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Abstract

Two principal aims of this work were firstly, to build and characterise a Time of Fight —
Energy spectrometer and demonstrate its usability in Heavy Ion — Elastic Recoil Detection
thin film materials analysis, and secondly, to measure stopping powers of heavy ions in thin

foil compound materials using the newly built spectrometer.

Key to the performance of Time of Flight — Energy spectrometers is the ability to separate
detected ions according to mass, facilitating elemental analysis. From system
characterisation measurements, the mass resolution was found to range between 0.8 u and
1.7 u in the atomic mass range 12 u to 40 u. The best timing resolution obtained was 0.96
ns for 18 MeV “°Ca recoils ejected from the surface layers of a Calcium Fluoride film on a

Silicon substrate, with a resultant depth resolution of 18 £ 1.0 nm.

Thin film depth profiling from elemental energy spectra was implemented using both direct
calculation and iterative simulation software codes. Of the latter group, Monte Carlo based
simulation using the analysis code CORTEO proved most appropriate for analysis of Heavy
Ion — ERDA data, exemplified by the analysis of a Chromium Oxide deposit on a Silicon
substrate. The analytical depth achievable was up to 600 nm in a silicon matrix. The lowest
detectable atomic concentrations measured in the same matrix were 0.46 at % for carbon

and 0.84 at % for oxygen.

Measurements were also carried out to determine stopping powers of ZrO. and Mylar foils
for 12C, 160, 9F, 2*Mg, 27Al and ?5Si ions in the 0.1 — 0.6 MeV/u energy range. Of these,
27Al and ?*Mg stopping power data generated in this work are the first such measurements
tor ZrO,, and ?*Mg and '°F for Mylar.
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Chapter 1

Introduction

1.1 An overview

Thin film materials at the micro/nanometre scales permeate many spheres of our
technology-oriented world — finding applications in wide ranging industries such as
micro/nano electronics, laser technology, solar energy research and development,
biomedical industries and so on. This widespread use is driven by the availability of tools
and methods to produce and study the structure and composition of these materials and
relate these to their material properties. Many advanced thin film materials of technological
importance derive their functional properties from compounds containing light elements

such as carbides, oxides and nitrides [17].

Elastic Recoil Detection Analysis (ERDA) is now a well-established nuclear analytical
technique in the analysis of thin films of technological and medical importance. It is to a
large extent the most suitable technique available for simultaneous identification and
quantitative depth profiling of light elements in thin films. This is mainly because most of
the available surface analysis methods such as X-ray techniques or electron microscopy are
relatively insensitive for light element detection [27. Rutherford Backscattering
Spectrometry (RBS) which is quite closely related to ERDA, also suffers from poor
sensitivity to light elements. Another, similarly common ion beam technique, Nuclear
Reaction Analysis (NRA), is mostly appropriate for the analysis of one specific element at a

time in a thin film matrix.
ERDA makes use of a medium to heavy ion beam incident on a target surface and consists

in the detection of particles recoiled oft the target in a forward direction by the beam in a

known geometry. A general requirement is that the incident ions be heavier that the
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constituent target atoms/ions, and so the commonly used prefix Heavy Ion — ERDA to
distinguish it from ‘hydrogen” ERDA which refers to hydrogen analysis using alpha
particles as the probing incident ions. The quantitative nature of the technique is based on
the knowledge of the recoil cross-sections of the projectile — target interactions [37. Its
depth analysis capability depends on the knowledge of energy loss factors of projectiles and

recoils as they traverse into and out of target layers.

1.2 Historical development of ERDA

A comprehensive account of the extension of the ERDA method in Ion Beam Analysis
laboratories worldwide is given by Tirira J and co-authors [47] in their seminal book of
1996 ‘Forward Recoil Spectrometry — Applications to Hydrogen Determination in Solids’.
Only a brief account of the development of the technique over the last two decades will be
attempted here, with a particular emphasis on the recoil detection methods used. Of special
interest will be the Time-of-Flight (ToF) variant since this is the detection method
developed for use here at iThemba LABS.

The first report of practical implementation of ERDA as a tool in thin film analysis was by
L’Ecuyer and co-workers in 1976 [5]. Their method consisted in the bombardment of thin
layers containing lithium using a high energy (25-40 MeV) %°Cl ion beam in a transmission
geometry set up. Thin (5-7 im) nickel foils were placed in front of the detector to stop the
incoming %°Cl beam and other heavy recoils, but allow the Li atoms through. They obtained
a depth resolution of 30 nm FWHM at a depth of 1 um and further predicted that

sensitivity of the order of 10'* atoms/cm? could be achieved in future experiments.

The main limitation in this conventional set up is that the energy spread of the recoiled
particles is broadened while passing through the stopper foil [6, 7. The depth resolution is
as a result degraded. There is also a possibility of getting recoils of different masses
emerging from different depths reaching the detector with equal energies leading to what
Tirira et al (1996) call mass-depth ambiguity. Another problem, which they term projectile-

scaltered ion ambiguity, is that a projectile may be scattered in the same direction as a recoil
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atom and end up detected as well, and difficulties arise in trying to distinguish between the
two. It is for these reasons that conventional ERDA has largely been restricted to hydrogen
analysis [87, where low energy helium ions are used and an absorber foil of sufficient

thickness used to stop any helium projectiles scattered in the direction of the detector.

A lot of effort has been expended over the years to extend the applicability of ERDA over a
wider target mass range. Various detection techniques have been designed and
implemented to overcome the ambiguities mentioned above. These include AE-E telescopes
[6, 9, 10, magnetic spectrometers [117], elastic recoil coincidence spectroscopy (ERCS)
C127 and ToF spectrometers [7, 8, 13-157.

The AE-E detection method uses a thin Si transmission detector placed in front of a
standard Si surface barrier detector (SBD). In some set-ups the Si transmission detector is
replaced by a gas ionisation chamber [37]. The residual energy E is measured using the Si
SBD. Measurement of AE allows for mass separation between scattered projectiles and
recoiled atoms since the relative stopping powers of particles impinging the AE detector
with the same velocity are determined by their mass differences [6, 97. The total particle
energy is obtained as a sum of the energy loss AE and the residual energy E. There is thus
an improved depth resolution when compared to the conventional set up where the energy

loss through the absorber foil is not accounted for.

The main criteria in the use of a Si transmission detector in the AE-E telescope include the
thickness and energy resolution of the AE detector. For low Z recoils the detector must be
sufficiently thick so that signals from different recoils are distinguishable. A thick AE
detector however leads to a much higher energy loss and this reduces the probing depth
obtainable. This is even more so for medium Z atoms where the recoils can be totally
stopped in the transmission detector. The alternative for medium to high Z recoils is to use
very high energy incident beams which on the other hand is only possible if radiation
damage on the target sample is not critical, and if the accelerator in use can produce such
high energy beams in the first place. In the end a compromise between transmission
detector thickness and energy straggling generally limits the application of this technique

to light recoils.
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Elastic Recoil Coincidence Spectroscopy and Magnetic Spectrometry are some of the latest
improvements in ERDA that to a large extent do solve the mass-depth and the projectile-
scattered 1on ambiguities for a wide mass range [4]. The set up for ERCS is the transmission
geometry configuration which can only be applied to free standing films since one or both
of either the projectile or the recoil atom has to penetrate through the film. By careful
choice of the scattering geometry each particle is detected and identified separately. Depth
information is obtained by measuring the energies of both the scattered and recoiled atoms
in time-coincidence [127], which allows for simultaneous depth profiling of different light
elements present in a sample. In magnetic spectrometry the spectrometer is used to
separate the recoil particles according to their momentum [117, from which can be derived
their energy. They are then identified through measuring their energy in a detection plane
using a position-sensitive detector. A depth profile is obtained by measuring the

contribution of an element or isotope to the measured energy spectra.

Time of Flight (ToF) detection consists in the measurement of the time of flight of the
recoils over a known distance (167 and their energy in a standard Si SBD. The ToF and the
energy signals are recorded in coincidence. The technique offers a very high resolving
power with respect to mass and energy since the measured TolF can be used to calculate,
with the identified mass of the recoil, the corresponding energy [14, 17]. In general the
energy spectra are usually deduced from TolF spectra because the Tol detector, unlike the
energy detector, which has a non-linear response for medium to heavy ions, has a linear
calibration for all ions. Nevertheless it is always prudent to check this for a fact as the ToF
detectors, unlike the commercially produced Si detectors, are generally self assembled in

most Ion Beam Analysis (IBA) labs.

Several ToF measurement configurations are used [3,4,7 | based on the detection of
secondary electron emission from thin carbon foils placed in the recoil particle path. The
general set up is that two time detectors positioned at a known distance apart are operated
in a start-stop mode and a Si SBD measures the energy of the recoils. Each time detector
consists of a thin carbon foil placed close to a microchannel plate (MCP) configuration. An

MCP consists of millions of very thin separate channels and each channel works as an
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independent electron multiplier. An electric field is applied between the foil and a grid to
accelerate and guide the electrons to the MCPs where the electron signal is multiplied and
detected as a negative output voltage timing signal. Details of the detector system set up in

this work are given in chapter 3.

1.3 Ion beam analysis at iThemba LABS

The iThemba Laboratory for Accelerator Based Sciences (LABS) is a multidisciplinary
research institution that provides accelerator facilities for research and training in nuclear
and accelerator physics, material sciences, radiation biophysics, and for radio nuclide
production and radiotherapy. Core activities are centred on a main separated sector
cyclotron (SSC) fed, alternately, by two solid-pole injector cyclotrons SPC1 and SPC2. The
SPC1 pre-accelerates proton beams for proton therapy and radioisotope production and the
SPC2 pre-accelerates polarised protons and light and heavy ion beams for nuclear physics

research.

[on beam materials analysis is based on a fourth accelerator, a 6 MV Van de Graaff
accelerator that was commissioned in 1963. The nuclear analytical techniques available at
this accelerator are Proton Induced X-ray Emission (PIXE) spectroscopy, Rutherford
Backscattering Spectrometry (RBS), Elastic Recoil Detection Analysis (ERDA), Nuclear
Reaction Analysis (NRA) and Proton Induced Gamma Ray Emission (PIGE). All the
analysis work is done using either helium or proton beams. For that reason current ERD

analysis is limited to hydrogen analysis in thin films.

In 2000 a proposal was made by the Materials Research Group (MRG) to the iThemba
LABS Physical Sciences Research Program to implement a Heavy Ion-ERDA system as an
additional analytical tool using energetic heavy ions from the SPC2 cyclotron. Prof
Giinther Dollinger of the Technical University of Munich and Dr. Victor Prozesky, the
then head of the MRG, were the scientific leaders of the project [27]. Preliminary work on
the material design and construction of the ToF detectors was carried out by S. Sepuru for

his MSc dissertation in 2001, under the supervision of Prof. Dollinger [187. Further
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progress on the project was hindered by logistical problems pertaining to movement of
personnel and the project was subsequently put on hold. Work was resumed in earnest in
2006 by the current author to assemble, characterise and modify, and demonstrate usability

of the ToF — E spectrometer in Heavy Ion - ERD applications, culminating in this thesis.

1.4 Aims and objectives

The broad aim of this project was to develop and install a Time of Flight — Energy
spectrometer for applications in HI —ERD thin film analysis, to complement the existing
nuclear analytical techniques at iThemba LABS. The specific objectives were to;

®  Set up and characterise a ToF — Energy spectrometer using radioactive sources and

ion beams from the SPC2 cyclotron
o Implement and optimise the data acquisition and analysis system

®  Carry out analyses of real samples containing light elements to demonstrate usability
of the system

®  As an additional application area, use the ToF — Energy spectrometer to measure
stopping powers of compound materials for various light ions of interest in HI —

ERDA in the 0.1 — 1.0 MeV/u energy range.

1.5 Thesis outline

This introductory chapter gives a general background of the HI — ERDA technique and a
brief insight into its historical development. The chapter closes by explaining the
development of HI — ERDA within the context of iThemba LABS. Chapter 2 introduces the
theoretical basis of the technique, explaining how the underlying ion beam — target
interactions extend to actual sample analysis, as well as discussing the limitations
encountered therein. The construction of the ToF — Energy spectrometer is described in
chapter 3, together with detailed results of preliminary characterisation measurements.
Chapter 4 describes the analyses of real samples, aimed at demonstrating the usability of the

spectrometer in solving problems specific to the analysis of light elements in thin film
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materials. Chapter 5 details measurements carried out to provide stopping power data of

various ions (4 < A < 31) in the oxide ceramic ZrO. and in the polymeric plastic Mylar.

Chapter 6 gives a summary of new results obtained in this work and gives concluding

remarks on the contribution made by this thesis to the advancement of the fields of ion

beam techniques and materials research.
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Chapter 2

Theoretical overview

2.1 Introduction

The fundamental theoretical aspects that form the basis of the ERDA technique are
thoroughly reviewed and discussed in books by Chu et al (17, Bird and Williams [27] and
Tirira et al [37. This chapter introduces those underlying theoretical concepts that have a
direct bearing on the practical realisation of the technique; kinematics, elastic cross-section
and stopping power. The last two sections briefly describe the practical limitations to these
theoretical formulations and the computer programs developed over the years to aid

analysis of ion beam data by taking into account some of these limitations.

2.2 General considerations

2.2.1 Kinematics

The capability of the ERDA technique to perform mass analysis is based on energy transfer
in the collisions between projectile ions and target atoms. In a typical ERDA set up the
energy of the projectile lies within the 0.1 — 1.0 MeV/u range and the projectile — target
interaction can be described in terms of Coulomb repulsion between the two nuclei [47].
The energy transferred from a projectile of mass m; to a recoil atom of mass ms on the
target sample surface can be calculated through conservation of momentum and energy. In
the laboratory frame of reference the ratio of the recoil energy E. to the projectile energy
E, is given by

4m,m,

2
= cos” P 2.17,
E, " (m +m,)’ 21
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where K; is called the recoil kinematic factor and @ is the angle of recoil, measured from the
projectile incidence direction [see Fig 2.37. The projectile is itself scattered through an

angle 0 with energy E; given by

2

m, cos6’i\/mz2 —m/sin’ @

E, m, + m, 2.2

where K is the scattering kinematic factor. An example showing the variation of the
kinematic factors with target mass for two different projectile beams and for a fixed recoil
or scattering angle of 80°is shown in Fig. 2.1. The chosen angle is the fixed angle between
the incident beam direction and the ToF — Energy detector telescope set up in this work.
The four curves shown were generated using ORIGIN® graphing and analysis software
package. The projectile beams chosen are representative of the two broad categories of light

and heavy incident beams encountered in ERDA.
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Figure 2.1 Variation of the recoil Kiec and scattering Kscar kinematic factors of 130
and 3*Kr projectiles with target atomic mass at a scattering / recoil angle of 30°.
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The main trend observed in Fig. 2.1 is that the fraction of the initial projectile energy
transferred to a target recoil atom increases sharply with the target atomic mass up to a
maximum, when both the projectile and the target are of the same mass, and thereafter
decreases gradually. As the target atom gets heavier, the projectile scatters off with an
increasingly higher fraction of the initial energy than a recoil ejected in the same direction.
Also, for a fixed recoil/scattering angle, there is a minimum target mass that will scatter
the projectile through that angle, and this minimum increases with increasing projectile

mass.

The essence of ERDA is that the constituent atoms in a sample material are recoiled by the
incident beam in the forward direction towards, and identified by, the detector system.
Barring differences in the scattering cross section (see below) and considering just the
kinematics, that best happens if the projectile ions are much heavier than the target atoms,
because a wider mass range of target atoms can then be detected without interference from
forward scattered projectiles as can be inferred from Fig. 2.1. For instance, in the example
illustrated above, a krypton projectile can, in principle, recoil any target atom with
1 < mg < 40 into the solid angle centred on 30° without itself scattering into the same solid

angle, compared to just 1 < my < 11 for an oxygen projectile.

On the other hand though, for smaller, low energy accelerators, lighter incident ions
e.g 10 MeV %°Cl [57], can still be used, with the advantage that apart from measuring just
the light recoils, heavy elements present in a target sample can be quantified using
scattered incident beam in the analysis. This can be done in instances where the detector
system is mass dispersive, such as ToF — E and AE — E spectrometers, where it is possible
to obtain separate energy spectra of recoil ions and scattered beam. In addition, effects such
as multiple scattering (discussed in section 2.3.3) are smaller for low-Z projectiles when

compared to heavier incident ions.

2.2.2 Cross section

The quantitative capability of ERDA is a direct consequence of the physical concept of cross

section in projectile — target interactions. The cross section 6 describes the probability of a
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recoil (or scattering) event occurring in a preferred direction. Alternatively, it is the
effective area presented to incoming ions by each interaction centre. The total number Y of
target atoms recoiled towards and counted by the detector, assuming 100% detector
efficiency, is proportional to the total number of incident projectiles Q, the areal density Nt
of the target atoms, where the N is the volume atomic density and ¢ is the sample thickness,

and the solid angle AQ subtended by the detector [67]

Y a Q (Nt )AQ r2.57,
Y=Q(Nf)d—GAQ [2.47
dQ o

where the constant of proportionality is the diftferential cross section. The recoil yield Y is
obtained from the number of counts registered by the detector. The solid angle AQ and the
number of incident particles Q are not so easily measurable accurately. In practice the solid
angle is sometimes determined experimentally through the use of standard samples of
known composition and the beam dose is estimated by normalisation with the yield of a
known major component in a target sample e.g the yield due to a substrate element [77].
Knowledge of the recoil differential cross section of the identified atoms allows for

determination of their concentration profiles.

The recoil cross section is determined by the type of interaction potential associated with
the collision [37]. For a Coulomb interaction potential, where the collisions are elastic in
nature, the elastic recoil cross section, also known as the Rutherford recoil cross section, is

given by

2 2 2
(d_c’j _[(BZae ) [ m) L r2.57,
dQ ), .. 2F m, ) cos” P

o

where E, is given in MeV, ¢? = 1.4398 x 10 MeV.cm, and do/d2 is in cm?. Similarly the

Rutherford scattering cross section for the incident projectiles is given by
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Figure 2.2 Calculated variation of recoil/scattering cross sections with
projectile/target mass for 'O and 5*Kr incident beams at 0.33 MeV/u incident beam

energy.

The plots in Fig. 2.2 show the variation of the recoil cross section and the scattering cross
section with target mass, again for each of the '*O and #*Kr projectile beams chosen for the
purposes of illustration. The calculations, based on equations 2.5 and 2.6, assume the energy
of each incident beam to be 0.33 MeV/u, the typical beam energy of ions from the iThemba
LABS SPC2 cyclotron. The scattering/recoil angle is 30°, the fixed angle between the
incident beam path and the Tol" detector telescope.

[t can be seen from Fig. 2.2 that the scattering cross section is generally much higher than

the recoil cross section for any given projectile-target ion combination. However careful

choice of incident beam for a given geometry and target can limit this apparent setback.
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The plots in Fig. 2.2 can help explain the general choice of heavy incident projectiles over
lighter ones in HI-ERDA, in instances where possible. Firstly, the recoil cross section is
higher for heavier projectiles, and secondly it varies much less with target mass than it does
for lighter projectiles. Additionally, as already pointed out, %O ions as the incident ions
would lead to serious interference from the incident beam scattered into the detector system
by target atoms of mass my >11, whereas for 8Kr projectiles the interference would only

become significant for target masses my >40.

Deviation from the Rutherford scattering cross section occurs at low incident beam
energies when the screening by orbital electrons cannot be neglected and the projectile-
target interaction involves the screened potential. Anderson and co-workers [87] reviewed
the energies at which this deviation occurs and these are now fairly well known. Deviation
also occurs at the high-energy side when the distance of closest approach of the nuclei is
within the range of nuclear forces and the interaction potential is no longer a simple
Coulomb potential. Bozoian et al [97] have determined the energies at which nuclear force

field eftects become significant.

2.2.3  Energy loss

Depth analysis in ion beam analytical techniques follows directly from the energy lost by
the projectile and the target atoms traversing the target sample [107]. In RBS for example,
the energy loss of the projectile ion as it enters and exits the target sample gives the
location of the scattering atom below the surface, whereas in ERDA it is the total energy
lost by the projectile ion as it enters and the recoil atom as it exits the target sample that
gives a similar indication. In ERDA the correlation between the measured energy and the
depth from which a recoil atom emerges can be inferred from a simplistic projectile - target

ion collision schematic like in Fig. 2.3 below.
In the figure the incoming projectile enters the sample at a grazing angle to the surface and

loses energy as it traverses the sample along path ri.. At a depth x it is scattered oft at an

angle @ degrees to the incidence direction and imparts energy to the recoil which also loses
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part (or all) of that energy as it emerges out of the sample along path ... The residual

energy that the detector measures is given by

Yin p Yiin(@-p)

E =K|E,~ [S,(ndr|- [S, (rdr [2.7]

rec

where S,(7) and Srec(7) are the stopping powers for the projectile ion and for the recoil atom,
respectively [47]. The first term in parenthesis gives the projectile residual energy just
before the collision and the second term gives the energy loss of the recoil as it emerges out

of the sample.

The stopping power of matter for ion beams is the key quantity to converting energy into

depth information because by definition,

AE _%E r2.87,
A-x lim Ax—0 &

E
= satrple surface \Aﬁ\

O my, E, my, By

Figure 2.3 A schematic showing the projectile-recoil scattering process. A projectile
of mass m; and energy E, collides with a target atom of mass m. at a depth x and the

latter emerges out of the sample with an energy Ex at an angle ® to the incidence
direction.
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where 8E is the ion energy loss and 0x is the distance traversed. This equation also relates
the minimum analysable depth, the depth resolution Ax, to the minimum discernible

energy, the energy resolution AE.

The stopping power depends on the nature of the interaction between the projectile ions
and the target atom nuclei and electrons. This interaction in turn depends on the energy of
the incoming ions [117]. Numerous theoretical studies have been carried out over decades to
attempt to calculate stopping powers from first principles for any projectile — target
combination over a wide energy range. Stopping powers of many elemental targets (and
relatively fewer compound targets) for hydrogen and helium ion beams, have been
measured in many experimental studies, spanning several decades [127]. Based on available
experimental data and theoretical calculations Ziegler et al devised a semi empirical
parameterisation (ZBL parameterisation) method that can be used to estimate the stopping
power for every ion in every material [117]. Their method has become the prime source of
stopping power data for many ion beam analysis techniques through the simulation code
SRIM [187. Though largely accurate for hydrogen and helium stopping powers, the
inaccuracy of the ZBL parameterisation can be as high as 10 — 20% for heavier
ions [14-17]. The experimental determination of the stopping powers of materials for ion
beams other than hydrogen and helium is an active and robust field of research [14-177.
Chapter 5 of this thesis details measurements carried out to provide new experimental data

in this ongoing field.

2.3 Physical limitations in HI — ERDA

2.3.1 Introduction

The theoretical concepts discussed in the preceding section are not without limitations
when it comes to practical implementation. Jeynes and Barradas [in ret 7] describe a whole
host of pitfalls in ion beam analysis, and suggest ways of avoiding them or reducing their
effects. Problems requiring careful consideration in IBA practice range from issues

concerning accurate measurement of the incident beam dose (Q) and solid angle (Q2), to
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scattering cross section (6) evaluation and uncertainties in stopping powers. All of which
have an effect on the determination of the concentration depth profiles of atomic species in a

sample.

An additional problem for quantification, especially characteristic of HI-ERDA, is the loss
of thin film atoms through ballistic effects during measurement [87. This effect is largely
dependent on the combination of beam type, energy and dose, and the nature of the film
under analysis. For example Trocellier and co-workers [187] report of degradation in the
composition of a Kapton (polymide film) after bombardment with 50 MeV %2S ions to
fluences ranging from 2.8x10'® to 1.8x10'* ions/cm?. The degradation is attributed to a
redistribution and loss of '2C, '*N and 'O atoms in the polymer due to low binding energies
characteristic of polymeric materials. In contrast, Whitlow and co-workers report
observing statistically insignificant changes in the stoichiometry of SiO./Si sample
structures bombarded by 48 MeV #Br ions up to a fluence of 2x10'* ions/cm? [197]. What
these examples simply point out then is that, when analysing polymeric materials for
instance, a compromise has to be made between beam dose and getting enough statistical

data.

Arguably the source of greatest concern in HI — ERDA (or any ion beam analysis
technique), is the accuracy in the measurement of the energy of recoils (scattered beam).
The amount of spread in the recoil energy, the total energy resolution, has a direct effect on
the accuracy of calculated concentration profiles. An inaccurately measured recoil energy
inevitably assumes a wrong collision energy, which affects the recoil cross section used in
yield calculation. The depth resolution is also a direct consequence of the energy spread
through the energy loss factor. In energy dispersive spectrometry, the degree of mass
separation, can be limited by the measured energy spread. It is therefore important that the
various factors contributing to the total energy resolution are well understood and
accounted for in the analysis of experimental data. These factors, generally categorised as

either extrinsic or intrinsic [107] are discussed below.
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2.3.2 Extrinsic factors

Extrinsic factors affecting the total energy resolution are those that are due to the
experimental set up. These include detector energy resolution, projectile beam energy
spread, beam divergence, detection solid angle and, in conventional ERDA, energy spread

through the stopper foil.

The energy resolution of the detector system, which in practice is the dominant contributor
to the total energy resolution, can be measured using mono-energetic particles from
radioactive sources or well-defined beam energies. The beam energy calibration and energy
spread can be determined through known narrow resonance reactions. With improvements
in accelerator technology the beam energy spread in most of today’s accelerators is much
less than the detector resolution and so is not a crucial factor in data analysis [77]. The
beam optics of the accelerator should be optimised to keep beam divergence as minimal as

possible.

With regards to the effect of the solid angle, the finite beam spot size & and the detector
aperture w determine what is referred to as geometrical straggling A, the spread in the
exit angle B of the recoils [57;
2 ) 2
ol ey e
which creates an uncertainty in the scattering angle @ thereby inducing a geometrical

contribution AEgeom to the total energy spread

oK
AE =F —A®D 2.107.
geom 4 aq) E j

From the schematic shown in Figure 2.3, ® = a + 3, and so AD = A since a is fixed. Lp is
the distance between the target and the detector aperture, and the factors gq and gy take
into account the shape of the beam and the detector aperture. E, is the incident beam

energy and K is the recoil kinematic factor defined in Equation 2.1.

Long target — detector distances and small apertures limit somewhat the degree of

geometric (also known as kinematic) energy spread but at a cost of long counting times
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which may lead to beam damage. As a result large solid angle specialised position
sensitive detectors that allow for kinematic correction have been developed in some IBA
labs [20, 217. In some instances though, the geometrical configuration of the detector
system, such as the one adopted in this work [see section 3.37, inherently corrects for

kinematic shift without need for position information.

In conventional ERDA, where a stopper foil is employed, an accurate determination of the
energy loss through the foil requires that the foil thickness be uniform. Unevenness in the
thickness of the foil can be the single most important contributor to energy
resolution [227]. Common practice is that Mylar and other polymers are used for stopper
foils because of their superior thickness uniformity. In ToF-ERDA employing carbon foil
based timing detectors, thick foils and (or) uneven foils foil have an eftect of degrading the
energy resolution, though generally much smaller than the intrinsic resolution of the

detector system.

2.3.3 Intrinsic factors

Intrinsic factors are those due to the nature of the target itself and are not so easily
determinable, further complicating spectra analysis. The main target related contributors to
total energy spread include energy straggling, multiple and plural scattering and sample

roughness [107].

Energy straggling is a consequence of the statistical nature of the collision processes
between the projectile and target atoms. The number and frequency of collisions varies for
each projectile ion resulting in the energy spread of an initially mono-energetic beam of
incident projectiles. Bohr in 1915 used a classical model to derive a simple expression to
estimate straggling in thin films [17. For a layer of thickness Ax, Bohr straggling Qg is
given by

Q2 =4z(z,e’) NZ,Ax re.117,
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where Z,, Z, are the projectile and target ion atomic numbers respectively and N is the
atomic density of the target material. Bohr’s formula assumes that individual energy
transfers take place between free stationary electrons and the fully ionised projectile of
charge Z,e. This assumption is only valid in the high-energy limit region where the ion
velocity v is much greater than the Bohr velocity (v>>v,). Several improvements, detailed
in texts by Chu et al [17] and Tirira et al [87, have been made to this simple model by a
number of authors to extend the energy range over which the model is valid to include low-
and medium-projectile ion energies. One of these developments is a fitting procedure by
Yang et al [237] for experimental straggling data to a model developed by Chu [247. In
Chu’s modification of Bohr’s formular, energy straggling is not regarded as independent of

the projectile ion energy;

Q2 = H{%l ,zz}gg re.127,

where H is a correction factor, which takes into account deviations from Bohr straggling
caused by electron binding in the target atoms. Yang’s empirical procedure takes into

account charge state fluctuations resulting in the following expression for energy

straggling;

:7/ A% +
Q; Q, Q9

Qi‘hu AQZ
20 ) 2 EQIS],
where Y(Z,, Zs, v) is the effective charge factor for ions in matter, v the projectile ion

velocity, and AQ? is the additional straggling due to correlation effects.

