 3He for D(3He, p)4He
to reach highest nuclear reaction cross section is around 700 keV. For case of
100 µm covered on the dust surface, due to energy loss in aerogel, the highest
nuclear reaction cross section reaches inside TiD2 with the range less than 4
µm. This is the reason why the yield at the surface matches for the 100 µm
aerogel covered case. The details in a small dust particle can be resolved.

In most cases, dust with small size and low impact velocity are trapped near
the aerogel surface. Their impact effects on an sample are creating craters
rather than making long tracks. According to the incident angles, some of
the dust particles may only partially covered by aerogel. Here is a model to
describe this situation, as shown in Figure 4.5. The dust particle is considered
as three layers, because this is a relatively bigger particle, and the aerogel
above the dust particle also divided into steps. Their combination gives the
different layer substrate situation. The weight of the combination is estimated
by the fraction of the area, which we can see from the ion beam direction as
Figure 4.5b.

(a) A model of a dust particle with diameter
of 45 µm impinging on aerogel at 70◦ and it
is partially covered in the beam direction

(b) The regions with different weight
contributing to the total spectrum

Figure 4.5: A model for the typical situation of dust particle trapped in silica
aerogel

As an example, we consider a 3 MeV proton beam scanning on the sample
surface. The RBS spectrum of for this case by simulation is shown in Figure 4.6
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Some details of the structure of a dust particle is shown in the spectrum,

Figure 4.6: RBS spectrum of of the partially covered model

but it is still difficult to relate it to the experimental results. Maybe some
simplification needs to be made for this model.

In summary, both RBS and NRA show depth profiles of the samples. Due to
the background, the RBS spectrum is more complicated. The NRA spectrum
is well separated from the RBS background and is easier to be interpreted.
However, for small dust particles, simulation by simple layer model may lose
some detail information of the dust. More sophisticated treatment is helpful
in this case.



Chapter 5

Conlusions and Future Work

5.1 Conclusions

Shooting dust particles into aerogel by an air gun is a feasible way to study
aerogel impact by small low velocity particles. It provides a method for direct
calibration of velocity estimates from dust tracks in aerogel samples after ex-
posure in fusion plasmas, especially if the experiments are made with particles
that are similar in size and composition to dust that is likely to occur in fusion
devices. It does not seem possible to apply directly a model which aims at
reproducing hypervelocity experimental results to impacts at low velocity. Ion
micro beam analysis of dust particles trapped in silica aerogel is feasible and
a promising tool for dust analysis. It is possible to get detailed composition
and morphology information by combining different ion microbeam analysis
techniques. The metal particles trapped in aerogel can be mapped by using
PIXE, however PIXE images are intrinsically 2 dimensional. The depth pro-
file of dust particles themselves and the penetration depth in aerogel can in
principle be arrived at by RBS and NRA, even though the interpretation of
the backscattering spectra with 3 MeV proton beam is difficult due to the
backscattering (non Rutherford) contribution from the matrix silicon and oxy-
gen. The models built for the simulation of dust particles in aerogel are helpful
for us to understand the RBS and NRA. However, these models are not work-
ing very well due to the complexity of the situation of dust particles inside
aerogel and the limitation of the simulation code. Some practical problems
have been solved, for example a reasonably simple method has been found to
locate dust particles in aerogel for IBA analysis.

5.2 Future work

Suggestions for future work on characterization of fusion dust particles trapped
in silica aerogel go in three directions. First, test of the existing techniques
should continue. The impact experiments with aerogel capture of small size
and velocity dust particles should be completed with a variety of size, density
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and velocity, in ranges likely to occur in fusion devices. Second, the characteri-
zation of dust particles collected from fusion devices with IBA mapping should
start, with recently exposed samples in TEXTOR as first application. Third,
tests of techniques for characterization of dust particles must be conducted.
There is some valuable information which is reserved in the sample, which
has not yet been extracted. For example, the texture of a dust particle which
records the chemical information, cannot be obtained by ion beam analysis.
Raman spectroscopy maybe a good try for this purpose. Another valuable
information is about the track. So far, most impact experiments focus on the
track length and the size of the craters, but little attention is paid to the study
of compression of the aerogel along the track. This information may help us to
build a more reliable impact model. One possible way to study the compres-
sion of the track is to use the confocal microscopy[59]. By confocal microscopy
not only the track but also the more detailed dust distribution image may be
achieved.

By ion microbeam analysis, the information of dust composition, mor-
phology and depth profile can be obtained. The important dust dynamics
information which is recorded by the track is difficult to get, except for the
penetration depth of the particles. It is very difficult to get a clear image
of a whole track by a conventional microscope, because the conventional mi-
croscope can focus only on one plane at the time. The picture taken by a
conventional optical microscope can only get a clear picture of very limited
depth. Confocal microscopy, which is originally used in biology for taking 3D
images of tissues, may be used to take 3D images of the tracks in aerogel. The
basic principle of a confocal microscope is to focus on one point at one time.
Take the image of the sample point by point, then combine all the point to
form a 3D image. A confocal microscope normally can work in two modes, one
is reflectance light intensity mode, another is fluorescent light mode. Usually,
the target in the sample must be dyed by some fluorescent materials. How-
ever, it is not possible to dye the dust particle in aerogel. There two ways
may be possible to take a confocal images of aerogel. First, using reflectance
intensity light image, the example can be found in [60]. Another possible way
to take confocal image is based on the fact that silica aerogels have a property
of fluorescing in the region 400-600 nm under illumination by UV-light with
the wavelength of around 300 nm[37]. In this way, the fluorescent part is the
bulk of aerogel rather than the dust particles. There are still some problems
with taking the image of dust particles inside aerogel, for example the range
of the UV-light into aerogel may be limited due to the low transmittance of
UV-light into aerogel, see Figure 2.2.
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