Multiple scattering refers to the deviation of projectile and recoil ions from straight-line
trajectories due to small-angle scattering events resulting from multiple nuclear collisions.
The energy of the incident ions changes because of the different path lengths, and the
energy of the emitted particle depends on the reaction angle. These effects increase with
path length and they are subject to fluctuations. Compared to energy straggling, the
contribution of multiple scattering to total energy spread in ERDA is much greater due to
angular sensitivity of ERDA kinematics [257]. In addition to small angle scattering events
there may also be one or more large angle scattering events before recoil/projectile ions are
scattered towards the detector. This is called plural scattering. The combined effects of

these types of collisions on energy spectra include broadening and tailing of the low energy
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edge and the emergence of a low energy background [267, both of which the analyst should

be aware of during data analysis.

Sample roughness is another target related problem that contributes to the energy spread.
This is particularly true for ERDA with heavy ions at an oblique scattering geometry. Path
differences are increased and as a result recoil energies from a given depth are dispersed. In
the elemental energy spectra this shows up as tailing of peaks towards low energies and
reduced yield at high energies [277]. In multilayer structures with rough interfaces energy
peaks due to deep lying layers are broadened [287. Both these effects are enhanced if the
degree of roughness is comparable to the analytical depth. Fortunately for the ion beam
analyst some of the latest ion beam analysis codes, discussed in the next section, have in-
built algorithms to describe and account for the effects of roughness in experimental energy

spectra.

2.4 Ion beam analysis software

Quite often the object of ion beam analysis is to provide a quantitative depth profile of a
sample structure. Using ERD spectrometry as an example, in an idealised experimental
situation, an incident ion slows down in a straight line path as it traverses the target and in
a collision at a certain depth produces a recoil that moves in a straight line from the point of
collision out of the sample surface to the energy detector(s). The depth of collision is a
tunction of the incident and exit energies and the effective stopping power as described by
Equation 2.7. From the yield vs energy spectrum quantification of atomic concentrations at
each given depth requires knowledge of recoil cross sections, which, for pure Coulomb
scattering can be calculated analytically according to Equation 2.5. In principle then, for
this idealised sequence of events, the sample structure can be calculated from the energy
spectra of recoils coming out of the sample. In reality though practical limitations and
energy spread eftects described in the preceding section lead to a forced departure from this

simplified treatment of events.
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Computer programs have since been developed over the years to aid ion beam practitioners
with the analysis and interpretation of experimental spectra. These can be broadly classified
into two categories. The first category encompasses codes that calculate concentration
profiles directly from experimental energy spectra using modified analytical calculations (e.g
screened Rutherford cross sections). The second category (mainstream codes are in this
group) includes codes that tackle the problem from an opposite viewpoint; a hypothetical
sample structure is assumed and a theoretical energy spectrum calculated either analytically
or by Monte Carlo (MC) methods and compared with the experimental one. This sample
structure is altered until a best fit is obtained between the simulated and the experimental
spectra. The two approaches are now described a bit further using three of the software
programs used in this work as examples; starting with KONZERD [297 which typifies
direct calculation methods, and then SIMNRA [307] and CORTEO [317] two of the most
common analytical and MC-based analysis codes, respectively. The discussion looks at

these codes from the viewpoint of analysis of ERDA and RBS data.

2.4.1 Direct profile extraction

Direct conversion methods implemented in programs such as KONZERD [297] are
particularly possible where the different elemental contributions to the total spectrum can
be separated. A case in point is Heavy Ion - ERDA with a mass dispersive detector system
like the one developed in this work. KONZERD employs a method known as slab analysis,
where a sample structure is divided into a large number of slabs of equal thickness in which
sample composition, stopping power and recoil and scattering cross sections are all assumed

to be constant across each slab, but varying from slab to slab.

Starting from the surface an arbitrary elemental composition is assumed in the first slab
layer and an energy bin corresponding to the slab thickness calculated for each detected
recoil species using a form of Equation 2.7. In the calculation Bragg’s additivity rule is used
to determine effective stopping powers using the assumed proportions of the different
elements present in the slab layer. The experimental yield for each ion species within this

calculated energy bin is then used to calculate new values of the elemental concentrations in
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the same slab layer using Rutherford cross sections. The new concentrations are then used
to re-do the calculation from the beginning. This procedure is repeated until convergence to
self-consistent concentration values and then the whole process is repeated for all the

subsequent slabs. In this way the concentration profiles are calculated directly.

One advantage of this method is that it is unlikely to generate more information about the
sample than the data actually contain, which cannot be said of the simulation-fitting
programs. Its main drawback is that the profiles derived are, strictly speaking, not real
concentration depth profiles since they still have the energy resolution convoluted and so
one has to live with the limited depth resolution given by the experimental and sample

conditions [327].

2.4.2 Iterative simulation approach

Spectrum simulation programs use analytical functions to convolute the ideal energy
spectrum so as to take into account most of the physical limitations described in section 2.3.
The same slab analysis methodology as in direct computation is also used, with the main
difference that in this case it is the spectrum shape that is approximated for each slab layer.
In SIMNRA for example the simulated spectrum H(E) is made up of the superimposed

contributions from each element in each sublayer of the target (307,

o

H(E)=[H,(E) f(E,02(E))dE" re.147,

0

where HU(E')iS the calculated energy spectrum before convolution with a Gaussian

function f (E',G : (E')), which accounts for energy spread contributions due to the detector

resolution and sample related energy spread effects.

SIMNRA is one of the most common and latest analytical simulation codes developed in the
90’s placing emphasis on implementing advanced physics and experimental conditions
[827. Energy loss straggling is approximated by any of Bohr, Yang or Chu and Yang’s
models during spectrum analysis [see Equations 2.11 — 2.137]. Geometrical energy spread is

accounted for through Equations 2.9 and 2.10.
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Energy spread induced by multiple scattering is modelled by the Szilagi/Amsel theory
(837, initially proposed by Sigmund and Winterbon [847]. The latter first derived a formula
to calculate multiple scattering angular spread through a classical approach to the single
scattering cross section. Their theoretical formulation is however applicable only to single
elemental targets, without considering the effect of ion stopping. Szilagy et al [837 have
since extended the original Sigmund theory to multielemental targets and to include ion
stopping. In SIMNRA the main approximations made in the calculation of multiple
scattering effects is that the energy spread distributions are treated as Gaussian functions

and low energy tails are ignored [307].

To account for sample roughness eftects the approach in SIMNRA is to approximate the
energy spectra of rough films by a superposition of partial spectra from an ensemble of
layers with different thicknesses. The layer thickness variation is described by a Gamma

function.

MC-based codes such as MCERD [857, CORTEO [317] and FTHIE [867] stand apart from
the deterministic simulation codes in the sense that MC methods principally include all the
important phenomena involved in ion-target interactions. By following individual ion
trajectories complex physical processes such as multiple scattering and the interaction
between lons and the detector system are taken into account in a natural way, without the

approximations that standard codes involve [37].

A difterent kind of approximations is made though to describe the nature of interaction
between the incident and target ions. Firstly, the binary collision approximation states that
the collision between two ions is characterised by the force between those two particles; any
other force external to the two ions is negligible. Secondly, the interaction potential
between colliding nuclei is assumed to be Coulombic in nature, with allowances for
screening corrections (e.g Anderson screening). And, thirdly, the distribution of target ions
is assumed to be random, the so called random phase approximation, and can be described
by Poisson statistics as opposed to a potentially lengthy deterministic computation of the

coordinates of the next collision partner in a crystalline structure [817]. The computations
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involved can unfortunately be quite taxing in terms of time required to generate sufficient

statistics.

CORTEO is a recently developed MC analysis program designed to improve computation
speed by making further approximations. Firstly, the computation follows only those ions
that might eventually get detected by deliberately generating recoils from all target depths
only within a cone angle towards the detector. Secondly, the idea of a virtual detector
several times larger than the real detector improves detection efficiency as trajectories of
recoils falling outside the real detector area are corrected to reach the real detector [857. A
third improvement is the presentation of scattering angle components, stopping powers and
energy straggling values used in the computation of trajectories, in the form of tabulated
tfunctions and indexed using the binary representation of floating point numbers [317. This
facilitates fast access to these values without having to evaluate trigonometric, inverse or
transcendental functions, reducing simulation times to generally less than one minute for a

modern (>1.6 GHz processor) desktop computer.

In conclusion, the accuracy of ion beam analysis codes is limited by the accuracy of the
models applied, the accuracy of the fundamental databases used for cross sections and
stopping powers and the accuracy with which the experimental parameters are known [77],
all of which must be carefully considered during error analysis. Diftferences in many of the
simulation codes lie mainly in the analytical functions and algorithms implemented to
account for energy spread effects. Table A1 [taken from ref 377 in Appendix A lists some of
the major simulation codes in use in the IBA community characterised by the fundamental

physics handled in the simulations.
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Chapter 3

Development of the ToF- Energy spectrometer

3.1 Introduction

The design and construction of the Time of Flight — Energy (ToF — E) detector system is an
in-house exercise in most HI — ERDA laboratories [1 - 57. This is in part due to the fragility
of some of the components of the timing detectors, described in the following sub sections.
Add to that, the developmental process invariably goes through several cycles of trial and
error before all the detector components fit in and perform reproducibly together. Chapter 3
begins by describing the HI — ERDA end station where the final version of ToF — E
spectrometer used in this work was installed. A description of the spectrometer follows,
detailing its construction and the response of its timing detectors to particles from
radioactive sources. This is followed by a rundown of the signal processing electronics and
the data acquisition system, and immediately thereafter, a preliminary assessment of the
timing resolution of the whole system. Finally, the results of more comprehensive
characterisation measurements using ion beams from the accelerator are presented and

discussed.

Figure 3.1 shows a plan view of a section of the cyclotron complex at iThemba LABS where
the HI-ERDA set up was installed. The two solid pole injector cyclotrons SPC1 and SPC2
are shown to the left of the main cyclotron, a separated sector cyclotron SSC, (not shown in
the plan for clarity). Beam from the SSC is distributed to three major users, namely
radioisotope production, radiation therapy and nuclear physics experiments. The HI — ERDA
end station was installed on a beam line, the K-Line, extending from the main beam line
coming from the SPC2 cyclotron, where a wide range of ions, from protons to xenon can be
produced. The SPC2 pre-accelerates polarised protons and heavy ions from an electron
cyclotron resonance (ECR) ion source before they are further accelerated in the SSC to much

higher energies (e.g. 6 MeV/u Ne#*t) for experiments in nuclear physics. The SPC1 pre-
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accelerates protons for radioisotope production and proton therapy after further acceleration
in the SSC. For the HI — ERDA set up though, the maximum beam energy that could be
attained by ions coming out of the SPC2 is about 0.834 MeV/u, limited by the magnetic field

in the cyclotron [67].

3.2 The HI — ERDA end station
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Figure 3.1. A plan view of a section of the iThemba LABS cyclotron complex
where the HI-ERDA set up was installed. The location of the HI-ERDA end
station is as indicated.

The HI-ERDA chamber was mounted about 8.0 m from a pair of focusing quadruple
magnets. A metal rod shaft, onto which a target ladder with samples can be screwed on, was
mounted on top of the chamber via a load lock system. The shaft can be moved up and
down and can be rotated about the vertical axis. For angular positioning of the target
samples with respect to the beam axis, a 0° — 90° calibrated pointer — marker system

engraved on the lid at the top of the chamber was used.
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The recoil ions(s) flight flange protrudes at an angle of 30° to the incident beam axis. The
vacuum system on that section of the beam line where the chamber sits consists of two turbo
molecular pumps each backed by a roughing pump. The pressure in the target chamber
during measurements was typically in the order of 107 mbar. A close up of the system set up
is pictured in Fig. 3.2, showing a video camera looking into the chamber for target
positioning. Figure 3.3 is an engineering drawing showing a broader perspective of the whole

set up.

Figure 3.2 The HI-ERDA experimental set up, showing a video camera on the
foreground for beam spot viewing and target positioning; and the flight flange
protruding at an acute angle to the beam axis.
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Figure 3.3 An engineering schematic of the HI — ERDA set up

3.2.1  Beam spot

The beam spot could be viewed on a fluorescent wire mesh mounted on the target ladder
together with the samples to be analysed. A digital camera connected to a simple monitor
was mounted and aimed at the wire mesh through a view port. An estimate of the beam
spot size could be obtained by determining the size of the image of the beam spot seen on
the monitor screen relative to the size of the image of the wire mesh and then scaling that
to the actual wire mesh size. A typical screen image of the beam spot on the mesh is shown

in Fig 8.4 below. This is with the viewing lamp turned off.
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Figure 3.4 The beam spot as seen on a fluorescent wire mesh

The image shown is of a beam spot due to a 27.5 MeV 3*Kr!** incident beam striking the
fluorescent mesh at an angle of 15° to the mesh surface. The best spot obtained in this
configuration was rectangular in shape, less than 2.5 mm in the lateral direction. In the
vertical though, it could not be cut down to less than 4.0 mm without compromising beam
intensity. This however is not expected to affect the kinematics since the scattering angle is

mostly affected by the lateral spread of the beam on the target and the solid angle.

3.3 The ToF — Energy spectrometer

The ToF— Energy spectrometer was partly mounted inside the flight flange at an angle of
30° to the incident beam direction. It consists of a ToF detector; built from two tilted
timing detectors a flight tdistance of 0.584 m apart, and a silicon surface barrier detector
(SBD) positioned about 6 cm behind the second time detector for energy measurement (see
Figs. 3.5 and 3.6). The first time detector is located inside the target chamber, close to the

target, and the second one is towards the end of the flight flange.

+ Measurement of the flight distance is described in section 3.6
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Figure 3.5 Photos of the timing detectors; T1 inside the target chamber (top), and
T2 on a flange mounted at the end of the flight tube (bottom).

Each time detector is made up of a 9.0 pg cm thin carbon foil (T1, T2) mounted 5 ¢cm from
a microchannel plate (MCP) chevron assembly. The foils, from ACF® metals, were each
mounted on a steel frame with a 96 mm? rectangular aperture. The distance between the
target and the entrance to T1 is about 0.12 m. A circular collimator of diameter 10 mm that
could be routinely inserted halfway between the second time detector and the SB detector

limited the solid angle of the detector telescope to about 0.15 msr.

¥ Measurement of the foil thickness is described in chapter 5
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Recoil ions passing through each timing detector eject electrons from the foil, and an electric
field applied between the carbon foil and a grid structure accelerates and guides the electrons
(shown in green in Fig. 3.6) to the MCP assembly, where the electron signal is multiplied to

give a timing output signal.
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Figure 3.6 A schematic of the ToF — E detector telescope (not to scale), with an inset
illustrating the scattering geometry.

A recoll particle passing through the detector system is, depending on the detection efficiency
for that particular ion species, detected by the two timing detectors to give the time of flight,
and the SBD signal provides both the energy signal and the coincidence trigger between the
two timing detectors and the SBD. A more detailed description of the construction of the

timing detectors follows in section 3.3.1.

The choice of tilted timing detectors over the other common configuration that employs
electrostatic electron mirrors (see Iig 8.7) was informed by two considerations [7]. Firstly,
the tilted configuration has only one (and in some cases none [27) grid structure in the direct
path of recoil particles in each timing detector. A grid structure gives rise to non-zero

scattering probability of recoils passing through the grid and may limit sensitivity and also
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lead to ghost signals due to scattering. Where an electrostatic mirror is used, recoils pass
through three grid structures in each timing detector; the double walled mirror and the

accelerating grid as illustrated in Fig. 3.7, which makes the scattering probability higher.
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Figure 3.7 A simple schematic of the general configuration of an electrostatic
mirror time of flight detector according to Busch et al [87].

Secondly, a change A®D in the scattering angle due to beam spot size and solid angle leads to a
spread in the recoil energy defined in Equation 2.1. This kinematic energy spread in turn
leads to a difference in the time of flight of recoils of the same energy, due to differences in
flight path lengths. Tilting both time of flight detectors by the scattering angle relative to the
recoil beam direction induces a first order kinematic correction [77, in the sense that same
energy recoils now travel the same distance between the two timing detectors. This concept
is illustrated in the schematic adapted from ref [97] in Fig. 3.8. This intrinsic kinematic
correction is absent in other detector configurations and may require specialised detectors in

cases where the solid angle is large.

The main drawback of this geometry however is that the effective thickness of the timing

toils increases. The eftect of this can be minimal though if the thickness of the foils is such
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that the effective energy loss straggling of recoils through the foils remains a small fraction

(<1%) of the recoil energy.

101 beam

Figure 3.8 Tilted Tol detector configuration designed to correct for kinematic shift
to a first order approximation [97].
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3.3.1 Timing detector construction

The construction of each detector, whose initial design was by Prof Giinther Dollinger [77, is
shown in an exploded illustration in Fig. 8.9. A microchannel plate is made up of millions of
parallel micro-pores (channels) made of glass, each coated on the inside with an electron rich
layer [107]. An electron impinging on the inner walls of a channel creates secondary
electrons, which in turn create more electrons, producing an avalanche effect. Drift of the
avalanche electrons from one face of the plate to the other is enhanced by a potential

difference applied across the plate thickness.
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Figure 3.9 An illustrative sketch of the MCP mounting for the timing detectors. The
upper picture on the right shows the actual mounting, with vacuum compatible electrode
wires that facilitate external connection to a potential divider resistor chain, shown on the
bottom picture.
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The schematic in Fig 3.9 shows the potential divider network used to apply the bias voltage
to a chevron assembly of the two MCPs. The bias electrodes are made of 25 um thin copper
rings that are isolated from each other using 25 pm kapton foil rings. The signal electrode
is separated from the bias circuit using a kapton foil disk that serves as the anode capacitor

as well.

3.3.2  Bias voltage

The MCP bias voltage for the two timing detectors is from a 0 — 5 kV dual supply unit,
with a maximum output current rating of 2 mA. By varying the output voltage from the
supply, the voltage drop across the MCPs is also varied. Considering MCP1 in Fig. 3.9, the
voltage drop, V.4 for a given supply setting Vj, is given by

~ 1700 — 960

Va=Ve Ve =010

V, =027V, [s.17,

and similarly the voltage drop Va, across MCP2 is given by,

25901850

Vo =Va =V, 2740

V, =027V, [3.2].

At the maximum supply voltage of 5 kV the bias across each MCP would then be 1350 V
with a supply current of 1.82 mA. The current limit of the power supply unit is 2 mA. In
the experiments carried out the maximum supply voltage was never reached because the

rating of the MCPs used was 1200 V.

In the initial design of the potential divider the MCP bias voltage was limited to
1000 V. While the optimum operating voltage for new MCPs was found to be just below
1000 V, for slightly aged MCPs the best operational voltage was later found to be between
1100 V and 1200 V. This was after changing the resistors in the potential divider chain to

the ones shown in Fig. 3.9 to extend the bias voltage range up to beyond 1200 V.
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3.3.3  Output timing signals — a shot at simulation

A crude simulation procedure of the expected signals was carried out in an effort to get an
idea of the nature of the output signals collected at the signal electrode. An equivalent
circuit of the sketch in Fig 8.10 was drawn up to perform transient analysis of the output

from the signal electrode. The analysis was done with the aid of PSPICE® circuit analysis

program [117].

The equivalent circuit is shown in Fig. 3.10. Each MCP is modelled by a current source Is1
and Is2, in parallel with a capacitor C2 and C3, respectively [127, and the resultant electron
current arriving at the anode capacitor C1 is modelled by an exponential decay signal. The
anode capacitor isolates the anode (which is at high voltage) from the receiving circuit,
which operates at ground potential. R10 is the input impedance of the receiving circuit and
is generally chosen to be 50 . The values of the resistors in the potential divider are of the
initial test set up, and not the eventual choices made in Fig. 8.9. The high voltage supply to
the MCP assembly is through SHV cables from the potential divider chain. The cables are
connected to kapton electrode wires that are in turn directly in contact with the MCP
electrodes. In the analysis circuit the SHV cables and the kapton wires are represented by

transmission lines (TL) of different impedances.

The simulation was done in the transient mode; monitoring the output response at TPv1 to
an exponential decay current pulse from the MCP chevron assembly over 50 ns. Transient
analysis generates an output like that which can be viewed on an oscilloscope over the user

specified time interval.

Sample results of the simulations for two difterent values of the anode capacitance are
displayed in Fig. 8.11. From the simulation results the first apparent conclusion to be made
is that the expected output signals should be negative with a rise time (typically a few
nanoseconds) much shorter than the fall time. It can also be observed that the value of the
anode capacitance has an effect on the overshoot or otherwise of the decaying signal. In the

practical set up the desired timing signal must not be oscillatory in nature, to avoid false
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triggers. The result shown in Fig. 3.11 suggests that an increase in the value of the anode

capacitance should prevent any oscillations.

Figure 3.10 Equivalent circuit used in the simulation of MCP output signals.
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Figure 3.11 Results of the transient response to an exponential decay input current
for two different values of the anode capacitance. The response is measured at the
signal electrode TPv1 over a period of 50 ns.

3.3.4  Output timing signals — real signals

Preliminary tests on the timing detectors using real signal sources were carried out in
vacuum using ?*'Am and 2°2Cf radioactive sources, with the pressure in the target chamber
ranging between 107%and10-" mbar. A simple set up was used to view the output signals of
both T1 and T2 directly on a digital oscilloscope of 500 MHz bandwidth. The surface
barrier detector (SBD) was also connected so as to use its derived timing signal as the
trigger input to the oscilloscope. This arrangement enabled viewing of coincident timing
signals between the SBD and either of T1 and T2 or both, from particles passing through
and registered by T1 and (or) T2 before being stopped by the SBD. The use of the SBD
timing signal as the trigger was based on the premise that the detection efficiency of the
SBD is virtually 100 % for alpha particles and the noise level is insignificant [187. A block

diagram of the apparatus set up is shown in Fig 3.12.
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Figure 3.12 Set up of apparatus for testing the MCPs in vacuum using radioactive
sources. The SBD trigger signal is first amplified before being fed into a CFD to
give out a fast timing output signal.

The output from the SBD is fed into a preamplifier (A) that has both energy and timing
signal outputs. The timing output (T) then goes into a Constant Fraction Discriminator

(CFD), which gives out a fast negative signal whenever the input exceeds a preset

threshold.

The MCP bias voltage was applied in steps of 100 V, over 2 minute intervals to allow the
MCPs to reach equilibrium after each voltage increase. For newly installed MCPs, noise
signals (also known as dark counts) were observed from about 800 V; their amplitude
increasing as the voltage was increased. This threshold bias voltage at which dark counts
begin to appear was later seen to increase with usage and as the MCPs aged over time.
Another observation made at a later stage was that the output amplitude deteriorated over
time most probably due to loss of gain. At every instance though, it was noted that the

noise signal count rate gradually decreased a few minutes after each 100 V step increment.
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The first tests involved investigating the response of the detectors to alpha particles from
the 2*'Am source of a nominal activity of 5 kBq. Given the small solid angle of the ToF
telescope and such a relatively low activity, it was difficult to distinguish between real alpha
particle signals and noise counts in both detectors when the oscilloscope was triggering on
either of the timing detector signals, presumably because of the very low amplitude of the
alpha signals. By triggering on the SBD timing signals though, it was possible to observe
coincidences, albeit rare, between either of T1 and T2, and the SBD. The amplitude of the

signals from either of the timing detectors was less than 10 mV.

To confirm the observed coincidences (and to further validate the presumption that signals
due to alphas are quite small) a source with a higher activity and preferably decay products
heavier than alphas was required. This was obtained in the form of 2°2Cf with an activity of

10 MBq.

The spontaneous fission of 222Cf results in two broad mass groups of heavy and light fission
fragments spanning an energy range of 75 — 140 MeV [147. Alpha particles of 6.12 MeV
(85%) and 6.08 MeV (15%) are also emitted. Count rates in the range 1 — 2 per second were
registered from this source by the SBD. For every SBD signal there was a coincident small
amplitude signal from T2 typically less than 10 mV like the one shown in Fig 3.13a. Then
there were larger amplitude signals due to fission fragments (see Fig. 3.13b) occurring at a
rate of about 1 per minute. These observations are in broad agreement with the established

[147] decay rate ratio of alphas to fission fragments of 97% to 3% respectively.
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Figure 3.18 Scope traces showing typical MCP output signals from T2 (channel
2) in coincidence with the SBD timing output (channel 4). The signals due to 6
MeV alphas are shown in [a] and those due to >60 MeV fission fragments in [b].
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The simulated timing signals are not too far oft from the real ones; they are basically of the
same shape and the rise time is of the order of a few nano seconds in both cases. The one
major difference is the ringing (oscillations) observed in the real signals, thought to be a
result of signal reflections at the points of contact between the kapton electrode wires in
vacuum and the SHV cables to the potential divider. The reflections are due to differences

in the impedances of the wires [137].

The simulation result suggested that increasing the anode capacitance would smoothen the
oscillations. An attempt was made to increase the anode capacitance by replacing the anode
kapton foil (see Fig. 3.9) with a thin Mylar® foil of the same diameter. The result was a
breakdown in the Mylar® insulation as the supply voltage was increased. The breakdown
was most probably due to Mylar’s lower dielectric field strength. No other suitable material
could be obtained immediately to perform further tests. Consequently the original kapton
foil was put back. To circumvent the problem of ringing though, the CFDs used to convert
the MCP signals into fast timing signals had to be used in their blocking mode [157. This

is further explained in section 3.4 below, which describes the signal processing electronics.

3.4 Electronics

The essence of a ToF - Energy coincidence measurement in ERDA is that from the
measured time of flight and energy, recoil ions can be uniquely identified by their mass
using the classical kinetic energy — mass relation

E = %mv2 [3.37,
where the velocity v is calculated from the time of flight and the length of the flight path. It
goes without saying that the contribution of the signal processing electronics to the time
and energy resolution should be kept as minimal as possible. As such the choice of the

electronics used must attest to that fact.

The expected energy of recoils in this particular HI — ERDA set up, for a 0.34 MeV/u $Kr

incident beam, has an upper energy limit of ~1 MeV/u. The expected minimum time of
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flight over a distance of 0.584 m should then be about 42 ns. The rise time of raw MCP
signals is typically in the order of 1.0 ns (see Fig 3.13). Apart from the need for good SBD
energy resolution, sub nanosecond timing resolution would also be a prerequisite for
effective mass separation of different recoils. The electronic modules that are chosen to

process such fast signals should do that with minimal distortion of the rise time.

3.4.1  Electronics module set up

The eventual electronics set up for this work is depicted in Fig. 8.14. It is such that, as
aforementioned, three timing signals from the detectors are measured in coincidence, and
the coincident time of flight and energy are used to uniquely identify any given recoil ion.
T1 and T2 are the carbon foil based time detectors. Electrons ejected from the foils by
recoil ions passing through the foils are accelerated towards a chevron assembly of
microchannel (MCP) plates where the number of electrons is multiplied by a factor of up to

107.
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Figure 3.14 The ToF — Energy spectrometer electronics set up. The HV
supplies to the time detectors and the SBD are not shown for clarity.
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P1, P2 and P4 are ORTEC 474 Timing Filter amplifiers to further amplify the MCP signals
and the timing signal from the Si surface barrier detector (SBD). The SBD, from ORTEC, has
an active area of 150 mm? and a sensitive depth of up to 400 pm. The signal from the SBD is
fed into an ORTEC 142A preamplifier P3, which gives out an energy signal E as well as a
fast timing signal T. An ORTEC Spectroscopy Amplifier further amplifies the energy signal
before it is fed into the Analogue to Digital Converter (ADC).

CFD1, CFD2 and CFD3 are ORTEC 924 constant fraction discriminators that give out fast
(< 8 ns rise time) NIM timing signals. The width of the timing output is variable between
0.005 and 1 ps. When used in what is known as the blocking mode, detector pulses arriving
within the set timing output width are regarded as a single pulse. From the MCP signal
displayed in Fig 3.13b, it can be estimated that the oscillations (ringing) completely die out
after 80 — 100 ns. The width of the timing output was subsequently set over 200 ns to
prevent multiple triggering from the same detector pulse. The problem of pulse pile up
[137] does not arise under these conditions, as the recoil count rate at the SBD has never

exceeded 1 kHz.

The timing output of preamp P3 for low energy ions can be quite small hence the need for
P4. The output from P4 goes into CFD3 to produce a common reference-timing signal; in
this instance a common start. Since T'1 and T2 signals both occur before the common start
signal, the former have to be delayed so as to occur after the common start. This is achieved
by using delay line cables in calibrated modules. A fan in-out module drives the timing
signals through the delay cables to minimise attenuation. The three signals go into a Time
to Digital Converter (TDC) before the digitised times are finally sorted by a multi channel
analyser. The TDC triggers on the leading edge of each timing input. The Gate & Delay
generators ensure that the ADC and the TDC are triggered within the same coincidence

time window. This time window is continuously variable between 0.1 and 1.0 ps.

The trigger for the ADC and the TDC comes from SBD timing signal, chosen under the
presumption that recoil ions reaching the SBD should have passed through both T1 and T2
detectors. For the preliminary tests using 2°2Cf, timing signals occurring within 200ns of

each other were considered to be coincident. Both the TDC and the ADC are housed in a
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VME crate controlled by a 2 GHz Intel Core crate controller. The crate controller assumes

the role of the front-end computer of the data acquisition system, as elaborated below.

3.5 Data acquisition and analysis

The data acquisition system is based on the Maximum Integrated Data Acquisition System
(MIDAS), a general-purpose system for event based data acquisition for small and medium
scale experiments developed at the Paul Scherrer Institute (PSI) in Switzerland and at
TRIUMEF in Canada [167]. MIDAS consists of a general framework on which users can
write code specific to their experimental needs. It is based on a modular networking
capability and a central database system. The scale of experiments that can be supported
varies from a single PC connected to the hardware for control, data acquisition and analysis,
to several front end computers connected to the hardware and linked to back end computers
via Ethernet for data storage and analysis. The generic developmental platform is summed

up in the schematic in Fig 3.15.

In the local set up a VME based crate controller constitutes the front-end computer that
facilitates readout of the stream of data from the hardware. The hardware components in
this instance are the ADC and the TDC. Data transfer to the back-end workstation is via
Ethernet. The Engineering and Information Technology department of iThemba LABS
designed a program [17] to customise the inbuilt MIDAS framework to control the front-
end readout on one side and to store and analyse the raw data on the other side. Data
analysis is by an external application package ROOT, developed at CERN. The MIDAS —
ROOT interface comes in parts each obtainable from PSI, TRIUMF and CERN.

Data polled from the hardware equipment can be analysed both in real time as it comes in
and offline after it has been stored. The 2-D ToF — Energy scatter plot, as well as the 1-D
ToF and Energy spectra; can be viewed as they build up using the ROOT analyser. The
raw data files, stored in a MIDAS format xxx.mid, can be converted into ASCII files for

further processing and analysis.
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Figure 3.15 The general configuration of the MIDAS development platform [167].
See text for a general overview.
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3.6 Preliminary tests of the spectrometer

The departure point in the characterisation of the spectrometer as a whole was to assess the
timing resolution of the instrument, seeing as the measurement of the time of flight is at the
heart of its operation. The procedure adopted here was to start by ascertaining the
contribution of the signal processing electronics chain to the total timing resolution, and

thereafter the system response to real detector signals from radioactive sources.

3.6.1 Electronics timing resolution

The set up used to determine the overall electronics timing resolution is the same as that in
Fig 3.14 save for the timing detectors T1 and T2 and the SBD. A BL-2 Berkley
Nucleonics® tail pulse generator was used to simulate signals from the timing detectors and
the SBD as shown in Fig 3.16. The output signal was a negative signal with a rise time of 3
ns at a frequency of 100 Hz. A Tee connector was used to split the signal in two, one part
going straight into P1 and the other part going through a delay box into P2. The delay box
was used to simulate the time of flight; varying the delay settings to get different flight
times. To simulate the coincidence trigger from the SBD the test input into P3 was derived
from the same signal into P2. The time delay between T2 and the SBD expected in real
experiments was ignored in the simulation since the signal from the SBD is there merely to
provide the coincidence trigger, and the focus in this case was on the T1 — T2 time delay.

The energy aspect was not considered either in the simulation.

With the output frequency from the signal generator set at 100 Hz, five different flight
times were simulated and a time of flight spectrum acquired. The delay box calibration
settings were confirmed by using the oscilloscope to measure the time difference between

T1 and T2 before plugging these into P1 and P2 respectively.
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Figure 3.16 Simulation of detector signals using a tail pulse signal generator for
measurement of the electronic timing resolution. The oscilloscope screen shot shows
a T1— T2 delay calibration check, with the time base set at 4 ns/division.

Figure 3.17a shows the TDC calibration curve of rawt data from the Multichannel

Analyser (MCA) and 3.17b shows a Gaussian fit to one of the peaks to determine the timing

resolution of the electronics set up.

The electronic timing resolution was determined from the full width of the Gaussian fit at

half the maximum height (FWHM). From Fig. 8.17b this was found to be 0.11 ns at 44.07

ns, or 0.25 %. Compared to later evaluations of the timing resolution of the whole detector

system for real signals, the electronic component measured here was found to be a rather

small contribution. In addition, the TDC calibration curve shows near ideal linearity over

the expected time range of recoils with energy within the range 0.1 — 1.0 MeV/amu.

Overall therefore, uncertainties due to the signal processing electronics are negligible.

+ Subsequent analyses entail converting x-y projections of the raw data into ASCII format for further
processing in ORIGIN®, compacting both the horizontal and vertical the channel ranges to 512.
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Figure 3.17 Results of the ToF simulation measurements showing the (a) the
TDC calibration curve and (b), a Gaussian fit to one of the peaks to determine
the electronics timing resolution.

3.6.2 Timing resolution for Cf-252 decay products

Preliminary tests of the timing resolution of the whole detector system for real signals were
done using the 2°2Cf source. The incidental advantage of using this source was that the
range of energies of alphas and the fission fragments from this source, 0.5 — 1.5 MeV/amu
is within the range of energies of recoil ions of 0.1 — 2.0 MeV/amu in a typical ToF —
ERDA set up [[1 - 5. The particle mass range from this source is also quite broad (4 ~ 140

amu), eclipsing the expected range of recoil masses in a routine set up. The one major

70



setback though was that of very long times (>24 hours in some instances) needed to get

meaningful spectra due to the low source activity and the small solid angle.

In a ToF — E coincidence measurement set up such as the one developed here the raw data
can be presented in a 2-D scatter plot where each point in the 2-D plane represents a
coincidence event. Figure 3.18 shows one such plot generated from TolF — E coincidences of
decay products from the 222Cf source. The decay products are broadly separated according
to their mass and energy; the 1.53 MeV/u alpha particles showing up at the very low end of
the energy scale and the fission fragments at the high-energy end. The fission fragments,
though overlapping in energy, are split into the well known [147] heavy and light mass
groups according to their time of flight. There is an expected overlap in the time of flight
between alpha particles and the most energetic (at E ~1.5 MeV/u) of the light fission

fragments since ToF a (A/E)'/?, where A is the atomic mass.
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Figure 3.18 A 2-D TolF — Energy scatter plot of decay products from a 252Ct source.
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The timing resolution for the alpha particles was determined by selecting from the 2-D
scatter plot the alpha particle contour region and projecting it onto the ToF axis and
subsequently performing a Gaussian fit to the projection. For the light fission fragments
however, comprising atomic species of various mass and energy (and therefore various
times of flight), the observed overlap between the time of flight of the (monoenergetic)
alphas and that of the most energetic of the fragments allows one to get an approximate
value of the timing resolution for the fragment group using the calculated time of flight of
alphas. One possible way of doing this would be to perform an edge fit to the short time
(high energy) edge of the projected fission fragment time of flight spectrum, as opposed to a

Gaussian fit, since this spectrum results from certainly non-monoenergetic particles.

The Boltzmann sigmoidal fit function [187] can be used for this purpose. In its functional
form it is given by
A —A
1 _xﬂi/dx +A2 [34‘],

y= 1+e"

where the fit parameters 4., 4s, T, and dx are respectively, the starting point, the end point,

the centroid value of the edge and the slope of the edge.

Tl

Ax

1 e X

Figure 3.19 An illustrative example of a Boltzmann sigmoid showing the start and end points 4, and
A,, respectively, the width of the edge Ax and the x-y coordinate pairs at 10% and 90% of the height of
the edge.
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The resolution Az is generally defined as the width (X0 - Xo.1) of the edge between 10%
(yo.1) and 90% (yo.0) of the height (4. - 4,) of the edge as illustrated in Fig. 3.19. To evaluate
Ax one has to first obtain Xo.; and X0 from Equation 3.4. The value of y at 10% maximum

height is given by

y0_1=A1+0.1-(A2—A1)=H1L:(X+ﬁfo+A2 [3.5],
which simplifies to
0.9-(A1—A2):Hf:(x+fjw [3.67],
giving
X1 =ln(éj'dx+xo [3.7].
Similarly for X0 one obtains
Xy =1n(9) dx+x, [3.87.
And from Equations 3.7 and 3.8 one finally gets
Ax =4.395 - dx [3.97.

The results of the fits are displayed in Figs 3.20 for the alpha particles and Fig 3.21 for the
light fission fragment group.

The TDC setting of 0.03867 ns/channel at the 0 — 8192 channel range used when the 2D
ToF — Energy scatter plot of the decay products of 22Ct was acquired translates to
0.59 ns/channel when the raw data is converted into ASCII format and the time axis
channel range now 0 — 512. The Gaussian fit to the alpha ToF spectrum in Fig 3.20 gives
the FWHM as 4.59 x 1.17 channels. This gives an overall timing resolution of 3.2 ns for
alpha particles, for a time of flight of about 27 ns, estimated from a flight distance of 0.46*
m [[7] for an energy of 6.12 MeV. For the light fission fragments the slope dx of the short
time edge in Fig 3.21 is 1.017 channels, and using Equation 3.9, translates to a timing
resolution of 2.6 ns for the same time of flight of 27 ns. These two values, though different
themselves, confirm the earlier finding that the 0.11 ns contribution of the signal processing

electronics to the total timing resolution is rather small.

+ This was the distance between time detectors T1 and T2 in the preliminary design.
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Figure 3.20 Plot showing a Gaussian fit to the Tol" spectrum of 6.12 MeV alphas, to
determine the timing resolution of the whole detector system for alphas.
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Figure 3.21 Plot showing a sigmoidal (Boltzman) fit to the short time (high energy)
edge of the light fission fragment mass group ToF spectrum, to determine the system
timing resolution for 1.5 MeV/u fission fragments.



3.7 Characterisation of the spectrometer using recoil ion beams

The initial tests carried out using the 2°2Ct source provided a means of performing
preliminary checks to effect changes and improvements on the set up as it was being
assembled. [One of the changes made was to increase the time of flight by increasing the
tight distance to roughly 0.60 m with the aim of improving the relative timing resolution’].
To fully characterise the system however, under normal operational conditions, further
tests had to be carried out using ion beams. Ion beams were obtained in the form of recoils
from known target samples bombarded by a 27.5 MeV Kr!* beam. The main parameters
under investigation were timing resolution, energy and depth resolution. For a time of
flight detector, the latter two are directly affected by the timing resolution. These
parameters are key to quantitative depth profiling of thin layers [19, 207. This sub section
describes the target samples and the measurements performed to evaluate the parameters in

question. Prior to that though is a description of the measurement of the new flight length.

3.7.1 Measurement of flight length /

The new flight length was determined by measuring the time of flight of a 3.33 MeV He?*
beam scattered off a thin layer of gold on a silicon substrate. This required re-calibrating
the TDC for this specific task and thereafter acquiring a time of flight — energy spectrum of
the scattered beam. The re-calibration procedure yielded the following TDC calibration

equation

ToF =0.0367 * Channel# —151.3 (ns) £3.10].

The slight difference in the offset between this and the previous TDC calibration in Fig
3.17a could be due to differences in the signal propagation delays in the different signal
cables used. Figure 3.22a shows the raw Tol" spectrum of the He?* beam scattered off the
Au/Si target sample and Fig 3.22b is a close-up of the same spectrum showing a sigmoidal
fit to determine the time of flight of those beam ions scattered off the uppermost surface

layers of the target.
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Figure 3.22 Time of flight spectrum of a He®* ion beam scattered off a Au/Si
target (a), and a close up of the same spectrum to show the high-energy (short
time) edge fit of the beam ions scattered off the surface layers (b).



From the high-energy edge fit in Fig 3.22b the time of flight of the most energetic
scattered ions was found to be 46.4 ns. The ‘flight” energy Er of these ions was determined
from the relation

E,.=E -AE, =K E,—AE,, [3.11]
where KiEo, introduced in Equation 2.2, is the energy of the incident ion just after
scattering and ALt is the energy loss of the scattered ion through the carbon foil of the

first time detector.

For this particular instance Eo = 3.33 MeV and Ks = 0.995. The energy loss AET; was
calculated using SRIM2008 [217] code to be 9.58 keV (0.00958 MeV), resulting in Er =
3.30 MeV. The length [ of the flight path was then calculated from

l:,/ZEF t [8.127,
m

where EF is in joules and m, the mass of the scattered ion, is in kg, giving / = 0.584 m, with

an error term of 1.7 % (or 0.01 m) arising mainly from an uncertainty of 3.4 % associated
with the calculated energy Er, discussed in section 5.4.2.1. The error in { from the edge
fitting procedure is 0.08% and is neglected in the analysis. This value of / measured in this
way compares favourably with the / = 0.588 m value obtained through a rather crude
measurement technique. In this latter method the length was obtained simply by marking
points on a string threaded through the timing detectors mounted without the foils and
measuring the distance between the marker points using a meter rule. For this reason a

more appropriate value of the uncertainty in / would be £0.005 m or 0.85 %.

3.7.2  Time calibration and timing resolution

To assess the timing properties of the time of flight telescope for a range of recoil masses
the TDC had to be calibrated using the calculated time of flight of different recoils from
known targets, as opposed to the usual method of using the delay box unit. In effect this
alternative method was supposed to show whether or not the TDC linearity is dependent
on mass. Two of the target sample types, CaF,\Si and AloOs\Si were each prepared by

electron beam evaporation of calcium fluoride and aluminium oxide, onto plain silicon wafer
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pieces. Figure 3.28 shows the result of a Rutherford Backscattering Spectroscopy (RBS)
measurement carried out using a 2 MeV He?* beam to check the thickness and possible
impurities of one of the CaF2\Si test samples (CaF_1), nominally given as 100 nm by the
quartz oscillator thickness monitor used during the evaporation. SIMNRA [227] simulation
gives the thickness as 792 x 10'> at cm2, which is about 106 nm, assuming a bulk density of
3.18 g cm® [237] for the deposited layer. No major impurities were detected. The diftference
between the two thickness values could be due to uncertainties caused by response time lags

in the (manual) operation of the shutter of the electron beam evaporator.

For the ToF detector calibration measurements, to obtain the desired recoils a 27.5 MeV
Kr15* beam was used to forward scatter different ion species from known target samples
into the detection system. Figure 3.24 shows a typical 2D ToF — E scatter plot obtained
from the coincidence detection of recoils from the same CaF\Si test sample, CaF_1. The
scatter plot shows the major ion species from the sample; Ca, I and Si as well as C and O
surface impuritiest. [The Al signal was later confirmed to be an experimental artefact in a
repeat measurement [see Fig. 4.27 after redesigning the aluminium target holder to

prevent possible recoils from the target holder’]

4000 . T . T . T
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Figure 3.23 RBS spectrum obtained from the measurement of the CaF»\Si test
sample CaF_1 for thickness measurement.

+ The identities of the impurities were confirmed through a procedure described in section 4.2
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Figure 3.24 2-D ToF — Energy scatter plot of recoils from the CaF2\Si test
sample CaF_1 bombarded by a 27.5 MeV Kr'>* incident beam.
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Figure 3.25 An example of a sigmoidal fit to the ToF projection of high
energy *°Ca recoils coming from the sample surface.



To calibrate the TolF" telescope the Ca, I and C mass contours in Fig.3.24 were projected
onto the ToF axis to get elemental time spectra. Additional calibration points of silicon
recoils from a plain silicon target, oxygen from the Al,Os\Si target and krypton ions
scattered off a thin gold layer on a silicon substrate were also used. Like before, the short
time (high energy) edge of the time spectrum of each identified recoil ion was then fitted
using a Boltzman sigmoidal fit function using the graphing and analysis software ORIGIN®
as illustrated in the example in Fig. 3.25. This gave the channel number corresponding to

the shortest time of flight £ for each recoil ion.

The energy Er of recoils between the two timing detectors was calculated using Eq. 2.1,
again taking into account the energy loss ALt of each ion through the first time detector
using Ziegler et al. 's SRIM2008 code. Similarly the energy of the scattered krypton after
passing through the T1 carbon foil was calculated using Eq. 8.11, derived from Eq. 2.2. The
results of the calculations are displayed in Table 3.1 showing AET, ranging between 0.6 —
1.2% of the initial energy of the recoil ion for the C — Kr mass range. Included in the table is

also the theoretical time of flight, calculated using

t,= |——1 [3.187,

where [is the flight length of 0.584 m.

The TDC calibration plot is shown in Fig. 8.26. Each data point has an error term of 1.9 %
resulting from uncertainties of 8.4 % in the energy Er and 0.85 % in the length /, both used
in the calculation of the time of flight of surface recoils using Equation 3.13. A correlation
coefficient of 0.99 obtained between the linear fit and data is a good indicator that the ToF

calibration was independent of the mass of the detected particles.
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recoil Eo [S]e AEm Er ToF ToF At

g (MeV) | (keV/pgem®) | (MeV) (MeV) (ch) (ns) (ns)
C 9.037 6.55 0.05895 8.97805 337.5 48.63 1.17
o 11.096 9.71 0.08739 11.00861 341.3 50.71 1.11
F 12.419 11.39 0.10251 12.31649 343.9 52.24 1.08
Si 15.500 19.89 0.17901 15.32099 352.5 56.86 1.23
Ca 18.047 27.02 0.24318 17.80382 362.7 63.04 0.96
Kr 24.500 35.25 0.31725 | 24.18275 391 78.39 0.97

Table 3.1 Table showing calculated times of flight (in ns) of different recoils against
channel number, after taking into account the energy loss AET; of each recoil through
the T1 carbon foil. Column [§7c represents the stopping power of each ion species in
carbon and At is the timing resolution.

The experimental timing resolution (At) for each recoil ion, estimated from the width of the
sigmoidal edge fit dz;
At=4.395dx * slope [3.147,

was however, found to vary only slightly with mass. In absolute terms there is no obvious
trend, but expressed as a percentage of the actual time of flight, the timing resolution
slightly deteriorates with mass from 1.2 % for krypton ions to 2.4 % for the carbon recoils.
This deterioration in resolution with mass could be a result of the decrease in the number of
ejected electrons from the timing foils as the mass of the impinging ion species decreases,
which in turn leads to lower amplitude MCP timing signals, as seen for alphas in

section 3.6.2.
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Figure 3.26 TDC calibration plot for heavy ion recoils in the mass range 12 — 84 u.

The calibration equation so obtained could then be used to convert the time axis to an
energy axis for each given recoil to give a ToF calculated energy spectrum. Alternatively
the energy spectra could be obtained through calibration of the SB detector for each recoil
ion species, like was done in this work, since as will be seen in section 3.7.4, the Tol energy
resolution was found to be not too different from the SB energy resolution, especially for

the light ions.

3.7.3 [Energy calibration of the SB detector

The response of charged particle semiconductor detectors is known to be mass (and energy)
dependent [137]. The separation of recoil ions according to mass in a ToF-Energy detector
set up permits individual recoil energy calibration for elemental analysis. As an example of
single element analysis, the dashed line in Fig. 3.24 encloses a region in the
2-D ToF-Energy plane that contains events due to fluorine recoils only. Projecting those

events onto the Energy axis gives the energy spectrum. Energy calibration (for each
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element) is done by extracting paired entries of ToIF and Energy from the 2-D scatter plot
and using energy calculated from the ToF (after time calibration) to calibrate the energy

detector. Table 3.2 illustrates this method using fluorine recoils as an example.

Energy ToF (ch) ToF (ns) Energy
(ch) (MeV)
182 355 58.420 9.730%
189 353 57.304 10.118
197 351 56.188 10.529
200 350 55.630 10.744
209 348 54.514 11.193
217 346 53.398 11.671
223 345 52.840 11.921

Table 3.2 SBD energy calibration for fluorine recoils

The main source of uncertainty in ToF values calculated in Table 3.2 is the accuracy with
which centroids of TolF peak channels corresponding to particular energy channels can be
identified from the 2-D Tol-Energy scatter plot. As a rule of thumb, half the peak width,
or half the timing resolution, determined from values in Table 3.1, was found to be an

adequate description of the uncertainty in the calculated Tol" values.

This uncertainty is further propagated to the energy calibration (Esg), defined by

2
m({ |
E,.=—|—| —AE 3.157,
SB Z(TOFJ T2 l: ]

where m and [ are, respectively, the mass of the recoil ion and the flight length. AET,
represents the energy loss of recoils through the carbon foil of the second timing detector

T2. This quantity was estimated using SRIM 2008 and from the calculations made, ranged
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between 0.8% and 1.1% of the initial energy for 'F recoils. Figure 3.27 shows linear fits to
data presented in Table 3.2 for '9F recoils as well as to a similarly obtained data set for *°Ca
recoils. Error bars of 2.6 % for 'F recoils are calculated using Eq. 3.16 from the 0.85 %

uncertainty in /and the 1.0 % uncertainty estimate in the ToF values;

AE 2 2
B _ (ZATOFJ +(2Azj 5167,
Eg ToF I

For %°Ca recoils half the ToF resolution is 0.48 ns, or 0.76 % leading to error bars of 2.3 % in

the calculated energy values. The absolute uncertainty in Esp due to the uncertainty in
energy straggling through the carbon foil is only a few keV and is much smaller than that

due to ToF resolution and so is ignored in the above calculations.
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Figure 3.27 Elemental energy calibration of the SB detector for F and *°Ca
recoil ions from test sample CaF_1.

84



The calibration shows linear response within the energy range used for calibration for each
ion species but gives different offsets due to the well known ion dependent pulse height

defect effect (137 in the SB detector.

3.7.4  Energy resolution: comparison of SBD and ToF detectors

Factors that contribute to the total energy resolution, briefly discussed in Section 2.3, are
either due to experimental conditions or due to the nature of the target itself. The
summation of the individual contributions is a non trivial task; a detailed theoretical
treatment of the subject can be found in work by Szildgyi [247], already mentioned in
section 2.3. Szildgyi and co-workers’ work on theoretical approximations for depth
resolution calculations in ion beam analysis methods resulted in a depth analysis code

DEPTH, available from www.kfki.hu/~ionhp/.

The calculations implemented in DEPTH consider the following contributions to energy
spread; energy and angular spread of the incident beam, energy straggling in the target
sample, multiple scattering effects in the target sample, geometric energy spread due to the
finite size of the beam spot and detector solid angle, energy resolution of the detection
system, and for conventional ERDA and NRA, the effect of the absorber foil. While there
may be instances where some of the effects are not totally independent (e.g energy
straggling and multiple scattering), in practice these fluctuations of experimental and
physical origin are treated as independent random variables [247]. Probability distributions
of the different contributions are then convoluted together to get an effective value of the

energy spread.

An attempt was made in this work to determine the fotal energy resolution from
experimental energy profiles of recoils from a thin film layer and use DEPTH calculations
to determine the level of energy spread contribution due to each of the aforementioned
effects. Energy profiles obtained from both the SB and ToF detectors were analysed to
compare the energy resolution of the detectors for light and heavy ion species, using *F

and *°Ca ions as examples from each mass group. The analysis entailed fitting high and low
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energy edges of the energy profiles with the Boltzman sigmoidal function and taking the
width of each edge as equivalent to the total energy resolution at that energy. In this way it
was possible to get a sense of the variation of (energy) depth resolution with depth for the
same recoil mass, since the high and low energy edges correspond to surface and interface

recoils respectively.

Experimental energy resolution was evaluated for *°Ca and 'YF recoils from test sample
CaF1. Figure 3.26 shows the ToF energy spectra of recoils detected from that sample, and
Fig. 3.27 illustrates an example of the fitting procedure where the high-energy edge of '*F
recoils is fitted. Figures 3.28 and 3.29 show the same results for the SB detector energy
spectrum. The rest of the energy resolution calculations for both '*F and *°Ca recoils are

summarised in Tables 3.3 and 3.4

Surface Interface
ETOF AETOF EToF AETOF
recoil ion (MeV) (MeV) (MeV) (MeV)
F 12.29 0.41 9.83 0.79
Ca 17.95 0.62 13.84 1.80

Table 3.3 Total energy resolution (AEr.r) calculated from the ToF
detector energy spectra of '°F and *°Ca recoils scattered from the surface
and the substrate interface of target sample CaF_1.

Surface Interface
ESBD AESBD ESBD AESBD
recoil ion (MeV) (MeV) (MeV) (MeV)
F 12.19 0.28 9.71 0.82
Ca 17.70 0.94 13.55 1.41

Table 3.4 Total energy resolution (AEsgp) calculated from the SB detector
energy spectra of "I and *°Ca recoils scattered from the surface and the
substrate interface of target sample CaF_1.
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Figure 3.28 Tol" calculated energy spectra of recoils scattered from target sample
CaF_1. Also included are energy profiles of carbon and oxygen impurities detected
in the Cal'; layer.
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Figure 3.29 High-energy edge fit to the ToF calculated energy spectrum of 'WF
recoils to determine the ToF experimental energy resolution. The surface energy
Eror is given by z, and the edge width AET.r is given by 4.395-dx.
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Figure 3.30 SBD energy spectra of recoils scattered from the target sample CaF_1.
Also included are energy profiles of carbon and oxygen impurities detected in the
Cal; layer.

T I T I T I T T T I T I T T T
80 -—F
— Fit
60 |-
&2 7 |
c Equatio 'y = A2 + (A1-A2)/(1 + exp((x-
8 n X0)/dx))
oS40 -
Adj. R-S 0.93123 /
| Value Std Error
F Al 54.622  2.1541
F A2 0 0
20+ |F x0 12191 0.01897
F dx 0.0628  0.01642
0k L rnsansnnnpunnnnnns Junnunns ikl | N 1 N 1 e —
6 7 8 9 10 11 13 14
Energy (MeV)

Figure 3.31 High-energy edge fit to the SB detector energy spectrum of '*F recoils
to determine the SB detector experimental energy resolution. The surface energy
Espp is given by z, and the edge width AEspp is given by 4.395-dx.



Results recorded in Tables 8.3 and 3.4 indicate that energies measured by the SB detector
are systematically lower than those measured by the ToF detector due to energy loss
through the carbon foil of the second timing detector between the ToF and the SB
detectors. The total energy resolution at the surface is a good indicator of the detector
resolution since the surface energy resolution is dominated by the detector
contribution [97. The total energy resolution for I surface recoils, appearing at the high
energy edge, determined from the SB detector energy spectrum is better than that from the
ToF detector energy spectrum. Similar calculations (not shown here) carried out for other
light ions (*2C and '9O) show that total energy resolution measured from the SB detector

energy spectra is generally better than that from To[F energy spectra.

On the contrary, for the heavier *°Ca recoils total energy resolution from the ToF detector
energy spectrum is better than that from the SB detector energy spectrum. This situation
could be a direct consequence of the fact that timing resolution generally improves with
atomic mass of recoil species, leading to better ToF detector energy resolution. Experience
in other Ion Beam laboratories shows that in most cases the energy resolution of ToF
detectors is generally better than that of solid state detectors for most ion species except for
the lightest of ions; H, He and Li [197. For this particular set up then, the implication is

that the ToF energy resolution can still be improved further.

While the main contribution to total energy resolution comes from the intrinsic energy
resolution of the detector itself, it is nonetheless important to investigate how each of the
effects mentioned earlier contributes to, and compares with, the experimental energy (and
depth) resolution. Calculations from a code such as DEPTH become very useful in such an
exercise as some of the energy resolution contributors are not so easily determinable
experimentally. The main limitation in the code though is that roughness and plural

scattering eftects are not included.

3.7.4.1 DEPTH calculations

Energy and depth resolution calculations were made for 'I' and *°Ca recoils from the CaF1

test sample to estimate the level of energy spread contribution due to each of the energy
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spread causes discussed in section 2.3. The experimental parameters used in the calculation

for the two recoil species were as follows;

¢ Incident beam : 27.5 MeV 8tRrto+

® Beam energy and angular spread : 80 keV, 0.1°

¢ Incidence angle : 15° (L.e. 65° to sample normal)
® Beam spot size : 2.0 X 4.0 mm?

® Scattering angle, solid angle :30°,0.15 msr

The solid angle was calculated using the 73.4 cm distance between the target and the SBD
collimator of 1.0 cm diameter. The CaF, layer determined by RBS measurement to be
106 nm thick, was, for the calculation, divided into about 80 monolayers of about
1 x10'6 at cm™ thick each, to get an iteration step of just over 1 nm. DEPTH was used to
calculate energy spread contributions due to energy spread (AEpeam energy) and angular
spread (AEbeam divergence) Of the incident beam, energy straggling in the target sample
(AEstraggling), multiple scattering effects into (AEms_projectite) and out of (AEwms_recoil) the target
sample and geometric energy spread due to the finite size of the beam spot and detector
solid angle (AEgcometry). The sum of these eftects gives the energy spread in recoil ions before
reaching the detector system. The resultant depth resolution due to these beam and sample

effects was also calculated as a function of depth.

Energy and depth resolution of fluorine recoils

Figure 3.30 shows the DEPTH calculated contributions to the total energy spread of '*F
ions as a function of depth. The experimental energy resolution (determined from the SB
detector energy spectrum) is shown by the two data points corresponding to the surface
and interface regions. It is 0.28 MeV at the surface and 0.82 MeV at the interface. The plots
suggest that geometric energy spread (AEgeometry), at ~0.12 MeV, is the dominant cause of
energy spread in '"F surface recoil ions before they reach the detector system. Multiple
scattering and straggling effects are by definition, zero at the surface. Beam energy and
angular divergence account for 0.028 keV of the total energy spread. When these recoils

reach the detector, the intrinsic energy resolution of the detector and energy straggling
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through the foils of the timing detectors are convoluted with this initial energy spread to

give the total energy resolution of 0.28 MeV that is obtained experimentally.

Energy spread calculation due to straggling in the timing foils is not currently
implemented in DEPTH and so was estimated through a SIMNRA [227 calculation. The
energy straggling model selected was that of Yang which takes into account charge state
fluctuations of ions in Chu’s modification of Bohr’s simplified straggling formula.
Straggling was calculated for 'F ions passing through both foils, each 9.0 png.cm= thick. It
was found to be 44 keV at an incident energy of 12.40 MeV and 38 keV at 9.80 MeV. These
two energies respectively correspond to recoils originating from the surface and interface
regions of the sample. On average then, energy straggling through the timing foils would
be about 0.37 % of the incident recoil energy. Given a £ 10% estimate for the foils thickness
variation [267], energy spread due to thickness non-uniformity was also estimated to be

+ 10 % of the energy loss value, which, for surface recoils turns out to be 10 keV.

Considering just the 120 keV estimate of energy spread due to geometrical effects and the
44 keV accounted for by straggling through the foils, to get the 280 keV obtained
experimentally, the intrinsic energy resolution of the SB detector for '*F ions should then

be about 250 keV, or 2 % of the measured recoil energy.
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Figure 3.32 A comparison of the experimental energy resolution and the DEPTH
calculated contributions to the depth-dependent total energy resolution for '*F ions.

Going into the bulk of the sample AEgeometry decreases and multiple scattering effects
become more dominant as the number of projectile-recoil interactions increases. It is noted
that MS effects are higher for the heavier 5*Kr projectile ions because of the Z2? dependency.
Energy loss straggling AEstrageling also increases, but to a lesser extent. There is however a
dramatic decrease in the total (experimental) energy resolution for recoils emerging from
the layer-substrate interface. Assuming a marginal change in the intrinsic resolution of the
SB detector over the energy range concerned, the worsening of the total energy resolution
could, apart from increased multiple scattering and straggling, be attributed to roughness
and (or) plural scattering. The tailing of the "I energy spectrum at low energies in Fig.

3.29 1s an effect that also points to plural scattering and (or) a rough surface [25, 277].
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Figure 38.33 Calculated and experimental depth resolution of 'F recoil ions as a
tunction of depth, with and without the effect of the intrinsic energy resolution of the SB
detector.

The depth resolution of 'F ions is shown as a function of depth in Fig 38.31. The

experimental depth resolution Az was evaluated using

Ax = AE/fS]eﬁ- [8.17],

where AE is the experimental energy resolution corresponding to a certain depth and [S7ef
is the effective stopping power of a given matrix for a particular recoil. The effective
stopping power is a function of the stopping powers of both the projectile and the recoil

ions in that matrix, Sp and Sy, respectively. It is given by

S s
[S],; =K—"—+— [8.18],
SiIn@ Sin

derived using the surface energy approximation by Chu and co-workers [287]. The angles a

and B, both equal to 15°, refer to the beam incidence and exit angles respectively, measured
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from the sample surface, and K is the recoil kinematic factor defined by Equation 2.1. The
effective stopping power of a calcium fluoride matrix for “F (and *°Ca) recoils was
calculated from Eq. 3.18 making use of SRIM2008 to evaluate S, and S;. The eftective
stopping powers were evaluated at recoil energies corresponding to front and back surface
energies using SRIM stopping powers [217], taking into consideration the energy lost by

the incident %*Kr beam traversing to the substrate interface.

The calculations give the experimental depth resolution of '*F ions at the surface as 11.0
0.9 nm and at the substrate interface as 33.4 £ 3.0 nm. The quoted (8 %) error term is
associated with the level of accuracy of the stopping powers used, and was taken from
estimates given by H. Paul [297 in his comparison of stopping power tables for light and
medium-heavy ions with experimental data. Theoretical estimation from DEPTH
calculation including the added eftect of (at most) 2 % energy resolution of the SB detector
gives a surface resolution of 10.6 nm, which compares well with the value obtained
experimentally. For the interface region the theoretical estimate is 15.7 nm. The
discrepancy observed here between the experimental and the predicted depth resolution at

the substrate interface could be attributed to roughness and (or) plural scattering.

Energy and depth resolution of calcium recoils
Results of similar calculations of the theoretical and experimental energy resolution of *°Ca

recoils are shown below in Fig. 3.32. The experimental energy resolution is that of the ToF

detector energy spectrum.
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Figure 3.34 A comparison of the experimental energy resolution and the DEPTH
calculated contributions to the depth-dependent total energy resolution for *°Ca
lons.

As in the case of F recoils in Fig. 3.30, barring the detector resolution, the energy spread
contribution due to beam spot size and solid angle dominates the energy resolution at the
surface, and decreases as the sample is traversed inwards. Multiple scattering effects
increase with depth and in this instance, because of'a much heavier recoil ion, there is not
much difference between the projectile and recoil MS effects. Energy straggling also
increases with depth as the number of projectile-recoil interactions increases. The other
effects, beam energy and angular spread are initially significant at the surface (higher than
both MS and straggling effects), but they remain relatively much smaller with, and largely
independent of, depth.

Also included in Fig. 8.32 is a 3 % estimate of the energy spread contribution (AEi) due to

the intrinsic energy resolution of the ToF detector. This estimate, is attributed to the

detector’s intrinsic timing resolution (Ati) [27,
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(Ar)* =(Ar,)* +(36.1 LAE)? % [3.197,

and was obtained by considering the contribution of AEi(Ati) to the total energy resolution

AETor according to

. (& Y E .
(AET()F) _(36.1LJ Y + (AE) [38.20].

In both equations M is the mass of the recoil ion in atomic mass units, E is its energy given
in MeV, L is the length of the flight path in metres and At; is the intrinsic resolution of the
spectrometer in nano seconds and At is the total (experimental) timing resolution. The
intrinsic timing resolution is independent of the experimental set up (incident beam,
geometry, energy, recoil species, etc), but is determined by the factors like the quality of the

output timing signals from the MCPs and delays in the signal processing chain.

The energy spread AE is, for surface recoils, a quadratic sum of the angular spread
(AEbeam divergence) and energy spread (AEbeam energy) of the incident beam, the geometric energy
straggling (AEgeometry), energy straggling (AEfi strageling) In the first timing foil and energy
spread due to thickness variation (AEjateral) of the foil. The first three contributions were
obtained from DEPTH calculations already done for Fig. 3.32 and were found to be 36 keV,
20 keV and 171 keV respectively. Energy straggling through the timing foil was, like for
9F recoils, estimated using SIMNRA to be 46 keV. Energy spread due to lateral variation
in the foil thickness was again limited to = 10 % of the energy loss value, or 24 keV (see
Table 3.1). Substituting the quadratic sum (0.18 MeV) of all these energy spread
contributions in Equation 3.19 and using the experimentally determined value of 0.96 ns for

At, the intrinsic timing resolution of the spectrometer works out to be 0.90 ns.

The total energy resolution evaluated theoretically according to Equation 3.20 becomes
0.55 MeV, determined using Ati = 0.90 ns and AE = 0.18 MeV. The value of the intrinsic
contribution AE; due to the intrinsic timing resolution is calculated to be 0.52 MeV, which
is ~3 % of the incident recoil energy, and is expected to be more or less of the same
proportion over the energy range corresponding to the thickness of the Cal’, film. The
experimental surface energy resolution, according to an edge fit of the high energy edge in

Fig. 8.26, is 0.62 MeV. The ~11 % difference between the experimental and the
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theoretically determined values of the surface energy resolution could be due to effects
unaccounted for in the theoretical calculation, such as roughness or underestimation of the

timing foil thickness uniformity.

The experimental energy resolution for recoils from the substrate interface, at 1.30 MeV, is
way above the theoretical estimation, just like in the case of I ions. Again this
discrepancy is attributed to possible surface roughness and (or) plural scattering. The
resultant depth dependant depth resolution for *°Ca recoils is shown in Fig. 3.33, with and

without the effect of the detector resolution.
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Figure 3.35 Calculated and experimental depth resolution of *°Ca recoil ions as a
function of depth, with and without the effect of the intrinsic energy resolution of
the ToF detector.

It can be readily seen that the detector resolution indeed has the dominant eftect on the
surface depth resolution, but deeper in the layer multiple scattering effects and straggling
become important as well. DEPTH calculations gave the surface depth resolution as

12.1 nm and that at the interface as 16.0 nm. The experimental depth resolution was
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evaluated in the same manner described for I recoils. At the surface it was found to be
13 = 1 nm and at the substrate interface 30 £ 2 nm. The same explanation given for *F
ions, of the probable cause of the huge discrepancy between the theoretical and
experimental values of the depth resolution at the interface should also hold true for *°Ca
recoils as well; surface roughness and (or) plural scattering, unaccounted for in DEPTH

calculations are the most likely causes.

3.7.5 Efficiency considerations

Absolute quantification in ion beam techniques such as RBS, NRA and ERDA generally
assumes 100 % detector efficiency for particle detectors. This is particularly true for
semiconductor detectors where for each particle that hits the detector volume a count gets
registered [137]. The same cannot be said for ToF — E telescopes where the efficiency of the
timing detectors is, among other factors, largely dependent on the number of electrons
ejected from the carbon foil by each passing recoil. In this instance, the yield (Eq. 2.4) of
each detected recoil has to be normalised by the detection efficiency for better accuracy in
quantification. A detailed experimental study by Zhang et al (807 to investigate factors that
determine the efficiency of ToF detectors showed that in addition to the electron emission
coefficient, which is directly proportional to the stopping power, the CFD threshold setting
and the MCP bias voltage are also important factors. Their investigation covered a wide

range of ions H — Nb at energies 0.05 to 1.0 MeV per nucleon.

In these initial test runs, the detection efliciency for a few ions was extracted from spectra
already acquired in the course of timing resolution characterisation measurements and
found to increase with atomic mass from 0.75 for 9.0 MeV C ions to 0.96 for Kr ions of 8.4 —
25.0 MeV. Owing to the fact that among other factors, detection efficiency depends on
experimental settings like MCP bias voltage and CFD thresholds, which are not necessarily
kept the same between experimental runs carried out at different times, a detailed
presentation of efficiency characterisation is reserved for Chapter 4, in the context of

measurements carried out to perform real sample analyses.
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3.8 Chapter Summary

Chapter 3 begins by describing the installation of the HI — ERDA set up at iThemba LABS,
and goes on to detail the construction of the ToF — Energy spectrometer; piecing together
the different elements that make up the Tol detectors. The signal processing electronics
and data acquisition system are then described and thereafter, followed by a series of

characterisation measurements.

The electronic timing resolution was found to be 0.1 ns, a rather small contribution to the
total timing resolution when compared to that of the detector system. The timing
resolution of the whole spectrometer was found to be on average 1.1 ns, and in relative
terms was seen to improve with ion mass. Energy calibration measurements and analyses
showed that the SBD has a better energy resolution than the ToF detector for light

elements Z < 9 but the ToF detector shows better energy resolution for heavier elements.

Depth resolution capabilities of the spectrometer were investigated experimentally and
compared with extensive theoretical calculations performed using DEPTH code.
Theoretical prediction was largely in agreement with experiment for depth resolution at
the sample surface. The resolution at the surface region of a thin CaF, film deposit was
shown to depend largely on the detector resolution. Energy spread due to beam spot size
was demonstrated to be an additional major contributor to surface depth resolution. Going
deeper into the sample though, multiple scattering and straggling effects were seen to
become more dominant for recoils just ejected before reaching the detector. Roughness and
plural scattering effects were suspected to be the most probable causes of poor resolution at

the substrate interface.
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Chapter 4

Test analyses of thin film and bulk samples

4.1 Introduction

The introductory chapter of this work alludes to the point that multiparameter detector
systems like ToF — Energy spectrometers in Heavy Ion — ERDA greatly improve the
analytical strength of the technique when compared to the conventional foil — detector
configuration. For instance, for a *Kr projectile, a range of light elements (A < 40) can be
analysed simultaneously with much better energy resolution using a ToF — Energy
spectrometer than usually attainable in a foil — detector set up [17]. The closing subsections
of Chapter 3 deal with characterisation of the physical parameters of the detector system as
a whole, such as timing resolution, energy and depth resolution. The bulk of this chapter
details results of measurements carried out to assess performance aspects of the ToF — E
spectrometer specific to the analysis of light elements in thin film and bulk matrices. Key
attributes of the set up that are investigated, namely mass resolution, detection efficiency,
depth profiling and thickness measurement, and detection limit are demonstrated through

analyses of a variety of samples.

The measurements described in section 3.7.2 had as their main objective the determination
of the timing resolution of the detector system for different ions. In parallel with that
objective, some of those measurement results are analysed again here in section 4.2 to
determine the effect of timing resolution on the mass resolution of the spectrometer.
Detection efficiency, depth profiling and thickness measurements are demonstrated in
section 4.3 through the analysis of a layer of chromium oxide deposit on a silicon
substrate [27]. Section 4.4 describes the analysis of amorphous silicon [37] and steel samples

(4] to get a measure of the detection limit of the spectrometer for light elements.
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4.2 Recoil mass resolution

KRey to the optimal performance of a Heavy Ion — ERDA set up is the ability of its detector
system to separate recoil ions of adjacent mass. In other words the mass resolution Am of
the detector system determines the range of atomic species that can be analysed
unambiguously. In a typical ToF — ERDA set up the mass resolution is a function of the
SBD energy resolution AEsg, the timing resolution Az and to a lesser extent the relative

variation Alr//in the lengths of actual flight paths followed by recoils between the timing

toils [5, 67].
AE. ) 2 2
Am _ ( SBJ +(&j +(2NF) [4.17.
m E t [

[Alr is not to be confused with Aj the uncertainty in the distance between the two time

detectors].

In the various test measurements carried out in this work a common observation made was
that the timing resolution for all the ions detected changed appreciably from one
experimental setting to the next. For a given ion species of a particular energy the variation
in AEsg between measurements is generally insignificant. The path length variation
between recoil particles is also negligible [5,77]. It was then deemed important to
investigate and understand how different measurement settings for different kinds of
analyses affect the timing resolution and ultimately, the mass resolution of the

spectrometer.

4.2.1 Analysis of CaF:\Si and plain Si samples

An approach that seemed quite logical to follow was to compare experimental data obtained
from the same type of standard samples of known composition but analysed under different
experimental conditions. This was so as to compare the mass resolution of the same recoil
ions under different experimental settings. In the course of measurements described in
Chapters 38 and 4, CaF2\Si and plain Si standards were used to provide three of the time

calibration data points from Ca, I and Si recoil ions. Experimental data compared here from
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these standards was collected during timing resolution measurements already described in
Chapter 3, from hereon denoted TR tests, and during experiments to measure carbon

content in steel samples; from hereon shortened to DL tests (for detection limit).

For measurements targets were positioned at 15° grazing incidence angle to an oncoming
27.5 MeV Kr!'?* beam [see Fig 3.67]. The beam current, measured upstream at a point 3 m
before the target, was set at about 20 nA at that point, and so it can be safely assumed that
the current on target was just below 20 nA for all the targets. The beam spot size,
measured as described in Section 3.2.1, was about 2.5 x 4.0 mm?. With the above settings
unchanged in both sets of experiments, the SBD energy resolution was not expected to be
significantly different between measurements either. The same goes for the flight path

difference.

The TR tests differed from the DL tests in two ways. Firstly, and perhaps more
importantly, the timing filter preamplifiers (P1 and P2 in Fig. 3.14) were excluded in the
TR measurements, but Aad to be used in the DL measurements. This was because of the
apparent deterioration in the intrinsic gain of the MCP detectors to an extent that the MCP
output signals had to be amplified before feeding into the timing units; the CFDs. Secondly,
for the TR tests only the high-energy (fastest) recoils were of interest and so the TDC was
set at the smallest possible time range of 140 ns. For DL tests however the analytical depth
had to extend beyond the surface region and so the TDC time range was increased to
250 ns to accommodate low energy recoils (down to 0.03 MeV/u). Time calibration for the

DL measurements yielded the following calibration equation;

ToF=0.773ns/ch*ch# —173.78 ns r4.27.
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Figure 4.1 ToF projection of the ToF — Energy scatter plot to determine the channel
number and width of the short time edge of *°Ca recoils from the sample surface.

Figure 4.1 is an illustrative example showing the ToF spectrum of *Ca recoils from
CaF,\Si standard CaF_2 obtained during DL tests. The sigmoidal fit to the short time
edge gives the channel number z, corresponding to the ToF of recoils coming from the
surface. The width of the short time edge is 0.401 x 4.395 channels (from Equation 3.9),
which translates to 1.36 ns timing resolution. For the TR measurements discussed in
section 3.7.2, the timing resolution for *°Ca recoils of similar energy was found to be 0.96 ns
[see Fig. 3.217. Table 4.1 summarises the comparison of the timing resolution for “*°Ca, “F,

and ?8Si recoils obtained under the two measurement settings.

As the measurement results show, for these and other ions not included here, the use of
timing preamplifiers worsened the timing resolution; increasing it by a factor greater than
two in most instances. The qualitative eftect of this on the mass resolution, albeit small, can
be clearly seen in 2-D Time of Flight — Energy (ToF-E) scatter plots in Fig. 4.2. The
individual mass contour lines tend to broaden as the time resolution deteriorates, especially
for the lighter ions C, O and F. Not only that, increasing the TDC range setting brings the

mass contour lines even closer together, blurring the boundaries between the already
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broadened lines. A case in point here is the O and I mass contour lines. The net eftect is
that elemental analysis is not quite accurate when the mass contour lines are
indistinguishable. Another deleterious effect of the preamps is an increase in accidental
coincidences due to amplified MCP noise signals, which leads to a significant proportion of

background events in the 2-D scatter plot.

Time resolution (ns)

TR DL

ToF ) )
Ion Measurement settings: Measurement settings:

ns

(ns) no timing preamps timing preamps connected

TDC range: 140 ns TDC range: 250 ns

Ca 63.0% 0.960 1.36
Si 56.86 1.23 1.94
F 52.24 1.08 2.65

Table 4.1 Results showing the effect of measurement settings on the timing resolution
for three 1ons.

In an attempt to quantify the mass resolution under the different measurement settings, a
procedure suggested by Kottler et. al [87] was adapted to convert the 2D ToF — E scatter
plots into mass spectra using ORIGIN®. The conversion of scatter plots like the ones
shown in Fig 4.2 into atomic mass spectra, from which the experimental mass resolution
Am is then determined, is the subject of sub-section 4.2.1.1 below. The procedure is
exemplified by the analysis of the CaF_2 sample from the DL runs, with the TDC set at the

250 ns range.

106



450 preampz included

Al Yy scattered Kr -

. !
5

ToF (channels)
-
[=]
[]

Ca
Joa |- -
F
- I C I::.
Eﬁﬂ L I i 1 B 1 i [}
o 100 700 aoo ioo
Energy (channels)
] T ! T ! T ,
450 |- -
scattered Kr
a0 L cl? _
. :
= i
e 5 Ca
o 350 |- o
S a F
€L L
l_
a30d |- '
no preamps
Em L 1 L 1 k 1 L
i ] 140 00 300 400

Energy {(channels)

Figure 4.2 2-D ToF — E scatter plots of recoils from CaF,\Si standards measured
with (top) and without (bottom) MCP signal preamplifiers.
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4.2.1.1  From 2D ToF - Energy scatter plots to mass spectra

The mass contour lines in Fig. 4.2 each follow a trajectory defined by the relationship

between the time of flight and energy. For a given recoil of mass m,,

m
t. —t =K | —F*— 4.87,
N [4.5]

where %, E, and K are calibration constants [87.

Data: MassFit_Si,MassFit_Ca,MassFit_F
Model: MassCalib

450 Chi*2/DoF  =1.02238
R*2 = 0.99937

m 28 +0
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Figure 4.3 A plot of the peak coordinates along the mass contour lines for mass
calibration.

Figure 4.3 is a plot of the coordinates of peak points in the ToF — Energy plane along each
mass contour line. These coordinates are obtained from the scatter plot by scanning across
each line along the ToF axis at several fixed energy intervals. The result is a reproduction
of the scatter plot but with only a few data points to show the general trend line. A non-
linear least squares fit was carried out on the three major mass contour lines in Fig. 4.2; Si,
Ca and F, to determine the values of the calibration constants. In the fit procedure E,, &,

and K are variable parameters shared amongst the three mass curves. The three ms are

fixed parameters, with m;=28 u, me=40 u and ms=19 u, representing the atomic masses of

silicon, calcium and fluorine respectively. The fit results, pasted on Fig 4.3 are;
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lo = 286.0£1.2 channels, E, = 10.6310.86 channels and K = 212.3£3.6 (channels)*’2u'/? . Each

pair of coordinates (E;, ) in the ToF — Energy spectrum can be associated with a mass m,

given by

my :C'(tj_to)Q'(Ei_Eo) [4.47,

wherec=1/Kandi,j=0,1,2.......... 511.

Raw data of the 2-D ToF — E coincidence scatter plot that is imported into the ORIGIN®
analysis program comes in a 38 — column format; Energy (E), ToF (#) and Counts (C). If
plotted in 38-D, the counts are represented by the z — coordinate. Equation 4.4 facilitates
mapping the Tol" — Energy matrix into a 1-D column of atomic mass, effectively converting

the 2-D ToF — Energy data representation into a mass - counts domain.

The process of converting the 512 x 512 matrix generates negative m, values or m, values

greater than the known atomic mass range. Corresponding counts for masses in these
ranges, for all the calculations performed for this and all the other samples, should of
necessity be all zero. This is one of the conditions that are used to check validity of the
conversion procedure. In fact, in the final analysis, the calculated mass spectrum is only
valid for the same mass range as that of the atomic species used for the calibration. Mass
spectra of CaF2\Si standards obtained under the two measurement settings are presented

below.

4.2.2 Mass resolution with and without timing preamps

Figure 4.4 shows a mass spectrum of sample CaF_2 resulting from DL measurement
settings, with the timing preamps included in the signal processing electronics and the

TDC set at 250 ns range.
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Figure 4.5 Mass spectrum of a CaF,\Si sample obtained under TR measurement

settings.
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The identities of the carbon and oxygen impurities mass lines in Figs. 3.20 and 4.2 are now
confirmed in the atomic mass spectrum shown. The mass resolution for each of the major
ion species in the sample was determined by performing Gaussian fits to each of the
elemental peaks. The peak width w was used to calculate the Full Width at Halt Maximum

(FWHM) used as a measure of the mass resolution Am;
w
Am =FWHM =2+21n2 (5) [4.57.

The fit result pasted in Fig. 4.4 gives the mass resolution for 255Si ions as 2.3 u. Similar fits

to the F and *°Ca peaks yielded Am; =1.8 u and Am, = 2.8 u respectively.

The mass spectrum of sample CaF_1 from data acquired without the timing preamplifiers
and with the TDC range set at 140 ns (i.e TR measurement settings) is shown in Fig 4.5.
Telling features of the spectrum immediately stand out; the major elemental peaks are
narrower and the amount of background noise is significantly less than in the other
measurement setting. Table 4.1 is now reproduced below with the experimentally

determined values of the mass resolution for the three ions included.

TR measurement settings: DL measurement settings:
No timing preamps Timing preamps connected
Ion TDC range 0 — 140 ns TDC range 0 — 250 ns

At (nS) Amexpt (u) Amtheory (u) At (lls) Amexpt (u) Amtheory (u)

Ca 0.960 1.7 2.4 1.86 2.7 2.7
Si 1.28 1.7 1.8 1.94 2.3 2.2
F 1.08 0.9 0.9 2.65 1.8 2.0

Table 4.2 Results showing the effect of measurement settings on the timing and mass
resolution for Ca, F and Si ions.



Included in Table 4.2 are calculated values of the mass resolution; calculated according to
Equation 4.1 to compare experiment with theory. The SBD energy resolution AEspp for
10Ca and '"F recoils was taken as the experimental energy resolution values obtained in
Section 3.7.4. These were 0.94 MeV for calcium ions and 0.28 MeV for fluorine ions. The
energy resolution for ?5Si ions, found to be 0.70 MeV, was determined from an edge fit of the
energy spectrum of a plain Si wafer as shown in Fig. 4.6. The timing resolution for each ion
is given in Table 4.1. The path length variation Alr// was estimated to be much smaller than
both the energy and timing resolution 7] and so was ignored in the calculation of the mass

resolution.
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Figure 4.6 High energy edge fit to the Si energy spectrum to determine surface
energy resolution

The results in Table 4.2 show that theory and experiment agree quite well (except for the
TR results for *°Ca ions). Theory suggests that deterioration in timing resolution would
lead to deterioration in mass resolution and this is confirmed by the measurement results.
When measurements are done without the preamps recoil ions up to fluorine can be
separated quite clearly as Fig. 4.2 shows. The mass resolution for carbon the peak for

example is 0.8 u. Beyond fluorine the mass resolution gets worse than 1 u and mass
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separation gets blurred for adjacent masses. In Fig 4.5 peaks of oxygen and carbon
impurities show up quite distinctly, but there is another impurity in the mass region of 35 u
(chlorine?) not clearly identifiable. That this latter element cannot be identified with

certainty attests to the limitation in mass resolution for A > 19 elements.

The use of timing preamplifiers, necessitated by ageing MCPs, is seen here to be the main
cause of the deterioration in mass resolution. With a mass resolution of 1.8 u for fluorine
ions the separation between oxygen and fluorine recoils gets rather fuzzy as Fig. 4.2 shows.
The mass spectrum in Fig. 4.4 suggests that it would be even difficult to get carbon and
nitrogen well separated. Apart from the degradation in mass resolution caused by the
timing preamps, in the 2-D ToF- E scatter plot in Fig. 4.2 the larger TDC range also

makes it rather difficult to demarcate contour lines of adjacent masses.

The implication of these findings is that timing preamplifiers should be avoided as much as
possible unless the key objective of the analysis is not limited by mass resolution, which is
only possible if target elements of interest differ widely in terms of mass, as in the case of

measuring carbon content in steel described in Section 4.4

4.3 Depth profiling and thickness measurement of thin layers

Spectral data used to assess the performance of the spectrometer in depth profiling and
thickness measurement of thin layers is from the analysis of a target sample made up of a

layer of CrxOy on a silicon substrate. The sample was prepared as part of a broader study to

investigate photo induced and non-linear optical properties of nano o - Cr.Os coatings [27].
[t was prepared by electron beam evaporation of Cr,Os onto a Si substrate. The evaporant
was placed in a molybdenum boat and an electron beam from a thermionic filament used to
melt and vaporise it towards the substrate. The HI — ERDA measurement was also
expected to determine the stoichiometry of the deposited chromium oxide layer and for this

the relative detection efficiency of the spectrometer had to be evaluated.
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4.3.1 Detection efficiency

The relative detection efficiency 1 of a ToF — E detector system for any given ion species is

generally defined as the ratio

number of tripple coincidence counts

[4.67.

number of SBD counts

Triple coincidence here refers to coincident registration of a recoil ion in both time
detectors and the SBD detector. The number of coincident counts over a given energy
range can be obtained from the 2-D ToF vs Energy scatter plots and the number of counts
registered by the SBD over the same energy range are also obtainable from the raw SBD
spectra. It should be noted that for a chosen recoil ion, there should be no other ion
overlapping in energy in the 2-D scatter plot. This requirement then precludes using
recoils from the chromium oxide film under investigation [see Figure 4.117]. Naturally the

best measurement would be where the target is a bulk single-element target.

Single element bulk target materials that could be readily sourced for detection efficiency
measurement were graphite and silicon. An incidental advantage of these materials is that
they span a mass range (12 — 28 u) that covers recoil ions such as 'O not quite available in
single element bulk form and so values of mn for such ions could be estimated by
extrapolation. For the measurements, a 27.5 MeV Kr!’* projectile beam was used, at a
grazing incidence angle of 15°. Like in prior analyses, the beam spot was measured to be
about 2.5 x 4 mm? and the beam current adjusted to just less than 20 nA. The MCP signal
preamplifiers were not used in this instance as the MCP signals (new MCPs mounted) were
found to be well above noise level and large enough not to warrant any pre-amplification.
The TDC range was set at 400 ns to accommodate low energy recoils and thereby extend

the analytical depth.

Acquired raw spectra were converted into ASCII format for further analysis using
ORIGIN. Time and energy calibration results are given in Section 4.3.3. Figure 4.7
illustrates the general analysis procedure used to determine the detection efficiency using

raw counts of carbon recoils from a plain graphite sample.
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Figure 4.7 Raw ToF vs Energy and SBD energy spectra used in evaluating the
efficiency of the Tol" spectrometer for carbon recoils. The shaded strip shows a
typical energy range over which the efficiency is averaged.

Integrating the number of counts in the 2-D scatter plot in Fig. 4.7 over energy channels
1150 to 1350 gives a total of 2889 triple coincidence counts. The same procedure in the raw
SBD energy spectrum gives the total number of carbon recoils stopped in the SBD after
passing through the ToF telescope as 3017. The ratio of the two integrals, 0.96, is taken as

the average relative detection efficiency of carbon recoils over that energy range, spanning
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about 0.70 MeV. This is repeated over the entire energy range to determine the efficiency

at different energies.
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Figure 4.8 Spectrometer detection efficiency for carbon recoils (a), and stopping
power (b) of '2C ions in carbon as a function of incident energy.

The detection efficiency for a given ion with a particular energy depends on the number of
electrons ejected from the timing foils, as stated earlier. It may well be expected therefore
that the efficiency should depend on the electronic stopping power of carbon for the various

ion species as demonstrated by Zhang et al [97]. Figure 4.8 a gives the detection efficiency
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for carbon recoils as a function of energy, where the energy values are the midpoints of the
energy ranges used in the calculation. Affixed to it in Figure 4.8b is a plot showing the
variation of the stopping power of carbon in carbon over an identical energy range. SRIM
2008 code [107] was used to calculate the stopping power. What emerges from the two
plots is that the efficiency follows the same pattern as the stopping power; it is lower at low

energies and it also peaks at the Bragg peak and starts to decrease at higher energies.
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Figure 4.9 Spectrometer detection efficiency for silicon recoils (a), and stopping
power (b) of 255i ions in carbon as a function of incident energy.
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Figure 4.9 presents results of a similar calculation for silicon recoils. In this instance there
is no clear trend between detection efficiency and energy; instead the detection efficiency
appears to be independent of energy and saturated at ~0.95 over the energy range shown.
The apparent scatter observed can be attributed to statistical fluctuations. The stopping
power on the other hand changes considerably (more than 25 %) over the same energy

range.

The two results above suggest that the detection efficiency depends on the stopping power
only up to a certain threshold (about 6.0 MeV/mg cm?), beyond which the efficiency
becomes constant at about 0.95. This is further illustrated in Figure 4.10 where the
detection efficiency is plotted as a function of stopping power. SRIM calculations show
that the stopping power of 0.1 — 1.0 MeV/u ions heavier than carbon lies above
7.0 MeV/mg.cm=. This energy range is typical of recoil ions encountered in this work. It
would not be unreasonable therefore to assume that for the analysis of the chromium oxide
sample described in the next section, the detection efficiency for the major recoils (O, Si, Cr)

would be about 0.95, which in relative terms, becomes 1.0.
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Figure 4.10 Detection efficiency 1 vs. electronic stopping power in carbon for '2C
and ?8Si recoils.
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4.3.2 Analysis of a Cr.O,\Si sample

Figure 4.11 shows a 2-D ToF — Energy scatter plot of recoil ions (and scattered krypton
ions) from the CryOy\Si sample. Mass contour lines of the major atomic species in the
sample namely Cr, O and Si, stand out quite clearly. A closer look shows two additional
mass lines of trace quantities of light elements; one between Si and O, and the other below
oxygen. An inherent limitation of ToF - ERDA though is its poor mass resolution for
heavy recoils [17, to an extent that mass lines of any heavy ions (in this case A > 52)
present in the sample cannot be resolved from that of the forward scattered incident %*Kr
beam. A mass fitting procedure performed on the 2-D spectrum as described in section
4.2.1.1 yields the mass spectrum shown in Fig. 4.12, identitying the two trace impurities as

magnesium and carbon.
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Figure 4.11 2-D ToF — Energy scatter plot from the analysis of a CrO.\Si sample
using a 27.5 MeV Kr!** incident beam. The dashed line encloses an example of a
region used for [oxygen’| elemental analysis.
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Figure 4.12 Mass spectrum of the CrO,\Si sample showing the presence of carbon
and magnesium trace impurities.

4.3.3 Energy calibration

Energy calibration was performed in the same manner as described in section 3.7.3. Table
4.3 illustrates this method using oxygen recoils as an example. Time calibration was carried
out using calculated times of flight of the following high energy (surface) recoils; C from the
graphite standard, O from the CrxOy\Si sample, Si from an amorphous silicon sample and Cr

from the CrxOy\Si sample. The following calibration equation was obtained,
ToF =1.504ns/ch*ch — 460.49 ns [4.77].
The timing resolution (in ns) for each of the ion species was as follows; C (2.7), O (1.4), Si

(1.6) and Cr (1.3). Because of poor statistics for the Mg recoils an upper estimate of 1.6 ns

was used for the ToF resolution of Mg ions.
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Figure 4.18 shows a linear fit to the data presented in Table 4.3 for oxygen recoils. Energy
calibration parameters obtained from Fig. 4.13 were Slope = 33.4 keV/ch, and Intercept = 155
keV. The same procedure was repeated for the remaining ion species; C, Mg, Si and Cr. In
each instance the calibration error (AEcac) in the calculated energies due to the uncertainty

in ToF channel centroids in Table 4.3 was estimated from

AE \/(mmvj2 (ZAZT
o | | [4.87,
E ToF I

where AToIF is taken as half the ToF resolution and the ToF value is that of high energy

surface recoils, just as in Equation 3.16. Table 4.4 summarises the calibration parameters for

all the five ions.

Energy (ch) ToF (ch) ToF (ns) Energy (MeV)
55 388 123.06 1.87
69 379 109.53 2.36
85 370 95.99 3.07
112 362 83.96 4.01
157 354 71.93 5.46
193 349 64.41 6.82
239 346 59.89 7.88
270 343 55.88 9.22
291 342 53.88 9.74
320 340 50.87 10.93

Table 4.3 Energy calibration for oxygen recoils
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Figure 4.18 Energy calibration plot for oxygen recoils with error estimates of 3.2 %
in the energy values calculated from the ToF.

Slope Intercept
Ion | AEa. (%) (keV/ch) (keV)
C 5.7 33.9 -14.3
0) 3.2 334 155
Mg 2.9 34.7 575
Si 29 36.4 273
Cr 2.0 37.4 879

Table 4.4 Energy calibration factors for recoil ions detected from the CrxOy\Si sample

Figure 4.14 shows energy spectra in channels of the individual recoil ions, as well as that of
the scattered incident beam all plotted on the same axes. A quick kinematics calculation
shows that the incident krypton ions, at 27.5 MeV, scatter off chromium atoms with an

energy of about 16 MeV. This is less than the ~19.5 MeV of chromium surface recoils. The
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forward scattering of krypton ions at more than 20 MeV as indicated in Fig. 4.14 then

indicates presence of a heavy element (A>79) species in the target.
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Figure 4.14 Raw energy spectra of recoils and scattered incident beam detected

from the CrxOy\Si sample measured in channels.
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Figure 4.15 Energy spectra of recoils detected from the CryOy\Si sample.
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The same spectra are now redrawn in Fig. 4.15 with the energy axis in MeV. Due to the
limited mass resolution for very heavy elements, the heavy impurity present in the sample
could not be resolved from the scattered krypton in the 2D scatter plot. Its identity and

concentration could only be ascertained through RBS analysis, described in section 4.3.5.

4.3.4 Depth profile extraction

The analyses described in the following subsections are of the separated elemental energy
spectra of recoils detected from the target. One of each of the three types of ion beam analysis
codes described in section 2.4 is used to extract the sample structure from the energy spectra.
The experimental surface depth resolution for oxygen and chromium recoils was calculated
in the same manner described in section 3.7.4.1, from the edge widths of the elemental
energy spectra using Equations 8.17 and 3.18. For oxygen, the resolution was found to be
11.7 £ 0.9 nm or (123 £ 9) X 10'? at.cm™, and for chromium it was found to be 13 £ 1 nm or
(187 £ 10) x 10'% at.cm™. These surface depth resolution values are practically of the same
magnitude as those of fluorine and calcium recoils calculated in section 3.7.4.1 for a Cal

matrix, which is an indication of consistency in the detector resolution.

4.3.4.1 Direct calculation of depth profiles using KONZERD

As already discussed in section 2.4, KONZERD [117] employs an iterative procedure to
transform the energy scale of an energy spectrum into a depth scale using SRIM stopping
powers, and from the measured recoil yield calculates atomic concentrations at each energy
(depth) using Rutherford recoil cross sections. The code, which runs on a Linux®
environment, requires as part of its input, single column energy spectra of detected recoils.
Measurement parameters such as scattering angle, incidence angle, incident beam energy,
projectile mass and nuclear charge, energy calibration (slope and offset) for each element,

and detector resolution all form part of the input variables.

An additional pertinent parameter in KONZERD is the calibration factor for each element,

important in cases where the detection efficiency M is different for different ions. Given the
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detection efficiency analysis results in section 4.3.1, the calibration factor for all the recoils

detected from the current sample can be considered to be one.

After a successful calculation KONZERD produces three output files; OUT1 — OUTS3.
OUT?2 details most of the calculation result as illustrated in the excerpt in Table 4.5. OUT1
and OUTS3 are smaller versions of OUT2. Table 4.5 shows entries in the first three and last
three rows of OUT2. The first column is the selected depth interval from the surface into the
bulk of the sample. The next five columns B — F show the variation of relative atomic
concentration with depth. It is a relative concentration because not all elements in the target
sample are necessarily included in the analysis. This is particularly true for heavy
constituent elements of comparable mass with (and so not resolvable from) that of the

incident beam.

Columns G — K give energy channel numbers corresponding to each depth interval for each
atomic species. This is particularly useful for checking the accuracy of the energy calibration,
since the calculated energy channel numbers at the surface region (depth ~ 0.0 /at cm?)
must agree with those observed in counts vs energy (in channels) spectra in Fig. 4.9. The
high energy edge for oxygen recoils in Fig. 4.9 is at channel ~330, and from KONZERD the
surface energy in channels is 327.3. For chromium recoils the two channel numbers are 500

and 497.4 respectively.

The last column L gives the product Q of beam dose and detector solid angle at each depth
interval. Beam dose and detector solid angle are external variables that are independent of
the analytical depth. As such Q should not vary with depth. Should this not be the case then
that would be an indication of any of incorrect energy calibration, inaccurate impinging

angle and inaccurate stopping powers [127].

The calculated relative atomic concentration profiles for the CryOy\Si sample are plotted in
Fig. 4.16. The average atomic ratio of the major constituents (Cr and O) of the deposited

layer can be deduced from the plotted profiles. This ratiot, x/y, is roughly 1/2. The carbon

+ The stoichiometric ratio of Cr and O can also be confirmed from the averages of the atomic ratios over the
0 — 2500 at cm™ depth range in Table 4.5.
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and magnesium trace impurity content is on average below 5 at% for both elements. The

thickness of the CrO.\Si layer was found to be (2500 £ 220) x 10'? at.cm™, estimated by an
edge fit to the depth profile of oxygen recoils as shown in Fig. 4.17. The 9 % error is due to a
conservative estimate of 8 % uncertainty in the stopping powers used, taken from H Paul’s
comparison of stopping power tables for light and medium-heavy ions with experimental
data (187, and an upper limit of 8.4 % energy spread due to the detector resolution estimated

from the width of the high energy edge of oxygen.

AX) B{Y) CiY) OiY) E(Y) Sk el If¥) ) | K(Y) L[Y)
Longhame | gty ¢ 0 Mg Si o ¢ 0 Mg S Cr Q
s 10" atem?® atomic fraction channel number dosex Q
1 0 012555 085452 0.01466 1E-50 0305260 2866 3273 3044 4175 4974 206ET7
A 200 0113620 063471 0.009% 1E50 024291 2853 22550 38 4147 4938 230E7
3 40 005463 061185 0.05408 1E-5 027943 264 3238 394 41210 4903 284ET
4
5 3300 000918 1E-5 1E-5 099079 1E-5 479 445 M40 5020 460 234ET
i 3320 001575 1E-5 1E5 098422 1E-5 457 432 010 4890 454 2537
i 340 001957 1E-5 15 09804 1E-5 45 419 88 476 439 225E7
&

Table 4.5 An excerpt of the first three and the last three rows of the main output
table from a KONZERD calculation.
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Figure 4.16 Atomic depth profiles of recoils from the CrO2\Si target sample.
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The low energy tails in the chromium and oxygen spectra in Fig. 4.15 suggest one or both of
two effects; surface roughness and plural scattering. In-diffusion into the substrate is highly
unlikely, as the sample was not annealed after deposition and there was no external heating of

the substrate during deposition.

4.3.4.2  Iterative analytical simulation using SIMNRA

An inherent limitation of the direct calculation method, as pointed out in section 2.4, is that
energy spread effects are not taken into account when extracting depth profiles from the
measured energy spectra. [terative spectrum simulation using SIMNRA [147] includes most

of the beam and sample related energy spread effects described earlier.

The main aim of the analysis was to determine the thickness and stoichiometry of the
deposited chromium oxide layer. As such only the oxygen and chromium energy spectra are
analysed, seeing as, according to KONZERD results, the magnesium and carbon content in
the layer are in trace amounts. (RBS results in section 4.3.5 show that the heavy element
impurity is Mo, but also present in minor quantity (< 1%)). Figure 4.18 compares the
experimental and simulated energy spectra of oxygen and chromium recoils. The simulated

spectra are from the same sample description.
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Figure 4.18 Experimental and SIMNRA simulated energy spectra of oxygen
and chromium recoils from a chromium oxide deposit on a silicon substrate.

The above simulations are for a three-layer model of the deposited film. The top layer is
1030 x 10' at cm™ thick, with the following stoichiometry: Cr(0.28) O(0.63) Mo(0.04)
C(0.02) Mg(0.03). The second layer is 1151 x 10'? at cm™ with only a notable decrease in
the proportion of the ““Mo impurity; Cr(0.29) O(0.63) Mo(0.02) C(0.03) Mg(0.03), and the
third layer is 260 x 10'? at cm thick and with much less impurity content; Cr(0.30) O(0.68)
C(0.01) Mg(0.01).

Energy spread eftects included in the simulation were energy loss straggling (Chu + Yang

model), geometrical straggling, multiple scattering as well as 300keV and 800 keV detector
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energy resolution estimates for oxygen and chromium recoils, respectively. Dual scattering
effects calculations were impractically slow and so were neglected. As for surface roughness
effects, since there was no prior measurement of roughness done, a ballpark figure was
obtained by gradually increasing the simulation value from zero up to a point where the
slopes of the low energy edges of the oxygen and chromium spectra were optimally fitted.

This was done with the optimal atomic concentrations kept fixed.

In the end the best fit was obtained using a roughness estimate of about 500 x 10'? at cm™
(or ~20 %). The actual value is likely to be much less though since plural scattering (which
has the same effect on the shape of the low energy edge) was not included in the simulation.
Finally, the total layer thickness was simulated to be (2440 + 200) x 10'> at cm, with, this
time the 8 % error estimate stemming from just the uncertainty in the heavy ion stopping

powers. The average stoichiometry worked out to be Cr(1) O(2).

4.3.4.3 Iterative Monte Carlo simulation using CORTEO

CORTEO [157] simulations were again carried out for oxygen and chromium energy
spectra from identical models of the film layer structure. Like for SIMNRA simulations, a
three layer model was used with the first layer 987 & thick, consisting Cr(0.30) O(0.61)
C(0.02) Mg(0.03) Mo(0.04). The second layer was 1125 a thick with the following atomic
proportions Cr(0.31) 0(0.60) C(0.03) Mg(0.03) Mo(0.03) and the third layer 244 a thick,
consisting Cr(0.32) 0(0.66) C(0.01) Mg(0.01). The best fits were obtained for 5 x 10°
incident projectiles, a cone angle of 90° and an ERD virtual detector 20 times larger than

the real one positioned a distance of 734 mm from the target.

Monte Carlo (MC) methods have the advantage that by calculating individual ion
trajectories through the sample and the detector system energy spread effects are
intrinsically included in the simulations. When it comes to scattering effects there is no
longer a distinction between multiple and plural scattering. What is required though is a

roughness input, which unfortunately in this case was not available. A comparison of the
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experimental and MC simulated energy spectra for oxygen and chromium recoils is again

shown in Figure 4.19.
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Figure 4.19 Experimental and CORTEO simulated energy spectra of
oxygen and chromium recoils from a chromium oxide deposit on a silicon
substrate.

What stands out in the above spectra is that the MC simulation describes the low energy
tails much better than the analytical approach, presumably because of better treatment of
multiple/plural scattering effects. Keeping the layer compositions fixed, the roughness of

the surface layer was increased from zero in small steps until best fits were obtained at
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about 290 &, or 305 x 10'> at cm, assuming a bulk density of 4.89 g cm=[167]. This is much
less than the estimate obtained by SIMNRA, which is understandably higher because plural
scattering eftfects were not considered in the SIMNRA simulation. The total layer thickness
according to CORTEO analysis was 2360 + 230 a or (2480 * 200) x 10'> at cm™. The

average stoichiometry of the chromium oxide layer was, like in the first two analyses, found

to be Cr(1) O(2).

4.3.5 Comparative RBS analysis

Rutherford Backscattering Spectrometry (RBS) was performed using an incident beam of
2.0 MeV He?* ions. The sample normal was tilted 10° to the beam axis and a surface barrier
detector positioned 165° to the incidence direction. Results of this analysis are included here
not only to complement the HI — ERD results but also as an independent check of the
latter’s integrity.

The results of RBS measurement are presented in Fig. 4.20. Spectrum analysis was carried
out using SIMNRA. The experimental spectrum is overlaid with a theoretical spectrum of a
simulated sample structure that best matches the real sample. The simulation, on the one
hand, points to a presence of a heavy element in the deposited film, Mo, whose signal
could not be resolved from that of scattered incident beam in the ToF — ERDA
measurement. On the other hand, the RBS measurement cannot convincingly detect the
light impurity elements Mg and C, so clearly identified by ToF-ERDA. A priori
knowledge of their presence, obtained from the ToFF — ERDA measurement, led to their

inclusion in the RBS simulation.

The origin of the Mo impurity can be traced back to the molybdenum boat in which the
chromium oxide evaporant was placed during the electron beam deposition process.
Simulation of the RBS spectrum however confirms that Mo is not distributed throughout
the whole of the deposited film; it accounts for less than 3 % of the top 2030 x 10'% at cm™

of the simulated layer structure.
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Figure 4.20 Experimental and simulated RBS spectra of the CrO,\Si target sample.
The labels indicate high-energy edges of incident beam scattered from Cr, O and Mo
atoms found in the surface layers of the deposited film, as well as from the Si
substrate atoms.

Using a layer model similar to that described for the ToF — ERDA simulations the
thickness of the whole film was found to be (2290 + 90) x 10> at cm?, with again an
average stoichiometry of Cr(1) O(2). In this case the error term is considerably
smaller (~4 %) due to the fact that stopping powers of helium ions are known to a better

degree of accuracy than those of heavier ions [17].

Energy spread eftects included in the simulation were energy loss straggling, geometrical
straggling and multiple scattering. Plural scattering was not included. Like before, an
estimate of the surface roughness was arrived at by gradual increments of the simulated
roughness to fit the slope of the low energy edges of the O, Cr and Mo peaks. The eventual

best fit value was 290 x 10'> at cm™, which is of the same order of magnitude as that
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estimated through MC simulation of the ToF — ERDA spectra, which accounts for plural

scattering effects in a natural way.

The roughness estimate according to SIMNRA simulation of the ToF — ERDA energy
spectra was 500 x 10' at cm?. MC simulation of the same spectra gave an estimate
of 805 x 10" at cm? and now SIMNRA simulation of the RBS result gives
290 x 10'% at cm™. If the last two roughness values are considered close estimates of the
true roughness then the large difference between the two SIMNRA estimates (ERDA and
RBS) indicates that plural scattering effects are much more pronounced in a heavy ion
glancing incidence configuration than in a near normal incidence helium ion RBS set up. It
is advisable then that for Heavy Ion — ERDA analysis programs used particularly include

multiple/plural scattering effects.

The inherent poor mass resolution of Tolr — ERDA for heavy ions precludes its use in
(very) heavy element analysis. An exception to that would be in instances where the
difference between the mass of the incident beam and that of any heavy element in the target
sample (and between the masses of any two such elements in the target sample) is several
times the mass resolution. $*Kr and %2Cr provided a good example of such a scenario since
the mass resolution for 2Cr ions was 4.2 u, whereas the same could not be said of 8*Kr and
96Mo, where the mass resolution for $*Kr ions was about 10 u, hence the inseparable mass
lines in Fig. 4.6. While RBS may also exhibit poor mass resolution for heavy elements
compared to lighter ones [18, 197, the extent of this problem is certainly much less than in
ToF — ERDA. The issue with using RBS for light element analysis is that peaks due to
light elements are often buried within the substrate background particularly when such

elements are present only in trace quantities.

In conclusion, the ToF — ERDA and RBS results were within experimental limits, found to
be in agreement. The slight difference in the actual thickness values is most probably
linked to inaccuracies in the stopping powers the relevant heavy ions and helium ions in the
chromium oxide matrix. Multiple/plural scattering in a grazing incidence configuration, by
distorting the width of the low energy edge could also be responsible. What both results

affirm though is that the two techniques can be used in a complementary mode to each
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other; ToF — ERDA providing information on the light element content of a sample and

RBS shedding light on the heavy elements present in the sample.

4.4 Trace element analysis in bulk samples

Simultaneous detection and quantification of light elements in heavy element matrices has
been known to be a chink in the armoury of the more established nuclear analytical
techniques such as RBS, PIXE and NRA [197. It is when these techniques are used in
conjunction and the analysis results combined that more accurate conclusions may be made.
The relative advantage of Heavy Ion ToF — ERDA over these other techniques is that
depth profiles of several atomic species present in a sample can be obtained in a single
experiment. Sections 4.2 and 4.3 aptly display this unique feature of HI — ERDA. This
section seeks to quantify oxygen content in amorphous silicon samples, and to determine
the amount of carbon in an unknown steel sample using a known standard. The broader
aim of these analyses being the evaluation of the detection sensitivity of the Tol

spectrometer for light elements in heavier matrices.

4.4.1 Determination of oxygen content in amorphous silicon

Measurements were performed to quantify the amount of oxygen impurity in intrinsic
silicon layers on silicon substrates. The thin film structures were prepared as part of a
broader study to investigate material properties of intrinsic silicon for applications in
photovoltaic devices [87]. Oxygen is an unwanted impurity as it introduces defect states in

the band gap of the intrinsic material leading to degradation in the efficiency of devices.

Three samples were prepared by Hot Wire Chemical Vapour Deposition (HW — CVD) of
the intrinsic layer onto a silicon substrate. In HWCD precursor gases are decomposed at
the surface of a hot filament and the resulting species deposited on a heated substrate
positioned near the filament [207]. Table 4.6 below summarises the deposition conditions

for the three samples that were analysed. The filament material was Tantalum.
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Gas pressure Filament Substrate

Sample | Precursors (ubar) Temperature Temperature
(°C) (°C)
S160 0.95 Ho 60
S162 0.05 SiH, 20

Table 4.6 Deposition conditions for the three a-Si/Si thin film samples.

4.4.1.1 Fourier Transform Infrared Spectroscopy (FTIR) analysis

Prior to ToF — ERD analysis a host of structural, optical and electrical characterisation
measurements were performed on the samples [37. Amongst these, Fourier Transform
Infrared Spectroscopy (FTIR) analyses were performed to determine the bonded hydrogen
content in the samples, with the results obtained ranging between 1.3 and 1.9 at %. Of
interest in the current study though is that FTIR spectra showed features that were
ascribed to trace amounts of oxygen in the sample that could not be quantified. E. San
Andrés and co-workers [217] have also reported on attempts to quantify oxygen in Electron
Cyclotron Resonance (ECR) deposited silicon layers from FTIR measurements, but with
inconclusive results. At best the results can only be qualitative, hence the need for TolF —

ERDA in the case of ref [87’s samples.

4.4.1.2 ToF — ERD analysis

The analyses described here were performed under the same experimental conditions as
listed in section 4.3; 27.5 MeV Kr'®* incident beam, 2.5 x 4 mm? beam spot, 15° grazing
incidence angle, < 20 nA beam current and 400 ns TDC range setting. No MCP signal
preamplifiers were used either. Figures 4.21 — 4.23 show the 2D ToF — Energy scatter

plots of recoils (and scattered incident beam) generated from the three samples. The recoil
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mass lines were identified using the already known line trajectories of the CrO\Si sample

recoils (see section 4.3.2).

The three plots exhibit similar features; from each sample there is the expected dominant
silicon substrate mass line as well as the faint oxygen line. An unexpected carbon impurity
is also observed in all three, pointing out to a possible contamination of the deposition
chamber. Hydrogen is again not observed because of the ToF spectrometer’s poor detection
efficiency for hydrogen. Depth profiles were calculated in a similar manner as for the
CrO.\Si sample using KONZERD. Results of the calculations are shown in Figs. 4.24 —

4.26.
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Figure 4.21 2D ToF — Energy scatter plot showing recoils detected from target
sample S160.
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Figure 4.22 2D TolF — Energy scatter plot showing recoils detected from
target sample S161.
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Figure 4.23 2D ToF — Energy scatter plot showing recoils detected from
target sample S162.
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Figure 4.24 Relative atomic depth profiles of recoils from target sample S160.
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Figure 4.25 Relative atomic depth profiles of recoils from target sample S161.
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Figure 4.26 Relative atomic depth profiles of recoils from target sample S162.

To convert the unit of depth from that of areal density (10'® at.cm™) to nm the atomic
density of silicon (4.98 x 1022 at.cm™) was assumed for the whole film, seeing as silicon
makes up over 95% of the deposited layer in each of the samples. The depth profiles show
considerable fluctuation with depth in the relative concentrations of the detected recoil

species.

To check if the fluctuations could be attributed to low counting statistics Monte Carlo
simulation of the energy profile of silicon recoils from one of the samples (S161) was
performed using CORTEO. The same experimental setting used for the CrO2\Si sample
was also used, the main difference being the target. In this instance the target was
described as a thick (> 1pm) silicon slab with 5 at % oxygen content. Two theoretical
spectra were generated and compared with the experimental one. The only difterence in the
simulation inputs was a ten-fold difference in the number of incident beam ions. The result,
in Figure 4.27, shows a higher degree of fluctuation in the recoil energy profile where the

number of incident particles is smaller. As the number of incident projectiles increases so
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does the number of recoils detected and the energy profile tends to smoothen out, which
suggests that the observed jitter in the experimental spectrum could also be statistical in

nature rather than actual physical variations in the atomic concentration.
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Figure 4.27 Comparison of experimental and simulated energy spectra of Si
recoils from sample S161 demonstrating the effect of the number of incident ions
on the statistical fluctuations in the number of detected recoils.

The average relative concentration of each recoil species, taken over the whole layer
thickness, was then obtained by averaging the data points as listed in the KONZERD
output calculations. Table 4.7 summarises the calculation results. The deposition pressure,
the only variable between the samples during sample preparation is also included in the

table for comparison purposes.
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Deposition Atomic fraction (%)

Sample pressure
(ubar) Si o C
S160 60 98.7 0.84 0.46
S161 40 94.3 3.54 2.16
S162 20 94.5 4.31 1.16

Table 4.7 Relative atomic fractions of Si, O and C in Hot Wire — CVD films
deposited on Si substrates.

The results in Table 4.7 show that the amount of oxygen impurity content decreases as the
deposition pressure increases. This is to be expected since increasing the pressure of the
precursor gases (for the same deposition temperature) implies an increase in their volume
concentrations in the deposition chamber, which should increase their relative

concentration in the deposited film.

4.4.2 Measurement of carbon content in steel

The amount of carbon content in steel alloys has a direct effect on the mechanical, thermal
and electrical properties of these alloys, and the different types of steel are classified
according to their carbon content. The Centre for Materials Engineering at the University
of Cape Town has as part of its research program, research projects in Metal Processing
and Alloy Development. A sample piece of stainless steel was obtained from the centre to
quantify its carbon content using the newly set up ToF — ERDA facility. This was after
initial Scanning Electron Microscopy (SEM) measurements performed at the centre gave

inconclusive results [47].
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The method of analysis adopted was to determine the relative proportion of measured
carbon and iron contents in a reference steel sample and in the unknown sample. Then,
using reference values quoted for the standard sample [in Appendix A7, a scaling factor K
for the experimentally determined carbon content could be calculated. This factor would

then be used to evaluate the true carbon content in the sample under investigation.

4.4.2.1 Analysis of a NBS standard reference sample

The NBS reference sample [197] was in the form of a disc of 50.0 mm that was cut in half to
mount it onto the target ladder. As in all the other measurements, a 27.5 MeV $*Kr!>* beam
was used as the probe beam at an angle of 15° to the sample surface. Up to 10¢ events were
recorded to enhance statistics of light trace elements in the steel. Figure 4.28 shows the
ToF — Energy scatter plot of recoils from the target sample. Collision kinematics between
$#Kr and °¢Fe nuclides at 30° scattering angle allow the incident beam to be scattered into

the detector system hence the high intensity of scattered beam.
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Figure 4.28 2D Tol — Energy scatter plot of recoils (and scattered beam) from
the NBS 1264 standard sample.
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The elemental content of the reference standard consists of a few light elements and a host
of medium to heavy metallic elements in the following weight proportions (in %); H
(<0.0005), B(0.011), C€(0.870), N(0.003), O(0.0017), Mg(0.0001), Al(0.008), Si(0.067),
5(0.028), P(0.018), Mn(0.255), Cu(0.249), Ni(0.142), Cr(0.065), V(0.105), Mo(0.49), W(0.10),
Co(0.15), Ti(0.24), As(0.052), Sn(0.005), Nb(0.157), Ta(0.11), Pb(0.024), Zr(0.068),
Sb(0.085), Bi(0.0009), Ca(<0.0001), Se(0.0008), Te(0.0008), In(0.0002), Ce(0.00025),
La(0.00007), Nd(0.00012), Pr(0.00003), Hf{(0.005), Ge(0.003) and Fe(96.7). In the analysis

carried out, however, only C and Fe are of interest.

The limitation in mass resolution for heavy elements ruled out any meaningful separation
of their mass contour lines in Fig. 4.28. Iron stands out mainly because of its relative
abundance in steel and because of the relatively large difference in mass between *6Fe and
the incident #*Kr. The °Fe mass line still contains trace amounts of adjacent elements
nonetheless. On the other hand the situation is quite different for the lighter elements. In
particular, carbon stands out without any interference from adjacent elements. Figure 4.29
shows a mass spectrum of the standard sample obtained through the same procedure that is

outlined in section 4.2.1.1; using **Fe and '2C mass lines for mass calibration.
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Figure 4.29 Partial mass spectrum of the NBS 1264 steel standard sample.
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The mass spectrum also confirms presence of 25Si in the sample. The Si ‘peak’ however, is
in effect an aggregate peak of ?5Si and the adjacent elements 27Al and *'P. This is largely
because of poor mass resolution; a consequence of the settings used during the
measurement. These settings are described in detail in section 4.2.1. In the same vein, the
broad ‘Fe’ peak includes nearby elements such as ?2Cr, ?>Mn and 2?Co, all in relatively small
amounts though. Figure 4.30 shows a partial depth profile of the sample; partzal in the
sense that it shows only the two main constituent elements, *Fe and '2C. This however,
should only introduce a negligible uncertainty in the energy — depth conversion

calculation, principally because the two elements make up ~98% by weight of the sample.

The depth profile shows an abrupt change in atomic concentration from the surface into the
bulk of the steel. On the surface the concentration of iron is virtually 100 %, whereas that of
carbon is close to 0 %. In practice though, the concentration of iron is below 100 % because
of oxygen [in the oxide layer | present on the surface as indicated by the ToF — E scatter
plot in Fig. 4.28. The exclusion of the surface oxygen in the depth profile calculation

renders the surface layer composition ~100 % iron, even though that is not the case.
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Figure 4.30 Partial depth profile of the NBS 1264 steel standard sample.
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The average relative atomic concentration of carbon in the standard reference sample was
evaluated over the 50 — 250 nm depth range to avoid the artificial variation in the surface
region. From statistical analysis of the tabulated data the relative concentration was found
to be 5.97 at %. A similar procedure for the iron content gave an average relative atomic
concentration of 94.08 at %, with the standard deviation in each of these values equal
to £ 0.013 %. The values in the reference table are quoted in weight %. For an effective

comparison these have to be converted to at %.

The molecular mass of steel M is given by the sum of the products of the number of atoms

ni and the atomic mass 4 of each element present;

i=N
i=0
and the weight percentage wi of each element is given by
WM =nA [4.10].

The total number of atoms n is then given by

i=N i=N wi
np=y n=M, [4.117.

i=0 i=0 434

Combining equations [4.10] and [4.117, the atomic fraction of each element can be

vV

a_
2"

In the summation in Eq. [4.117, the contribution of atoms whose percentage by weight is

calculated from

no_
ny

[4.127].

less than 0.01 % was ignored because of the relative insignificance of such amounts. For
example for '°In at wi = 0.002 %, the number of ''?In atoms in the reference sample would
be 1.7 x 107 Ms, whereas for "B at w = 0.011 % the same calculation gives
1.0 X 10" Ms. The total number of atoms, expressed in terms of the molecular weight of the

sample, was found to be 0.0184 Ms. The atomic fraction of '2C at w; = 0.87 % then becomes
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0.0087;
n,=—212 - 0.,0394 r4.187.
0.0184

The relative atomic fraction of '?C determined experimentally was 0.0597. Equation 4.13

gives the true value according to the NBS [197 reference table. The scaling factor K for the
experimental value would then be 0.0394/0.0597 = 0.66. This factor is meant to account
for two eftects. Firstly the fact that in the analysis the *°Fe mass line is in reality that of
iron and trace quantities of adjacent heavy elements, which are inseparable because of the
limitation in the mass resolution of heavy elements. Secondly and more importantly, the
excessive count rate (> 106 s-') on the first timing detector due to scattered incident beam
led to ‘ghost’ mass lines of the scattered beam and the equally intense iron recoil beam.
These Kr and Fe ghost lines, most probably due to double triggering in T1, are seen as
overlays on the Si and C mass lines respectively, which incorrectly increases the number of
counts for each of these ion species., hence the need for a correction factor to account for

this noise effect.

4.4.2.2 Carbon content of an unknown steel sample

Figure 4.31 shows the 2D ToF — E scatter plot of recoils (and incident beam) scattered off
the unknown steel sample. On comparison with Fig. 4.28, indications are that the major
trace elements present in this sample are the same as those in the reference sample. Again
the ghost line effect observed in the standard sample due to a similarly high count rate in
timing detector T'1 is also seen in this sample. The resultant partial depth profile in Fig.

4.32 shows relative distributions of ?Fe and '2C in the sample.
Like in the preceding subsection the relative atomic concentrations were found through

statistical analysis of the tabulated KONZERD output, giving 6.5 at. % for ?2C and

93.5 at. % for *Fe, each quoted with a standard deviation of + 1.8%.
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Figure 4.31 2D ToF — Energy scatter plot of recoils (and scattered beam)
from an unidentified steel sample.

1.05

1.00 -
0.95 |-
0.90 -

0.85.k

0.10 |-

relative atomic concentration

0.05 |-

0.00

1 | 1 |

—— Carbon

Iron

A\
\\

50

100 150
depth (nm)

200

250

Figure 4.32 Partial depth profile of the unidentified steel sample.
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Using the scaling factor k (= 0.66) obtained for carbon from the analysis of the reference
sample, the atomic concentration of carbon in the unknown steel was found to be

0.66 X 0.065 = 0.0429, or 4.3 at. %.

4.5 Chapter Summary

The aim of the test analyses described in this chapter was to evaluate performance
characteristics of the ToF — ERDA system and, at the same time, demonstrate potential

application areas of the set up in thin film materials analysis.

The mass resolution investigations performed were in the context of observed variations in
the timing resolution under two different sets of experimental conditions. It should be
understood however, that this is not to imply that other factors, like the surface barrier
detector energy resolution, are unimportant. The best mass resolution for some of the
recoils measured was found to be 0.9 u for YF and 1.7 u for both 28Si and *°Ca recoils,
obtained under conditions where no timing preamplifiers were used in the signal processing
chain. The procedure devised to convert the raw 2D ToF — Energy scatter plots into mass
spectra made it possible to identify light element impurities in thin layers by their atomic
mass. This was demonstrated for '?C and 'O impurities in a CaF\Si layer and for '2C and

2¢Mg impurities in a layer of CrO. deposited on silicon.

Measurements were performed to demonstrate depth profiling and thickness measurement
capabilities of the spectrometer. As Fig.4.11 showed, good elemental separation could be
achieved for elements in the '?C — 22Cr u mass range. The separated elemental energy
spectra were analysed using both direct profile calculation and iterative simulation ion beam
analysis programs, which yielded similar stoichiometric ratios and similar sample structure
models. Of these though, the Monte Carlo based method gave a more realistic sample
structure, concurring with the result obtained from the more established RBS analysis
technique. The measured layer thickness was confirmed by the RBS measurement to be

relatively accurate.
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Trace element analysis measurements performed shed light on the range of detection limit
achievable. It was observed that a light element matrix, of HW — CVD silicon, could be
analysed without need for a standard for quantification because of distinct separation of
individual elements mass lines. The lowest detectable impurity concentration was that of
0.46 at % of carbon in silicon. For a heavier matrix like steel though, it was seen that a
reference sample could be very useful for quantitative analysis of light element impurity
content. In the unknown steel sample that was analysed the amount of carbon content was
found to be 4.3 at % by using a scaling factor obtained from the analysis of the reference

sample.
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Chapter 5

Measurement of heavy ion stopping powers in thin foils

5.1 Introduction

For over a hundred years now the stopping of energetic ions in matter has been a subject of
extensive and ongoing theoretical and experimental research interests [1,27]. The study of
the energy loss and range of ions in matter lends its advancement to the need to understand
the fundamentals of the interaction between energetic ions and matter, and equally
important to the widespread technological and medical applications of the passage of ion
beams through matter. This chapter details measurements carried out to add on to the
global database new experimental stopping power data of heavy ions in the oxide ceramic

Zirconium Oxide (ZrO.) and the polymeric plastic Mylar®.

Zirconium Oxide has interesting properties for micro/nano device applications. For
example it has been shown to have superior properties to SiO. in prospective applications in
metal-oxide-semiconductor (MOS) devices because of its much higher dielectric constant
[37]. Mylar finds applications in many established and emerging technologies based on
flexible thin films. Metallised mylar films for instance, are now used in solar engineering for
solar concentrators because of several advantages over traditional glass mirrors: higher
reflectivity, ease of manufacture, low cost and weight [47]. Surface modification of mylar
films by irradiation with high energy heavy ion beams has facilitated tailoring of the
material properties of the polymer for a range of applications in electronic device

tabrication [57.

The important role played by (heavy) ion beam techniques in the characterisation and
modification of materials for new devices on the micro/nanometer scale need not be over
emphasised. Not much experimental data on stopping powers of heavy ions in compound

materials (like ZrO. and Mylar for instance) is available in the literature, hence the need for
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accurate data of heavy ion stopping. In instances, for some ions, as will be shown later, the

stopping power data presented here is completely new.

Section 5.2 starts off with a look into the development of stopping power theory in general
and eventually highlights the need for experimental data particularly in heavy ion beam
analysis. A brief discussion of methods commonly used to provide experimental stopping
power data is given in section 5.3, followed by a description of the local experimental set up
in section 5.4 together with a detailed account of the procedure followed to extract stopping
power values from raw data. The target foils used to measure the stopping powers are
described and characterised in section 5.5. Measurement results, and the discussion thereof,

given in section 5.6 conclude the chapter.

5.2 Stopping power theory: a historical insight

Ziegler J. I and co-authors in the introductory chapter of their seminal book The Stopping
and Range of Ions in Solids [67], sum up the following as the essential problems of stopping
theory; the mechanism of inelastic energy loss of projectiles to quantised target electrons,
treatment of the effective charge state of traversing ions, screening eftects and relativistic
corrections. They further note that following Bohr’s initial works [7] advances in

theoretical studies tackling these problem areas have been driven by external developments.

For example, theoretical investigations into quantal scattering by Bethe and Bloch in the
1920’s provided fundamental equations for the stopping of very fast (10 MeV/u -2 GeV/u)
particles in a quantised electron plasma [67]. The Bethe - Bloch formula, on which several
subsequent theoretical advances are based [87 predicts the stopping cross section .S of a
projectile of atomic number Z, in a target of atomic number Z. In its simplest form it is
given by

_AnZ}Z,et | 2mv?

S In 5.17,
-~ 7 [5.1]

where m and v are, respectively, the mass and velocity of the projectile and I is the mean
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ionisation potential of the target. The underlying theory assumes that the projectile is

completely stripped of its electrons hence the high velocity restriction.

Subsequent to the work of Bethe and Bloch, the discovery of nuclear fission in the late
1930’s required an approach that would take into account the possibility that fission
fragments traversing matter may not be fully stripped of their orbital electrons [97. The
concept of effective charge then arose out of the need to address the problem of stopping of
partially stripped ions in the low velocity regime. In Bohr’s classical stopping theory for

low energy ions [107] the stopping cross section becomes

4 ZZ 4 3
_ 4z, 22e' In Cm;/ 597,
my Ze w

S

where @ = 2ntI/h and C = 1.1229. In his scheme Bohr showed that the effective charge Z;

. . . * v .
of an ion with a velocity vcould be defined as Z, = ZIA —, where v, ~ 2.2 x 10° ms-! is the
v

electron Bohr velocity. In the process he estimated a screening distance between two
colliding atoms that limits the energy transfer between nuclei. Further work by Lindhard,
Scharff and Schiott on the stopping of low energy ions culminated in 1963 in what is

commonly called the LSS theory, later reviewed in detail by Peter Sigmund in 1983 [117].

Another push factor in the development of stopping theory came from advances in
experimental nuclear and particle physics in the middle of the last century, where the
energies of particles studied were now in the relativistic regime. In his extensive review,
Ahlen [127 details modifications to relativistic formulations that have evolved over the

years based on the initial Bethe — Bloch theory.

Figure 5.1 shows typical variation of stopping power with projectile energy for charged
particles [187. On the low energy side LSS theory describes stopping relatively well and on
the high energy end the modified Bethe-Bloch formula is adequate. At very low energies
nuclear stopping dominates the energy loss processes. For the intermediate region, where

the stopping power maximum lies, a satisfactory theory remains to be devised [14, 157.
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Figure 5.1 Typical variation of stopping power as a function of projectile energy
from ret [187].

Major theoretical advances, building on the LSS and Bethe-Bloch theories, bolstered not in
the least by the advent of widespread computing power, include the works referenced in the
Handbook of Ion Beam Analysis [167]; Sigmund (1982), Oddershede and Sabin (1983),
Brandt and Kitagawa (1982), and Ziegler et al. (1985). A number of computer codes based
on these developments have been developed for the calculation of stopping powers of ions in
matter. The most common, listed in ref [17] are CasP (Convolution approximation for
swift Particles), CKLT (Convergent Kinetic Lindhard Theory), PASS (Binary theory), TCS
(Transport cross section) and calculations by Heredia-Avalos et al. [187. On the whole the

accuracy of different theoretical formulations is restricted to specific energy ranges [ 14].

The need for accurate estimates of stopping power values of ions in matter to validate
theory as well as for various practical applications has led to the development of semi-
empirical formulations based on experiment, in tandem with theoretical developments. The
latest semi-empirical codes include SRIM 2010 [197] and MSTAR [207], and stopping
power tables from the ICRU 73 [217].
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SRIM 2010 (and its earlier versions) is the prime source of stopping power data in popular

ion beam analysis programs like SIMNRA, IBA, RUMP and WINDF [227]. As mentioned

in Chapter 2, while largely accurate for hydrogen and helium ions, for *heavy ions (Z > 3)
the deviation from experimental values can sometimes go up to 20% [23, 247]. The
maximum deviation in compound targets has been observed to occur in the energy region
of the stopping power maximum where deviation from Bragg’s rule of stopping power
additivity for compound is greatest [87. This is particularly the case because of sparse and
varied experimental stopping power data for compounds compared to single element
targets. Difficulties associated with preparing suitable compound targets for measurement
have contributed to this higher level of predictive inaccuracies because a lot less

measurements have been made for targets in this category.

Typical ion energies in ion beam analysis techniques lie within the 0.1 — 1.0 MeV/u energy
range, and the stopping power maximum, or the Bragg peak as it is commonly known, lies
within this range. The availability of accurate heavy ion stopping power data is becoming
increasingly important for precision work in ion beam analysis and materials modification
(257, where the dimensions of sample materials investigated continue to shrink. The work
presented in this chapter aims to contribute to the global database of stopping power data

of technologically important materials to test and improve the predictive accuracy of widely

used codes like SRIM and MSTAR.

5.3 Methods for experimental stopping powers in ion beam analysis

An overview of methods used for experimental determination of stopping powers in all
phases of matter is given in ref [217]. In ion beam analysis the interest is mainly in solid
thin films. Within this area different techniques used to measure stopping power fall into

one of the following categories [137; transmission, backscattering and gamma resonance

shift.

+'Heavy ions' in stopping power literature generally refers to ions of Z > 3, whereas in HI-ERDA elements
in the hydrogen — neon mass range are considered 'light' elements

157



In traditional transmission techniques energy loss is measured directly through self-
supporting foils. The difference in the energy of a projectile ion measured with and without
a target foil placed in front of a detector gives the amount of energy lost in traversing the
foil. To get several data points the incident projectile energy is varied by adjusting the
accelerator voltage. The target foil thickness is measured either by measuring the mass of
the foil and dividing by the area or by measuring the energy loss of particles (usually

alphas) whose stopping cross section is accurately known.

In backscattering measurements a thin layer is deposited onto a thick substrate. The
difference between the energy of a projectile scattered from the front surface of the thin film
and that scattered from the film-substrate interface gives the energy loss in the incident and
outgoing paths. The range of projectile ions that can be studied using this method is limited
by the target composition, since the backscattering cross section decreases as the projectile
becomes heavier than the target atoms. N. P. Barradas and C. Pascual-Izarra and co-authors
have produced a series of articles [267] describing two methods used to extract continuous
stopping power curves from raw RBS spectra. The two independent analysis methods are
based on Simulated Annealing and Bayesian Inference techniques as implemented in the

Hotstop® and Data Furnace® analysis codes [267].

The gamma resonance (or X-ray) energy shift method entails bombarding a known backing
material (e.g Au, Al) with protons (or any other selected ions) and measuring the gamma
resonance yield [277]. The same measurement is repeated for a sample made up of the
backing substrate now covered with a thin layer of a target material of interest. The shift in
the photon yield energy is then used to calculate the stopping power of the target layer for
the incident projectile ions. Though relatively accurate, the fact that this method is energy
specific limits its application to those cases where there is a sharp resonance in the

projectile-target interactions.
By far the most common experimental methods involve transmission measurements since

any projectile mass can be used over a wide and continuous energy range. Backscattering

techniques are most suitable for light projectiles on heavy targets and gamma resonance
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shift methods are restricted in applicability by the energy specific nuclear reactions that are

involved. The technique used in this work is fully described in the following section.

5.4 The ToF — E stopping power measurement set up at iThemba
LABS

A ToF-E stopping power measurement is in essence a transmission technique. It requires a
slight adaptation [28, 297 of the ToF — E spectrometer described in Chapter 3.2 that entails
insertion of the stopper foil between the ToIF telescope and the Energy detector as

illustrated in Figure 5.10.

The ions whose energy loss is measured could either be incident projectile ions from the
accelerator scattered oft a suitable (heavy) target element or recoil ions ejected from the
target by the incident beam. In either case the beam of ions incident on the stopper foil is of
a continuous range of energies. Therein lies the uniqueness of this kind of set up; the

possibility to measure stopping powers over a range of energies in a single run.

projectile
recoil ions (or scattered projectile)
target sample i : T2 A SBD

stopper foil

Figure 5.2 A simple shematic showing the TolF - E spectrometer-foil configuration
for stopping power measurements.
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The schematic arrangement shown in Figure 5.2 is such that the inserted stopper foil is
perpendicular to the path of the incoming beam. In practice the set up looks as shown in
Figure 5.3, where the top image shows the stopper foil holder viewed from the end of the
flight flange and the bottom image is a bird’s eye view illustration of how the holder is
fitted into the flight flange. The SBD is mounted on the end flange and the second timing
detector is affixed to a metal plate that extends from that flange, leaving a gap between the
SBD and T2 as previously shown in Figure 8.4. The foil holder can be moved in and out of
the beam path between T2 and the SBD without having to break vacuum.

5.4.1  Measurement of energy loss AE

The energy of the incident ion before hitting the stopper foil is determined from the
measured ToF and the exit energy is, in principle, measured by the SBD. In practice
though, to avoid uncertainties associated with the non-linear response of semiconductor
detectors for heavy ions, the exit energy is determined from a ToF — E coincidence
measurement without any stopper foil between T2 and the SBD [307]. The energy signal from
the SBD is used to tag events of a similar energy on two ToF — E curves with and without
the stopper foil. The ToF curve without the stopper foil effectively calibrates the SBD for
each recoil ion species. The scatter plots in Figure 5.4 are typical examples of 2D ToF — E
coincidence plots showing in this instance two recoil ion species (Al and O from a thick

layer of Al,Os on a Si substrate) obtained in runs with and without a stopper foil.
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Figure 5.3 Experimental set up of the apparatus for stopping power measurements
showing the mounting of the stopper foil holder as seen from the end of the flight path
(top picture) and from above (bottom picture).
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5.4.2  Data manipulation for determination of stopping power

The same calibration procedure described in section 3.7.2 in Chapter 38 is followed in
performing time calibration for stopping power measurements. The time of flight measured
in coincidence with and tagged by a particular SBD energy response is extracted from the
2D ToF — E scatter plot by projecting onto the ToF axis the section (or slice) of the scatter
plot corresponding to that energy. This is illustrated in the example in Figure 5.4 for Al
recoils incident on a ZrO; foil, where t, and t. are the measured flight times with and

without the stopper foil respectively.

The raw t; and t. spectra so obtained are converted into ASCII format for further analysis
in ORIGIN®. The mean peak values are obtained by fitting the ASCII time spectra with a
Gauss function. The conversion from ToF in channels to ToF in (nano)seconds is
performed using the calibration fit function. The energy loss AE of a recoil (or scattered)

ion of mass m (in SI units) after passing through the stopper foil is then given by

AE=E, -E, = %[Lﬁj - (tﬁj ] [5.37,

where L is the flight distance as before, E, and E. being the incident and exit energies

respectively.

The effective energy Ea.v at which the energy loss is measured is calculated from

_E +E,

Ep=—"5— [5.47.

Normalising the energy loss by the foil thickness yields the stopping power. This procedure
is repeated for a number of channels (bins) along the energy axis to determine the stopping

power over a range of energies.
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Figure 5.4 An example of raw data from measurements carried out with and without a
ZrO, stopper foil. The projections show ToF slices used to calculate energy before and
after the Al ion passes through the foil.

5.4.2.1 Propagation of uncertainties

The quantities in Equation 5.3 used to calculate the energy loss are themselves derived
quantities and so the error propagation analysis should start from the raw variables. The
theoretical time of flight 4 used for the time calibration is calculated as described in section

3.7.1 from the recoil (or scattered) ion energy Er and the flight length L;
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, 1
fi \/7 (K, cos’ ®)E, — AE,,] L L8]

where K cos’ ®E, —AE,, = E, with Ky in this case being the ratio 4m;mo/(m;+mo)2.

The uncertainty AEr of the energy of the incident recoil/scattered ions is largely
determined by the + 0.5° uncertainty in the angle of recoil/scattering, which translates to a
2.3% error in the cos?® term. The spread AE, in the incident beam energy is of the order of
10" [317] and the energy loss AET in the carbon foil of the first timing detector is 1.1%.

When combined in quadrature,

AE, (Acos2 @jz +(AE0 jz N A(AE,,) [5.6],

cos’ @ AE,,

the error terms give an uncertainty of 3.4 % in the energy Er. The error in the calculated 4
values used for time calibration then becomes 1.7 % since t; a E"2. The uncertainty in L
becomes redundant as this variable cancels out when the calibration equivalent of Equation
5.5 1s substituted in Equation 5.3. The end result is that the energy loss, which is calculated

from two difterent ToF values, has an uncertainty of about 4.8%.

5.4.3  Validating the measurement technique

To build confidence in the integrity of the data generated here, it was deemed important to
do a measurement on a relatively well-studied ion — target combination that would validate
(or discount) the measurement technique developed. H.Paul, in his popular web based
database [327, lists over twenty-one references providing experimental data for the
stopping of oxygen ions in carbon. The oxygen — carbon system was therefore found to be

an appropriate test zon — target combination.

Figure 5.5 shows experimental the data from Paul’'s website including predictions from

numerous theoretical and semi-empirical codes. The letters A — V in the plot represent data
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taken from each of the references A — V listed on the right. The percentage values next to
each reference entry indicate the degree of uncertainty in the measured values. Except for a
few outliers, there is in general good agreement between experiment and theory over
energy ranges before and after the stopping power maximum. Maximum deviation occurs

within the Bragg peak and on average should be within 20%.

5.4.3.1 Determination of the stopping power of oxygen ions in carbon

For the test measurement 4.0 MeV '8O* ions were accelerated from the SPC2 ECR ion
source towards a target of a thick layer of gold on a silicon substrate. The incident beam
was scattered into the ToF — E detector telescope and two 2D ToF — E coincidence spectra
acquired with and without a 50.0 ug cm= carbon stopper foil. The foil thickness was
determined by dividing the measured energy loss of 228Th alpha particles through the foil

by the stopping power of helium ions in carbon calculated from SRIM2008.
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Figure 5.5 Experimental, theoretical and semi-empirical stopping power values
of oxygen ions in carbon from H.Paul's database [327.
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A ‘fortunate accident’ that occurred during beam production and acceleration was heavy
carbon contamination in the ion source due to an unexpected shut down of some of the
vacuum pumps. As a result 2.66 MeV C?* ions also came through the SPC2 together with
the '*O%* ions and these came in handy for time calibration. Additional target samples, plain
Si and carbon graphite, pre-loaded together with the Au/Si target were also used for time
calibration. The energy loss AET, through the first (carbon foil based) time detector, though
small (~1.0%) was calculated using SRIM2008 and accounted for in the calculation of the

energy E; of the scattered (or recoil) ions between the two time detectors.

In the absence of the carbon beam, time calibration using the oxygen beam would have

meant using SRIM stopping powers of oxygen in carbon to calculate AET;. Yet the object
of the experiment was to measure the stopping power of oxygen in carbon and compare
with SRIM prediction. Though using SRIM stopping power values of '*O ions in carbon
would have introduced a minor ‘cyclic’ error, availability of the unintentional carbon beam
meant that this could be avoided by using the kinematics of the carbon — target interaction
for time calibration, leaving out the 'O+ ions under study. Table 5.1 summarises the time

calibration calculations.

Ion Scattered E, [S]c AET, E, ToF ToF
by (MeV) (MeV/mgem-?) (MeV) (MeV) (ns) (channels)
C Auon Si 2.610 7.210 0.06489 2.5451 91.55 367.81
C Plain Si 2.363 7.105 0.06395 2.2991 96.32 370.59
C graphite 1.990 6.880 0.06192 1.9281 105.18 376.39
Si Incident 2.842 12.105 0.10895 2.7331 134.94 395.89
oxygen

Table 5.1 Table showing calculated times of flight (in ns) of scattered carbon projectiles
(and Si recoils) against channel number, after taking into account the energy loss AET, of
each ion through the T1 carbon foil. Entries in column [STc are the SRIM2008 stopping
power of each ion in carbon.
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The following calibration equation was obtained from a linear fit of the ToF(ns) vs

ToF(channels) scatter plot;

ToF =1.538ns/ch * ch —473.68 (ns) [56.7].

Using this equation and Equation 5.3 for the calculation of energy loss, the stopping power
of oxygen ions in carbon was determined over the energy range 0.05 to 0.20 MeV/u. The
upper limit of the energy range of the '8O ions scattered into the ToF — E telescope was set
by the energy of the incident beam from the accelerator. Table 5.2 displays the results of
the whole calculation procedure; from raw t; and t. peak values to the stopping power. The
results are further presented in Figure 5.6 together with experimental data, taken from
three of the latest references in Figure 5.5. Also included are predictions from SRIM2008
and the other popular semi-empirical formulation MSTAR [207]. The choice of
experimental data for comparison was based on those data sets overlapping in the energy

range with the results from this work.

A quick glance at Figure 5.6 shows that within experimental error, the stopping power
values obtained using the ToF — E spectrometer developed in this work agree with
literature data obtained through other measurement procedures. This is particularly true
over the energy range from low energy up to just below the Bragg peak. For energies at the
Bragg peak the performance of the ToF - E spectrometer is not so easy to judge in this
measurement because of the limited energy range predetermined by the energy of the
incident beam used. This however, should not be an issue for the present work because, as
will be seen in the results presented later, most of the stopping power measurements were
performed at energies up to just below the Bragg peak. And it has now been shown that the

measurement method used here works quite reliably in this energy range.
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Energy
ch

79
93
114
127
138
149
158
169
189
202
214
226
237
250
263

277
288

289
302
314
326

T1raw
ch

417.94
410.69
402.04
398.26
395.05
392.22
390.19
387.94
384.41
382.37
380.60
378.93
377.63
376.11
374.71

373.42
372.20

372.10
371.00
369.98
369.14

T2raw
ch

435.24
425.67
414.84
409.46
405.66
402.17
399.71
396.66
392.26
389.74
387.72
385.68
383.92
382.15
380.58

378.86
377.55

377.55
376.12
374.95
373.85

™

ns

169.11
157.96
144.66
138.84
133.91
129.55
126.43
122.97
117.54
114.41
111.68
109.11
107.11
104.78
102.62

100.64
98.76

98.61
96.92
95.35
94.06

T2

ns

195.72
181.00
164.34
156.07
150.23
144.86
141.07
136.38
129.62
125.74
122.63
119.50
116.79
114.07
111.65

109.01
106.99

106.99
104.79
102.99
101.30

E1
MeV

1.112
1.275
1.520
1.650
1.774
1.895
1.990
2.1083
2.302
2.430
2.550
2.671
2.772
2.897
3.020

3.140
3.261

3.271
3.386
3.498
3.595

E2
MeV

0.830
0.971
1.178
1.306
1.409
1.516
1.598
1.710
1.893
2.012
2.115
2.227
2.332
2.445
2.551

2.677
2.778

2.778
2.896
2.998
3.099

AE
MeV

0.282
0.304
0.342
0.344
0.364
0.379
0.392
0.393
0.409
0.418
0.435
0.444
0.440
0.453
0.469

0.464
0.482

0.492
0.490
0.500
0.496

Eav
MeV/u

0.054
0.062
0.075
0.082
0.088
0.095
0.100
0.106
0.117
0.123
0.130
0.136
0.142
0.148
0.155

0.162
0.168

0.168
0.175
0.180
0.186

S
MeV/mgcm2

5.637
6.077
6.847
6.882
7.289
7.585
7.832
7.866
8.178
8.368
8.701
8.880
8.804
9.053
9.373

9.271
9.645

9.849
9.795
10.000
9.916

Table 5.2 A compilation of stopping power values (S) of oxygen in carbon at different

energies (Ew) calculated from experimental data.
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Figure 5.6 A graphical comparison of the measured stopping power of oxygen in
carbon with some of the data in literature taken from Figure 5.5 and predictions from
the codes SRIM2003 and MSTAR.

5.5 Characterisation of the target foils

The Zirconium Oxide (also known as zirconia) and Mylar target stopper foils used in this

work were in the form of freestanding self — supporting foils. The fzr0, toils, purchased
from ACF-Metals (Arizona, USA), were produced by physical vapour deposition. To
improve the mechanical stability of the deposited foils trace quantities of either yttrium
oxide or cerium oxide are sometimes incorporated during the deposition process to stabilize
the foils on cooling [337. The foils were delivered mounted on steel frames each with a
circular aperture of 0.8 cm in diameter. Mylar foils were mounted in-house by pulling a

large strip of the polymer over the 0.8 cm aperture frame and cutting off half the material

+ The stoichiometry of the zirconium oxide foil is later ascertained in Section 5.4.3 to be practically Zr,O..
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covering the aperture. This was so that stopping measurements could be performed in one
run [847, thereby eliminating any likely errors due to drift in beam energy and detector
response. Unfortunately this configuration was not possible for the zirconia foils because of

their brittleness.

5.5.1  Topography

The topography of the foils was mapped using an Atomic Force Microscope (AFM),
scanning over areas of up to 20 x 20 pm? at a time. Several regions on each foil were
scanned. Figures 5.7 and 5.8 show typical AFM images of the two foils, from which the
roughness of each foil surface was estimated. A measure of the surface roughness helps in
determining the significance of the topographic variations in the measurement of the foil
thickness. The roughness determined from each of the images was 3.83 nm for the Zirconia

foil and 1.58 nm for the Mylar foil.

20.0 nm

Figure 5.7 An AFM image of a 5 x 5 um? region of the Mylar foil
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50.0 nm

0.0 nm

3 um

Figure 5.8 An AFM image of a 3 x 3 um? region of the zirconia foil.

5.5.2 Foil thickness measurement

The thickness of the target foils was measured using the energy loss of 5.48 MeV 2*'Am
alphas through each foil. For the zirconia foil the thickness (and impurity content) was
turther measured by RBS analysis as an independent check. In the first method the SBD
energy detector was calibrated using a 228Th radioactive source. Figure 5.9 shows the 225Th

alpha particle energy spectrum together with an insert of the SBD energy calibration plot.

For the thickness measurements, the method adopted was to acquire an energy spectrum of
the 2*!Am alpha source with and without the target foil inserted between the source and the
SBD. The 2*'Am source was temporarily attached to the mounting of the second time
detector T2 using vacuum compatible Plasticine®. The positioning of the source was such
that it was a perpendicular distance of 6 cm from the SBD. The first run, with the Mylar foil
between the source and the SBD, yielded two peaks simultaneously with the higher energy
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peak due to alphas incident directly on the detector and the lower energy peak due to alphas
passing through the foil before reaching the detector.

Results are displayed in Figure 5.10 with the energy axis already converted to MeV. The
peak values shown in the plot were determined by Gauss fits. The SBD resolution,

measured at 5.50 MeV, was found from the Gauss fit to be 0.019 MeV.

An apparent deterioration of the resolution (to 0.036 MeV) can be observed for those alphas
passing through the foil. This can be attributed to energy straggling of the incident alphas
as they traverse the foil. The thickness Az of the foil is calculated using a simplified version

of Equation 2.8;

Ax =

== [5.87,

AE_E -E,
S

where E, is the incidence energy (5.505 MeV) measured without the target foil and E, is the

energy (5.316 MeV) measured after the target foil.

The stopping power S, quoted at an average energy E., = (E; + E)/2 was obtained from
SRIM2008 calculations as 0.8023 MeV/mg cm2. This gave a thickness of 235.5 pg cm
(1.69 um) for the Mylar foil. A discussion of the uncertainties associated with the foil

thickness measurements is given in sub section 5.5.2.1.
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Figure 5.9 Energy spectrum of alpha particles from a Thorium-228 source
with an insert showing the energy calibration plot for the SBD.
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Figure 5.10 Energy spectrum of Am-241 alphas showing the energy loss
shift through Mylar for determination of the foil thickness.
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Figure 5.11 Energy spectra of Am-241 alphas through the Zirconium Oxide foil
for determination of foil thickness.

Subsequent measurement of the zirconia foil performed under the same experimental
conditions as the for the Mylar foil, yielded one major alpha energy peak since this foil fully
covered the frame aperture. The same reference peak (E,) from the measurement of the
Mylar foil was used for thickness calculations. Results of the measurements are shown in
Figure 5.11. A similar calculation gave 0.1447 MeV for the alpha energy loss through the
zirconia foil and the stopping power at an average energy of 5.43 MeV worked out to be

0.437 MeV/mg cm2, giving a foil thickness of 831.2 pg cm=.

5.5.2.1 Uncertainties in the measurement of foil thickness

Sources of uncertainty that can be identified in the measurements just described are the
energy resolution of the detector, energy straggling through the foil, accuracy of stopping

powers used, surface roughness of the foils and lateral variation in the thickness of the foils.

The detector resolution AEget, calculated from the reference peak is
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AE, = FWHM _ 0019
E,  5.505

=03% [5.97.

Energy straggling Q in the foil manifests itself in the broadening of the energy peak of
alpha particles that have passed through the foil, which results in an increase in the
uncertainty of the centroid peak values determined through Gaussian fitting. Given that the
energy loss of alpha particles through each foil is given by AE = E, — E, (equation 5.8), an

appropriate estimate of the energy-spread Q due to straggling would be given by

Q=AE, +AE, [5.107.

where AE, and AE, are, respectively, the uncertainties of the energy peak centroids without
and with the foil between the alpha source and the detector. For the Mylar foil, where
AE, = 0.0002 MeV and AE. = 0.0009 MeV, Equation 5.10 yields Q = 0.0011 MeV. This
works out to be 0.58 % energy loss straggling for an energy loss AE of 0.189 MeV. Using
the same calculation procedure one gets 0.59 % for energy loss straggling through the ZrO,
foil.

The accuracy of the stopping powers of He?" ions in ZrO. and Mylar from SRIM
calculations is taken from the analysis by H. Paul and A. Schinner [857. In the energy
range 0.3 — 30 MeV/u the mean relative difference between experimental data and
calculation, averaged over 150 compounds, is —0.8 %, with a standard deviation of 4.1 %. A
negative average relative difference implies that on average SRIM overestimates stopping
by 0.8 %. The standard deviation is related to the mean experimental accuracy of all data
surveyed 357, and this is the quantity that was taken to be a reasonable estimate of the

uncertainty in the stopping powers used for the thickness measurements.

Surface roughness (0x) can be considered to affect the thickness measurement by having an
effect on the total path length traversed by the transmitted particles. This effect is
illustrated in the simplified schematic in Figure 5.12. The distance traversed by a particle
that enters the sample surface at point A will most certainly be greater than that traversed

by a particle entering the sample at point B, assuming that both particles follow straight
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line trajectories through to the exit surface. Whether or not this difference becomes
significant depends on the size of the humps and troughs (the roughness) on the surface
relative to the total thickness. The measured roughness for each foil, expressed as a
percentage of the nominal foil thickness, was 0.09 % and 0.36 % for the Mylar and ZrO»

toils respectively.

Lateral variation (Ow) in foil thickness is generally considered a major source of error in
thickness measurements [367]. The transmission method employed here to measure foil
thickness in effect gives an average thickness because the source-detector solid angle is such
that the alpha beam reaching the energy detector passes through an area more than half the
size of the frame aperture. A hindsight realisation that came in handy was that to get an
estimate of the order of magnitude of the lateral variation of the foils a second value of the
thickness of the ZrO; foil could be extracted from RBS measurements for comparison. RBS
analysis was carried out mainly to ascertain the stoichiometry and impurity content of the

vacuum deposited foil and is described in section 5.5.3.

mean surface
position

sample bulk

Figure 5.12 A simple schematic to illustrate the concept of roughness in
thickness measurement

For the measurement, a piece of foil measuring roughly 5 x 5 mm? was fixed onto a silicon
wafer piece for support using silver glue. Care was taken to apply the glue only at two
edges of the sample to avoid contamination. A 2 MeV He?* ion beam with a spot size of

about 2.0 mm diameter was used, which meant that the thickness measurement was
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relatively much more localised. Figure 5.13 shows the RBS spectrum obtained from the
measurement together with a theoretical fit to the data using the program RUMP [377].
The thickness of the ZrO., foil at the spot of measurement was found to be

4790 x 10'? at cm. In units of areal density this is 326.7 pg cm.

The transmission method using the ?*'Am alpha source gave an average thickness of
331.2 pg cm?. If the difference (4.5 pg cm2) between the two results can be regarded as the
average thickness deviation between adjacent regions of the foil, it translates to 1.4 % in
percentage terms. Given that the RBS measurement was done on just one spot of the whole
foil it is possible that measurements on several different spots could give quite varied
results. A conservative estimate of the average value of the lateral variation would therefore

be of the order of 1 %.
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Figure 5.18 Experimental (black) and simulated (red) RBS spectra of the
Zirconium Oxide target foil for determination of the foil thickness and
stoichiometry.

177



One of the causes of energy straggling through each foil is the difference in the path lengths
traversed by monoenergetic particles due to lateral variation. The ratio of the calculated
straggling constants between any two foils should then be indicative of the proportionate

difference in the lateral variation of the two foils, e.g.

Q.0, _ aWZro2

[5.117.

Q Mylar a‘/Vll/lylar

Substituting the straggling constants calculated for the two foils and the estimated
maximum lateral variation of 1% in the ZrO. foil in Equation 5.10, one also gets

0

Wityglar= 10 % for the estimate value of the lateral variation in the Mylar foil.
All these factors described in the preceding discussion that contribute to the uncertainty in
the measurement of foil thickness can be added up in quadrature to get an eftective value of

the fractional uncertainty 0x (in %). Table 5.3 sums up these factors for the two foils.

Foil AE, AS,. Q Ox ow Sx
ZrO, 0.3 4.1 0.59 0.36 1.0 4.3
Mylar 0.3 4.1 0.58 0.09 1.0 4.2

Table 5.3 A summation of the various factors contributing to the overall uncertainty

0x in the measurement of foil thickness for the two foils. [AE,  — SB detector
resolution, AS, — uncertainty in the stopping power of Helium ions in the foil, Q-

straggling, Ox — roughness and 0w — lateral variation].
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5.5.3  Zirconium Oxide foil stoichiometry

The essential features of the spectrum shown in Figure 5.13 are the oxygen (O) and
zirconium (Zr) peaks. The simulation indicates presence of an element heavier than Zr in
the foil. From the information provided by the foil manufacturer the high-energy end peak
suggests that the stabilizing material used during the deposition process was cerium oxide.
The best-fit simulation of the experimental spectrum indicates that the Ce impurity is in the
uppermost layers of the foil. It most probably aggregated on the surface layers after the
deposition since it does not appear to extend into the bulk of the foil. The simulated
thickness of the whole Zr peak was found to be 4790 at cm™ and that of the Ce-containing
layer 350 x 10'% at cm™, implying that the cerium oxide is found in 7.2 % (i.e 350/4790) of
the total foil thickness. In that layer the simulated atomic fraction of Ce is 4.6 % and when

considering the total foil thickness the relative concentration of Ce falls to 0.33 %.

SRIM calculations of stopping powers in Zirconium Oxide with and without the 0.33 % Ce
impurity showed that maximum deviation between stopping power values with and without
the impurity was at the Bragg peak and, below 1 %. At such a low concentration the eftect
of Ce was neglected in subsequent stopping power calculations. The simulated Si content in
Fig. 5.13 is not a real concentration since the Si signal was due to the wafer piece that was
used as a support for the foil piece during measurement. This was thought to be a result of
either, a bigger beam spot than initially thought, or beam instability. Nonetheless, the
stoichiometric ratio of zirconium to oxygen in the (350 x 10'? at cm thick) surface layers
was simulated to be 1: 2.4. In the bulk (> 90 %) of the foil the simulation gave a ratio of 1: 2

and so for practical purposes, the stoichiometric ratio used for SRIM calculations was 1 to

Q+, ignoring the slight deviation of 1: 2.4 in the surface layers.

t Near perfect agreement among oxygen stopping powers measured in this work (see section 5.6.1.4), those
predicted by SRIM and experimental data from Zhang and Weber [387 also points out to a stoichiometric
ratio of Zr (1) : O (2).
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5.6 Results and discussion of stopping power measurements

Stopping power measurements were carried out using an incident beam of 27.5 MeV Rr!>+
ions. Various targets were used to produce a variety of recoils; a thick (>1 pm) layer of
aluminium oxide on a silicon substrate to get aluminium and oxygen recoils, a lithium
fluoride crystal for fluorine recoils, a magnesium oxide layer on silicon for magnesium (and
oxygen) recoils, carbon graphite for carbon recoils, and a plain silicon watfer piece for silicon
recoils. The following is a series of results obtained using the data analysis procedure
described in 5.4.2 for each zon - farget foil combination. Raw ToF — E scatter plots obtained
with and without the stopper foils are included in Appendix B, with the ToF axes already

converted from channels to (nano) seconds using the time calibration fit;

ToF =0.696 * Ch —149 .8 (ns) [5.127.

Whereas measurements give fotal stopping power, SRIM calculates the electronic and
nuclear contributions to stopping separately. Although the nuclear stopping contribution in
the energy ranges concerned here is relatively small, it was nonetheless added to the
electronic component to get a more complete representation of total stopping according to
SRIM. Comparisons between experiment and SRIM prediction are presented separately for
each ion species in following discussion. Comparisons with pure theory using calculations
from the PASS code 387, also included in the data plots for ZrO,, are discussed at a later

stage.

5.6.1  Heavy ion stopping powers in ZrQO.

The first set of results presents stopping powers of Al, Mg, I, O and C ions through the
(831.2 ug cm2?) ZrO. foil. Given uncertainties of 4.8% in the energy loss measurements and
4.8 % in the foil thickness measurement, the stopping power values presented each have a
6.4 % spread, indicated by the error bars. At the time of writing, the only other available
experimental stopping power data is for C, O and I ions from Zhang and co-workers [ 39,

407. No experimental data for Al and Mg ions is available in the literature for comparison.
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MSTAR stopping power compilations do not include ZrO. as a target hence the
comparison with just SRIM (2008 version), the only other semi-empirical code covering a
wide range of ions and targets. Some of the results presented here have been published in

the journal of Nuclear Instruments and Methods in Physics Research B [417].

5.6.1.1 Aluminium

The experimental stopping power of 27Al ions through ZrO, and predictions from SRIM
and PASS are plotted together in Figure 5.14. At first glance it can be seen that, within
experimental error, the experimental and SRIM values generally agree with each other.
However to get a more quantitative description of the apparent difference between
experiment (Sexpr) and SRIM (Ssrim) calculations the ratio Sexpr/Ssrim was calculated for

each pair of values at each particular energy.

The results of the calculations are summed up in Figure 5.15 revealing a systematic trend
in the deviation between Sexp and Ssrimeoos values. At low energies SRIM2008 calculations
underestimate experiment by up to 5% and at higher energies SRIM2008 overestimates
experimental values by up to 5% as well. The shift from under - to overestimation can be
modelled by a linear fit function as illustrated in the data plot. The fit function may be
regarded as a correlation factor (f) function for SRIM, valid over the 0.1 — 0.5 MeV/u

energy range. That is, for 27Al ions through ZrO., stopping power values in that energy

range that were obtained in this work can be approximated by S = f.Snnos» Where fo =

1.0814 — 0.2513E, with the energy E given in MeV/u.
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Figure 5.14 Experimental stopping powers of 27Al ions in ZrO; in the 0.10 — 0.50
MeV/u energy range compared to SRIM2008 and PASS 6.32 predictions.
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Figure 5.15 Plot showing the energy dependency of the ratio of experimental to
SRIM2008 stopping power values of 27Al ions in ZrQO,.
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5.6.1.2 Magnesium
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Figure 5.16 Experimental stopping powers of 2*Mg ions in ZrO, in the 0.10 -
0.50 MeV/u range compared to SRIM2008 and PASS 6.32 predictions.
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Figure 5.17 Plot showing the energy dependency of the ratio of experimental to
SRIM2008 stopping power values of 2*Mg ions in ZrO..
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The stopping power values of 2*Mg ions in ZrO; are compared in Figure 5.16. Indications
are that there is good agreement between experiment and SRIM from 0.10 to 0.35 MeV/u.
Thereafter SRIM overestimates the experimental stopping power, but to a lesser extent
than in the Al — ZrO, system. Again a plot of the Sgxpr/Ssrim ratio against energy in
Figure 5.17 gives a more quantitative perspective of the observed deviations. Like for the
27A1 ions, the (slight) deviation between experimental and SRIM stopping powers over the

0.10 — 0.50 MeV/u energy range can be approximated by a linear function: fi = 1.026 —

0.128E.

5.6.1.3 Fluorine
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Figure 5.18 Experimental stopping powers of 'F ions in ZrO, in the 0.1 - 0.6
MeV/u energy range compared to SRIM2008 and PASS 6.32 predictions, and

data from ref [397.
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Figure 5.19 Plot showing the energy dependency of the ratio of experimental
to SRIM2008 stopping power values of 'F ions in ZrO,.

Results of the measurements and calculations of the stopping power of '°F ions in ZrO, are
plotted in Figure 5.18. Also plotted in the same figure are experimental results by Zhang
and Weber 397, whose data was reproduced here using the following fit equation to their

experimental data plots;

dE 1 1
—(—)= —+ [5.138],
dx AE™ | 1000x A, 1000xA, AE

E 1000

where E is the energy in keV/u and A1-A5 are the fitting coefficients, given in ref [397.

The two experimental data sets are in near perfect agreement between 0.1 and 0.4 MeV/u,
after which deviations in the order of the experimental uncertainty occur. In the region of
agreement SRIM consistently overestimates the experimental data by more than 6%. A plot

of the ratio Sgxpr/Ssrim against energy in Figure 5.19 shows that the deviation is
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independent of energy. A mean correlation factor between Sexp and Ssrimecos given by fo =

0.93810.006 describes the average disagreement between experiment and SRIM prediction.

5.6.1.4 Oxygen

Figure 5.20 displays the comparison between experimental and calculated stopping power
values of 160 ions in ZrO,. Current data and that from ref (397 agree quite well within the
energy range 0.10 — 0.50 MeV/u. In that range SRIM prediction is slightly (< 38 %) above
experimental data. From above 0.5 MeV/u the deviation between current data and ref

[397’s data and that between present data and SRIM prediction approaches 5 — 7 %.
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Figure 5.20 Experimental stopping powers of '°O ions in ZrO. in the energy
range 0.1 - 0.6 MeV/u compared to SRIM2008 and PASS 6.32 predictions, and
data from ref [397].
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Figure 5.21 Plot showing the energy dependency of the ratio of experimental to
SRIM2008 stopping powers of 160 ions in ZrO,.

Figure 5.21 shows the comparison in greater detail and reveals that the deviation between
the experimental and the SRIM predicted values in the 0.1 — 0.5 MeV/u energy range is
well within 8%. This is much less than the measurement uncertainty. Unlike in the previous

cases the deviation here varies randomly with ion energy.

The oxygen ions in Figure 5.20 above were obtained as recoils ejected from a thick layer of
Al,Os on a Si substrate. In a separate earlier run aimed at determining the stopping power
of 2*Mg ions in ZrO,, 2*Mg ions were obtained as recoils ejected from a layer of MgO on Si.
In the process, 90 ions were also ejected as recoils. Measuring the stopping power of these
160 ions provided a means of checking the consistency of the measurement procedure. Data
from this measurement is shown in Figure 5.22 as solid squares, overlaid on data from
Figure 5.20. The two experimental data sets agree quite well at low energies. At higher
energies there is a gradual increase in scatter seen in earlier data plots, but in general the

results agree to within the experimental uncertainty of the measurement.
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Figure 5.22 Experimental stopping powers of %0 ions in ZrO; in the energy range
0.1 - 0.6 MeV/u compared to SRIM2008 and PASS 6.32 predictions. The 'O ions
were obtained as recoils from two different targets; AloOs\Si (red dots) and MgO\Si
(navy squares, to check the consistency of the measurement procedure.

5.6.1.5 Carbon

Results of the measurements and calculations of the stopping power of '?C ions in ZrO, are
plotted in Figure 5.23. Also included in the plot is experimental data by Zhang et al. [407,

also reproduced here using Equation 5.11.

The measurement uncertainty in the data from ref [407] is less than 4%. The data plots
show that, save for the initially good match between current data and SRIM 2008 in the
range 0.2 to 0.3 MeV/u, the latter tends to overestimate the experimental stopping power
in the region of energies beyond 0.3 MeV/u. Overestimation by SRIM 2008 is also

observed when comparing with data from Zhang et al., occurring from below 0.2 MeV/u.
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Figure 5.24 gives a more quantitative picture of the relative differences between the current
experimental data and each of SRIM 2008 and Zhang et als data. Discarding the data point
just below 0.6 MeV/u, observation is that on the whole, the deviation between data from
either source and present data is within 10% over the energy range shown. With such a
relatively wide degree of scatter in this instance the idea of a possible SRIM correlation
factor might not be quite useful. On average the spread between this data and that from

Zhang and co-workers is less than that between the current data and SRIM2008

calculations.
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Figure 5.28 Experimental stopping powers of '?C ions in ZrO, in the energy
range 0.1 - 0.7 MeV/u compared to data from ref (407, SRIM2008 and PASS 6.32
predictions.
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Figure 5.24 Plot showing the energy dependency of the ratio of experimental
stopping power data of '2C ions in ZrO, to SRIM2008 prediction and the ratio of
current data to experimental data from Zhang et al [407].

5.6.1.6 Comparison with PASS 6.32

Calculation results from PASS were sourced from the author of the code [387] to compare
experiment with predictions of the binary encounter theory [427. Like in SRIM, the output
of the calculation of the stopping power lists the electronic and nuclear contributions to
total stopping separately. For purposes of comparison the two components were added

together to get the total stopping power at each given ion energy.

From the results displayed in Figures 5.14, 5.16, 5.18, 5.20 and 5.23, indications are that
PASS overestimates the stopping power of ZrO, over the respective energy ranges for all
the ions studied here. Unlike for SRIM, a direct comparison of each experimental data point
against theory at each given ion energy is not quite possible as the PASS code is not readily

available to users. As an alternative approach, PASS stopping power values (Spass), quoted
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at the same energy values as the experimental ones (Sgxp), were estimated by extrapolation
from the PASS stopping power curve for each ion species. The degree of overestimation,
quantified by the ratio Sgxp/Spass like before, is plotted as a function of ion energy in

Figure 5.25.

The general impression from Figure 5.25 is that minimum deviation between experiment
and theory, for all the ions, occurs in the 0.3 — 0.4 MeV/u energy region, i.e within the
stopping power maximum energy region. At lower energies, on closer inspection, an
interesting trend that can be observed is that the discrepancy between experimental data
and PASS lessens as the mass of the projectile ion increases. A case in point to confirm this
observation is a comparison of the experimental stopping power data of **Kr ions in ZrO,,
measured in this work and published elsewhere [437, with PASS calculation. The
comparison is shown in Figure 5.26 where it can be seen that PASS describes stopping

quite well, better than SRIM even.
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Figure 5.25 Plot showing the energy dependency of the ratio of experimental
stopping powers to theoretical values predicted by the PASS code for 27Al, **Mg,
19F 160 and '2C ions in ZrQO..
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Figure 5.26 Experimental stopping powers of $*Kr ions in ZrO. in the energy
range 0.05 - 0.30 MeV/u compared to SRIM2008 and PASS 6.32 predictions

[from ref 437.

5.6.2  Heavy ion stopping powers in Mylar®

Stopping powers of Mylar for 255i, 27Al, 2*Mg, '9F, 60O and '?C ions measured in this work
are presented in this section and compared with predictions from SRIM and MSTAR [207].

Experimental data from the literature, where available, is also included.

5.6.2.1 CAB corrections

In calculating stopping powers in compounds, SRIM uses what is known as Bragg’s
additivity rule, whereby the stopping power of a compound for a given projectile ion is
estimated by the linear summation of the stopping powers of its constituent elements for
that ion [2387. Deviation from Bragg’s rule however does occur in compounds because of

the changes that take place in the orbital electronic structure of elemental atoms when they
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form bonds in compounds. This effect has been observed to be more pronounced in
compounds of light elements (particularly hydrocarbons) than in compounds containing
heavy elements, presumably because the proportion of orbital electrons that take part in

bonding decreases as the atomic number increases.

Based on experimental work done from the 1960s by the Baylor University and the Koln
University groups on the stopping of H, He and Li ions in hydrocarbons [447, Ziegler and
Manoyan [27] devised a method of predicting stopping powers in compounds using the
superposition of contributions from atom “cores” with that from “bonds”. Their method is
now generally known as the cores-and-bonds (CAB) approach. CAB calculations enable one
to compute correction factors for Bragg’s rule calculated stopping powers for many zon —
compound combinations (where the compound is a light element compound), by using the
ratio of the CAB approach calculation to Bragg’s rule value of the stopping power of 125
keV protons in that compound. This ratio is scaled by the eftective charge of that projectile
ion at any given velocity (energy) to get the correction factor. The choice of energy of 125
keV for the proton has its origins from the experimental observation that the maximum
deviation from Bragg’s rule occurs at the stopping peak and for protons 125 keV is near the

stopping peak in most of the studied compounds [27].

The following data plots of heavy ion stopping in Mylar then include both types of SRIM
calculations; with and without CAB corrections. The degree of error in the measured
stopping powers, resulting from the 4.2% and 4.8% uncertainties in foil thickness and

energy loss measurements respectively, is about 6.4%.

5.6.2.2 Silicon

Figure 5.27 shows the measured stopping power of 28Si ions in Mylar over the energy
range 0.15 — 0.45 MeV/u compared with SRIM and MSTAR predictions. As it happens
only one other set of experimental data with only a slight overlap in the energy range is
available in the literature [457]. The default CAB correction for the stopping power of heavy
ions in Mylar is —6.57 %. Current data agrees quite well with data from ref [457] over the
energy range of overlap, 0.36 — 0.45 MeV/u, and from 0.36 MeV/u onwards, CAB
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corrected SRIM calculations describe data quite well. At lower energies however, from 0.15
— 0.35 MeV/u, Bragg’s rule seems to predict the stopping power reasonably well without
need for correction. In fact CAB corrections underestimate stopping by more than 5% in the
energy range up to about 0.30MeV/u. MSTAR predictions are accurate to within 5% of the
present data over whole energy range studied as shown. An interesting observation to note
is the kink in the experimental data between 0.36 and 0.40 MeV/u as agreement with

calculation shifts from uncorrected to CAB corrected predictions.
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Figure 5.27 Experimental stopping powers of 25Si ions in Mylar in the energy
range 0.15 - 0.50 MeV/u compared to SRIM2008 and MSTAR predictions and

data from ref[457].

5.6.2.3 Aluminium
Results from the measurement of 27Al stopping powers in the Mylar foil are displayed in

Figure 5.28, together with SRIM and MSTAR predictions. Data from experiments found in

the literature is again from ref [457] like for 25Si ions.
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Figure 5.28 Experimental stopping powers of 27Al ions in Mylar in the energy range
0.15 - 0.55 MeV/u compared to SRIM2008 and MSTAR predictions and
data rom ref [447].

[t is again noted here like in the Si — Mylar® system that within experimental error limits
current data agrees with data from Réisdnen and Rauhala [457 albeit over the small 0.4 —
0.55 MeV/u energy range covered by the reference data set. In that same energy range the
CAB corrected and uncorrected Bragg’s rule calculations strangely enough, coincide, and
both slightly underestimate the two data sets. At lower energies, from just under 0.20 MeV/u
to 0.34 MeV/u, the CAB corrected calculation grossly underestimates experimental data by
up to 12%. Predictions from Bragg’s rule are just within 5% of data. MSTAR predictions lie
within the 6 % experimental error limit but in this case underestimating the data. The kink
seen in the Si — Mylar system shows up again here between 0.35 and 0.40 MeV/u.

Interestingly, the Bragg’s rule trend line has a similar step in the same energy region.
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5.6.2.4 Magnesium
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Figure 5.29 Experimental stopping powers of Mg ions in Mylar in the energy range
0.15 - 0.50 MeV/u compared to SRIM2008 and MSTAR predictions.

Figure 5.29 displays results from measurements of the stopping of 2*Mg ions in Mylar.
Unfortunately for this system no experimental data from the literature could be found for

reference. Included in the data plot are SRIM and MSTAR calculations for comparison.

Bragg’s rule underestimates experimental data by slightly more than 6%, from low energies
up to about 0.85 MeV/u. Just after that point a dip in data, much like in the Si — Mylar and
Al — Mylar systems, is also observed. From ~0.38 MeV/u onwards Bragg’s rule prediction
is within 6% of data. On the other hand the CAB corrected values fall below experimental
data by up to 12% in the low energy region. After the dip the level of agreement with
experiment averages 5%. MSTAR calculations also on average deviate from data by slightly

over 6% over the whole energy range.
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5.6.2.5 Fluorine
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Figure 5.30 Experimental stopping powers of 1“F ions in Mylar in the energy range 0.15
- 0.60 MeV/u compared to SRIM2008 and MSTAR predictions.

Figure 5.30 shows experimental and calculated stopping powers of F ions in Mylar.
Calculations using Bragg’s rule appear to predict experimental values better than the CAB
based approach. At low energies the CAB corrected stopping power calculations are lower
than experimental data by up to 8%. The tendency though at higher energies (> 0.50
MeV/u) is that calculations overestimate experimental values by about 6% and 4% for
Bragg’s rule and the CAB approach, respectively. MSTAR calculations describe stopping
relatively better than both SRIM calculations when averaged over the whole energy range.

Deviation from experiment is at a maximum at about 6% at 0.30 — 0.35 MeV/u, getting less

on either side of that range.
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5.6.2.6 Oxygen
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Figure 5.31 Experimental stopping powers of '°0 ions in Mylar in the energy range 0.15
- 0.60 MeV/u compared to SRIM2008 and MSTAR predictions and data from refs [45]

(0) and [467 (A).

Results from measurement of the stopping power of oxygen ions in Mylar are reported in
the data plot in Figure 5.31. Included in the data plot are results of measurements by
J. Riisdsen with E. Rauhala [457] and Jin ef al [467]. Both data sets each quote +4%
uncertainty in the reported stopping power values. Calculations by SRIM and MSTAR are

also overlaid for comparison.

On comparison of the experimental data sets it is observed that at low energies, 0.20 — 0.30
MeV/u there is up to 9% deviation between current data and that from Jin et al. However, if
the experimental uncertainties are taken into consideration, the stopping powers from the
two data sets, in that energy range, are within the error limits of each other. At higher

energies, above 0.30 MeV/u, current data is in slight agreement with data from ref [457.
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When comparing current data with SRIM calculations, the CAB approach underestimates
stopping at the stopping power maximum by up to 10 %, and about 5% when compared to
data from refs [45] and [467]. At that point Bragg’s rule prediction is well within the error
limit of each of the three data sets. At higher energies (>0.50 MeV/u), the CAB approach
overestimates data to a lesser degree than Brag’s rule. Looking at MSTAR prediction, it is
interesting to note that MSTAR describes current data better than it does data from the
two references. Add to that, stopping power values predicted by MSTAR are well within

the 6% error limit of the current data set over the entire energy range; 0.20 — 0.60 MeV/u.

5.6.2.7 Carbon

I
9 |-
~~~ 8 —
=
o L
(@]
£
S 7
©
= |
= gL ® Experiment |
5 oo MSTAR
L —— SRIMO08_CAB corrected (-6.57%) i
- - - SRIM08_Bragg's rule
5k A o  Rau88 -
1 " 1 " 1 " 1 " 1 " 1 " 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7

Energy (MeV/u)

Figure 5.32 Experimental stopping powers of '2C ions in Mylar in the energy range 0.15
- 0.65 MeV/u compared to SRIM2008 and MSTAR predictions, and data from refs [467]

(A) and [477(0).
Experimental and calculated stopping powers of carbon in Mylar are presented in Figure

5.32. Literature data is from Jin et al [467] and E. Rauhala and J. Réisdsen [477]. Data trends

here are almost similar to those of the oxygen — mylar system. There is substantial deviation
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in stopping powers between current data and literature data at the stopping power
maximum. Beyond that (>0.835 MeV/u) data sets tend to converge. The CAB approach
predicts data from ref [46] relatively well up to the stopping power maximum and then
beyond that, overestimates current data and that from ret [467] by up to 9%. Bragg’s rule
prediction is within 5% of current data at the stopping power maximum, after which
calculations at higher energies overestimate all the data sets plotted in Figure 5.32. As it
turns out again in this case, MSTAR predicts the stopping power better than SRIM, up to

within 1% - 3% of the present data set, over the entire energy range measured.

5.6.3 Discussion

5.6.3.1 Heavy ion stopping in ZrO:.

The stopping powers of 27Al and ?*Mg ions in ZrO; measured here are the first
experimental data of the stopping of these ions in this refractory ceramic. Results show that
within experimental limits, SRIM predictions adequately describe the stopping of both ions.
The correlation factors between SRIM predictions and measured values that were
introduced in sections 5.6.1.1 and 5.6.1.2 can be used to reproduce the experimental data
using SRIM data for comparisons with any future experimental (or theoretical) stopping

power data sets.

Measurement results for 'F ions warrant a deeper analysis. The main region of interest is
the 0.1 — 0.4 MeV/u energy region where the stopping power variation with energy follows
a definite trend. Above 0.4 MeV/u experimental scatter in the stopping power values
precludes that energy region in further analyses. That there is near perfect agreement at
that energy range between present data and the only other experimental data from the
literature [897] makes it difficult to attribute the relatively huge discrepancy between both

data sets and SRIM prediction to experimental scatter.
The CAB approach described in section 5.6.2.1 is used to provide SRIM correction factors

for quite a number of compounds in the SRIM database, mostly hydrocarbons. Compounds

like metallic oxides, have not been included because a lot of previous measurements
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concluded that for such compounds, which contain heavy elements, deviations from Bragg’s
rule disappear [27]. For most of these measurements however, tests of deviation from
Bragg’s rule were limited to protons and helium ions [48, 497. The level of disagreement
between experiment and SRIM could be a strong indicator of violation of Bragg’s rule due
to chemical bonding effects in the target foil, which have been suggested to be maximum at
the Bragg peak [407. The effective charge concept, used in the scaling of proton stopping
powers to calculate heavy ion stopping in SRIM calculations, might also be the cause of the
observed discrepancy because it does not include ionic charge and excitation state

distribution within the target itselt [507].

It is proposed here that a correction factor of 0.938 calculated from the experimental result
of stopping of 'F ions in ZrO,, be considered a first attempt at obtaining an experimental
correction factor for 'F ions in ZrO,. Figure 5.33 is a reproduction of Fig. 5.18 but with
the proposed —6.2 % (i.e 0.938 — 1.000) correction now implemented. The improvement in
the predictive accuracy of the corrected SRIM stopping powers is quite evident, even more

so for data from ref [397].
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Figure 5.33 Experimental stopping powers of 'F ions in ZrO, in the 0.1 - 0.6
MeV/u energy range and data from ref [397 compared to -6.2 %corrected
SRIM2008 prediction.
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Measurement results of the stopping of 'O ions in ZrO., both from the current data set and
ret [897’s measurements suggest that SRIM adequately predicts ZrO, stopping powers for
oxygen ions, over the 0.10 — 0.45 MeV/u energy range. For ref [397’s data the energy
range of agreement with SRIM prediction extends to over 0.70 MeV/u. For '2C ions in
ZrQ,, the general scatter in stopping power data makes it difficult to proffer any meaningtul
comments on the current results. Repeat measurements should shed more light on this ion

— target combination, ref [407’s results notwithstanding.

5.6.3.2 Heavy ion stopping in Mylar

A survey of the literature on stopping powers of Mylar for 255i, 27Al, Mg and '*F ions
reveals that except for data from Réisdnen and Rauhala [457, and only for 28Si and 27Al ions
at that, there are no other published results on the stopping of these ions in Mylar. Whilst
current measurements for 28Si and 27Al cover the 0.1 — 0.5 MeV/u energy range, data from
ref [45] begins from 0.4 MeV/u onwards, making any meaningful comparisons of

experimental results rather difficult.

What stands out though when looking at experimental data for 25Si, 27Al and ?*Mg ions is
the step or kink at about 0.38 MeV/u for all the three ions. For 27Al ions this step shows up
even in the stopping powers predicted by SRIM using Bragg’s rule. Whether the kink is
real or an artefact should become clear if and when more experimental data become
available. Another observation made is that at low energies, 0.1 — 0.3 MeV/u, the default
CAB correction of the stopping powers of Mylar for these ions leads to a greater deviation
between experiment and the CAB corrected prediction than between experiment and
Bragg’s rule calculation. A most probable cause of the observed discrepancies between the
CAB corrections and experimental data for heavy ion stopping could be that the proton
scaling factors used are mostly from He?" and Li* stopping powers [27] and might not
describe heavy ions effective charge adequately. On the other hand MSTAR calculations
appear to predict the stopping powers better than SRIM even though they might be oft the
mark by 2 — 5 % for 255i, 27Al and '°F ions. Experimental stopping powers for Mg ions are

the most underestimated by all three calculations.
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For 180 and '2C ions there is a considerable disagreement between current data and that
from the literature [44-467, especially at the stopping power maximum. Current data is
better described by MSTAR than by SRIM for both ions, and the converse is true for data
from ref [447]. Once again CAB corrections of SRIM stopping powers at the stopping
power maximum do not seem to be working well for these ions either, for any of the

experimental data sets.
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Chapter 6

Summary and Conclusion

The introductory chapter of this thesis discusses the relative advantages of a TolFF — E
detector system in HI — ERD thin film analysis. Unfortunately such detector systems are
not ordinarily off — shelf commercial detectors, unlike most silicon based solid-state
detectors prevalent in the other ion beam analysis techniques. The principal aim of this
work therefore was to set up and characterise a TolF" — E spectrometer and demonstrate its
usability in HI — ERD analysis of thin solid films. This was the major part of a broader
project to establish HI — ERD as a complementary technique for the analysis of light
elements in thin film materials at iThemba LABS. Equally important was the aim to
measure stopping powers of heavy ions in thin foil compound materials using the newly
built spectrometer to add more experimental data to the scant global database of heavy ion

stopping in technologically important compounds.

The ToF — E spectrometer that was set up consists of two microchannel plate — based time
detectors, a flight distance of 0.584- m apart, and a surface barrier energy detector mounted
about 6 cm from the second time detector. The ToF — E telescope mounted at an angle of
30° to the incident beam direction, was tested using a 2°2Ct source while being assembled.
System characterisation measurements were performed on the fully assembled spectrometer
using recoil ions ejected from known target samples. The best timing resolution obtained
was 0.96 ns for 18 MeV *°Ca ions from a Calcium Fluoride layer on a Silicon substrate. The

resultant depth resolution was found to be 13.0 = 1.0 nm.

Test measurements were also carried out to assess performance aspects of the spectrometer
specific to the analysis of light elements in thin film and bulk matrices. The mass resolution
was found to range between 0.8 u and 1.7 u in the atomic mass range 12 u to 40 u. At this
level of resolution, it was thus possible to calculate elemental depth profiles in most of the
samples analysed. Thin film depth profiling from elemental energy spectra was

implemented using both direct calculation and iterative simulation software codes. Of the
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latter group, Monte Carlo based simulation using the analysis code CORTEO proved most
appropriate for analysis of Heavy lIon — ERDA data, exemplified by the analysis of a
Chromium Oxide deposit on a Silicon substrate. At the experimental configuration used
analytical depths of up to 0.6 pm were achieved. The lowest atomic concentrations that
were measured were 0.46 at% for carbon and 0.84 at% for oxygen, both detected in a layer

of intrinsic silicon deposited by HW — CVD onto a silicon substrate.

On comparison with the more established RBS technique it was found that the newly
assembled spectrometer performs within expectations in terms of thickness measurement,
but surpasses the RBS technique in the detection of light elements like 2C and 2*Mg. For
heavier elements better results were obtained from RBS analysis than when using ToF —
ERDA because of poor mass resolution for heavy elements in the latter technique. What the
comparison affirmed though was that the two techniques can be used in a complementary
mode to each other; ToF — ERDA providing information on the light element content of a

sample and RBS shedding light on the heavy elements present in the sample.

On the measurement of heavy ion stopping powers, new experimental data has been
produced in this work. The stopping powers of 27Al and **Mg in ZrO, are the first
experimental data for these 7on — target combinations. For Mylar, new data on the stopping
of Mg and '°F ions has been made available. While there is already a single data set for
the stopping of each of ?5Si and 27Al in Mylar, current data extends the energy range to

energies below the stopping power maximum, for both ion species,.

The new stopping powers of 27Al, Mg and '"F in ZrO, were compared with predictions
from the widely used semi-empirical code SRIM (2008 version), as well as theoretical
calculations from Peter Sigmund’s PASS code. Indications are that SRIM describes the
stopping of 27Al and 2*Mg relatively well. The experimental data for these ions can be
reproduced from SRIM stopping powers using the correlation factors calculated for each
ion species. The correlation factors are aimed at facilitating easy comparison of present data
against any other future measurement results. For ' stopping power in ZrO; around the
Bragg peak, the huge discrepancy between experimental data and SRIM prediction was

attributed to chemical bonding eftects and or a possible inadequacy of the effective charge
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concept used for scaling proton stopping powers. It was found that it might be necessary to
introduce a correction factor to Bragg’s rule SRIM prediction. A correction factor of —6.2%
was found to reduce the discrepancy between SRIM values and current data, as well as

between SRIM and the one data set found in the literature, to less than 1%.

Theoretical stopping powers predicted by the PASS code were all found to exceed
experimental data by more than 6% for the ions studied. An interesting observation though
was that for all ions the theoretical values were closest to experimental data in the region of
the stopping power maximum. This is in stark contrast to SRIM predictions where
deviations between experiment and calculation have been known to be greatest at the
stopping power maximum. Another important observation was that at low energies, 0.1 —
0.8 MeV/u, the predictive accuracy of PASS calculations improves with projectile ion mass,

surpassing SRIM even, for 0.07 — 0.25 MeV/u 5Kr projectiles.

Experimental stopping powers of 27Al, 2*Mg, “F, 60O and '*C in Mylar were compared
against both CAB corrected and uncorrected SRIM predictions. The general conclusion
drawn for all ions was that the default CAB corrections in SRIM led to even wider
disagreement between experiment and calculation than between experiment and Bragg’s
rule due to possible deficiencies of the eftective charge concept. MSTAR, another semi-
empirical code, was found to perform better than SRIM at predicting stopping powers of all
the above ions. Another interesting observation worth mentioning is the kink (or step)
observed at about 0.8 MeV/u in the stopping powers of ?8Si, 27Al and 2*Mg ions in Mylar,
which warrants further investigation to confirm if it is a real experimental observation or
an artefact. That the same kink shows up in SRIM predicted values for 27Al ions makes the

observation all the more intriguing.

In conclusion, an assessment of the contribution that the work contained in this thesis
makes to the Ion Beam and Materials Research fields suffices. The problem of quantitative
and sensitive analysis of light elements in thin film technologies has been found to be best
addressable by nuclear analytical techniques using ion beams from particle accelerators.
Pioneers of the Heavy Ion — ERDA technique have demonstrated over the last two decades

that it is the technique of choice when it comes to light element analysis in thin solid films.
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While now considered a mature technique in principle, its realisation in most accelerator

labs is not trivial.

The work presented here provides a solid foundation for the full implementation of the
technique at iThemba LABS, to support existing and new research programmes in thin film
and nano technologies, ranging from solar energy research to sensor technology. A TolF —
Energy spectrometer was set up and characterised for HI — ERD analyses. The analysis of
CaF2\Si, CrO.\Si, HW — CVD amorphous Si and Steel samples all demonstrate the
usability of the spectrometer in thin film and bulk materials analyses. The spectrometer was
turther adapted for stopping power measurements in self — supporting foils, providing much
needed new experimental stopping powers of heavy ions in technologically important

compound materials. .
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Table A1 _ Data Analysis Software for lon Beam Analysis

Fundamental physics handled in the simulations.

» . 7 - -
£ A Isotope calculation  Screening calculation Straggling Plural scattering Multiple scattering @850.50 Channeling
= prograrn models straggling
vd..b DEPTH Single isotope Yes Bohr, Chu, Yang, None Yes, Pearson VII distribution ~ Yes No
m Tschalér
M.. GISA Natural abundance  Energy/angle; external ~ Bohr + None None No No
2 and/or specific tables by users Lindhard/Scharff
lﬁ isotopes
m MCERD Natural abundance ~ No Bohr, Chu, Yang ~ Full MC calculation ~ Full MC calculation Yes No
= and/or specific
<« isotopes
m NDF Natural abundance  Energy/angle; Bohr, Chu, Yang, Dual scattering approx. Yes, Gaussian approximation ~ Yes, from DEPTH No
v (DataFurnace)  and/or specific Andersen and L’Ecuyer ~ Tschaldr (run-time option) from DEPTH calculation calculation
m isotopes ;
wn RBX Natural abundance ~ Yes Bohr, Chu, Yang, None Yes (same model as DEPTH)  Yes Defect
and/or specific Tschalédr calculation;
< isotopes simulation of
channeled spect:
vm RUMP Natural abundance ~ Energy only; ['Ecuyer ~ Bohr None None No No
< and/or specific
M.. isotopes
ADu1 SIMNRA  Natural abundance ~ Energy/angle; Bohr, Chu, Yang, Dual scattering approx.  Yes (DEPTH model Yes No
and/or specific Andersen and L’Ecuyer ~ Tschaldr (run-time option) approximated as Gaussian)
isotopes
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Appendix B NBS Standard Reference

NBS STANDARD REFERENCE MATERIALS
February 24, 1972
1200 SERIES IRON AND STEEL STANDARDS
Summary Report
Revised Information an Compos'iﬁons .

The following tsble gives the proposed values for the 1200 Series revised certificates. In general, the values
shown for the elements C through Mo are the results of chemical determinations made at NBS and at four cooper=
axing laboratories; for all other elements the values are the results of determinations largely made at NBS by
two or more independent methods of analyses. Individuzl Revised Provisional Certificates are in preparation
for the steels 1251-1264. /. Final Certificate is available for 1265 Electrolytic Iron (see note x below).
Plans are o complete work on this series by the end of 1973 and to issue Final Revised Certificates.

No. 1261 1262 1263 1264 1265

Element Percent, by weight
c 0.382 0. 160 0.62 0.370 . 0.0067
Bn .66 1.04 _1.50 1252 -0057
P L015 0.042 102 .01 ~002
s “017 ‘038 <00 .02 L0058/
si .223 .39 .74 1067 ~0080
cu .042 .50 .09g 24, - .0058
i 1.99 .59 .32 ‘143 L041

- e 0.69 <30 1.31 .065 2007
v .11/ l04, 0.31 BLH 1000
¥o .19 .063 w03 - T 10050
w .0lg ; i (el fods .10 voovova 2
co ~030 .30 .043 s 2 ~007
T -020 .084 -050 .21 ~0008
A5 s017 .08 -010 ‘08, o (+0002)
$a .01 .ol (-095) 1.008,%/ (~.0002)
AL (Total) - .02y .09 .24 {.008) (.0007)
= ~023 229 L1049 .15, (<.00001) ,
Ta 2020 20, (.053) 1 - (<.00005)<
B £0005 Lo002s* 10009 o 200013
B - 100002g 1.00043 -0022 ‘024 +000015*
7 .009 .19 .049 .068 - (.00001)
Sh L0042 .0l12 .001g . _{,035) - [<.0CC05)
Bi ‘ 10004 (.002) (.0008) (10009) - (<.00001)
B ~0004 {.0010) (.0038) (.00002) (~.000002)
(<.00005) (<.00005) 10005 ~0001 - (<.000002)
ca {<+0001) *(.0002) {<.0001) (<.0001) - (<.00001)
pron (.0001) (.0006) (.0005) (.0001; = (<.00002)
sa 004 - {001 1.0001] 1.0003] - (200001}
Te +0006 (.0005) (-0022) [.0002] - (<.00001)
Za (.0001) {,0005) ©(10004) ~002 (<.0001)
Ce i .001 (.0011) {.0016) (.00025) -(<.000005)
La ~000 ~0004 10006 100007 - {<.000005)
e .0003 (.0005) (+0007) (.00012) -(<.000005) .
Pr ; (.00014) (.00012) {.00018) (-00003) - (<.000905)
us [.0002] [.006] 1.0015] [-005] " & - (<.00002)

* * ” » »

N (,0037), (.0041), (.CO41) , [.003] , (~.0011),
) (20009 (0011} (10007) 3 [.00177) (x.0053)
B [<.0005] {<.0005] [<.0005] 1<.0005) (. 0001)
Ge [.006] [.002) 1.010] [.003) {n.0014) s
Fe (by Giff.) (95.6) (95.3) (94.4) (36.7) (99.9)

* From gasometric certificates, SRM's 1095 tnrough 19099
+ Isotopic dilution mass spectrometry = 0.00265; nuclear track = 0.00234
X' Revised final value i
a/ Values in parentheses are not proposed for certification. These values usually were obtained by a
single analytical methed of analysis.
b/ Values in brackets also are not proposed for certification, They are nominal or approximate values
£rom the heat analyses.
¢/ Dash indicates "not detected.” Values in parentheses following the dash are conservative “upper
limits" of de*ectxon by specific methods of analysis.

The value listed for an element is the present best estimste of the "true" value based on the results of the
analytical program. The value listed is not expocted to deviate from the "true” value by more thzn + 1 in the
last significant figure reported; for a subscript figure, the daviation is rot expected to be more than # 5.
Based on the results of hcﬂongn;x:} testing, rmaximum variations within and among samples are estimated Lo be
less rhan the uncertainty figures given above.

ag P, E. Michaelis, Chief

o Metal Stindards
office of Standard Reference Materials
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Appendix C ToF — Energy scatter plots for stopping power measurements
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Figure I ToF — Energy scatter plots of 10 and 27Al recoils before (a) and after insertion
of the ZrO; stopper foil (b).
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Figure II ToF — Energy scatter plots of 160 and ?*Mg recoils before (a) and after
insertion of the ZrO. stopper foil (b).
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Figure III ToF — Energy scatter plots of ¢7Li and '°F recoils before (a) and after insertion

of the ZrO, stopper foil (b).
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Figure IV TolF — Energy scatter plots of '2C recoils before (a) and after insertion of the
ZrO, stopper foil (b).
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Figure V ToF — Energy scatter plot of 255i recoils with and without the Mylar stopper

toil.
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Figure VI TolF — Energy scatter plot of 27Al and 'O recoils with and without the Mylar

stopper foil.
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Figure VII ToF — Energy scatter plot of Mg and '°O recoils with and without the

Mylar stopper foil.
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Figure VIII ToF — Energy scatter plot of '°F and 7 Li recoils with and without the
Mpylar stopper foil.
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Figure IX ToF — Energy scatter plot of '2C recoils with and without the Mylar stopper
foil.
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